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Pharmacokinetic Model of Iodine-131-G250
Antibody in Renal Cell Carcinoma Patients
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Center; and Ludwig Institute for Cancer Research, New York, New York

A model that describes the pharmacokinetic distribution of '3'I-
labeled G250 antibody is developed. Methods: Previously collected
pharmacokinetic data from a Phase Hi study of ''I-G250 murine
antibody against renal cell carcinoma were used to develop a
mathematical model describing antibody clearance from serum and
the whole body. Survey meter measurements, obtained while the
patient was under radiation precautions, and imaging data, obtained
at later times, were combined to evaluate whole-body clearance
kinetics over an extended period. Results: A linear two-compart-
ment model was found to provide good fits to the data. The antibody
was injected into Compartment 1, the initial distribution volume (V)
of the antibody, which included serum. The antibody exchanged
with the rest of the body, Compartment 2, and was eventually
excreted. Data from 13 of the 16 patients fit the model with unique
parameters; the maximum, median and minimum values for model-
derived V4 were 6.3, 3.7 and 2.11, respectively. The maximum,
median and minimum values for the excretion rate were 8 X 1072,
2.4 x 1072 and 1.3 X 1072 hr™ ", respectively. Parameter sensitivity
analysis showed that a change in the transfer rate constant from
serum to the rest of the body had the greatest effect on serum
cumulative activity and that the rate constant for excretion had the
greatest effect on whole-body cumulative activity. Conclusion: A
linear two-compartment model was adequate in describing the
serum and whole-body kinetics of G250 antibody distribution. The
median initial distribution volume predicted by the model was
consistent with the nominal value of 3.81. A wide variability in fitted
parameters was observed among patients, reflecting the differences
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in individual patient clearance and exchange kinetics of G250
antibody. By selecting median parameter values, such a model may
be used to evaluate and design prolonged multiple administration
radioimmunotherapy protocols.

Key Words: radioimmunotherapy; modeling; antibody; treatment
planning; pharmacokinetics
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Wth the advent of humanized antibodies and the accompa-
nying reduction in immunogenicity, fractionated dosing of
antibodies over protracted time periods will be feasible. Be-
cause of the increased complexity of such trials, pharmacoki-
netic modeling will be important in evaluating administration
protocols and their potential efficacy and toxicity. Studies of
radioimmunotherapy in mice have shown that greater doses can
be tolerated, and toxicity reduced, with fractionated adminis-
tration (/,2). Patient studies also have suggested that this is the
case but have been limited by the induction of an immune
response against murine-derived antibody (3-5). Little is
known about the potential marrow-sparing effects of prolonged,
multiple-administration radioimmunotherapy or how best to
design prolonged fractionated treatment protocols. Modeling
will allow evaluation of various dosing schedules according to
quantifiable criteria, such as predicted clearance rates, residence
times and absorbed doses. Information obtained from single-
administration protocols may be used to establish mathematical
models of radiolabeled antibody distribution and dosimetry.
Such models may then be used to simulate prolonged, multiple-
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administration protocols and from such simulations derive
quantifiable criteria. This approach to treatment design may be
particularly important in devising outpatient protocols, wherein
the retained activity must not exceed a specified regulatory
limit.

A wide variety of mathematical models has been developed
to evaluate different approaches to radioimmunotherapy. Mod-
eling has been used to: evaluate the use of unlabeled (cold)
antibody to saturate antigen sites in liver or spleen and thereby
improve radioimmunodiagnosis or radioimmunotherapy (6,7);
examine the differences between intact antibody and antibody
fragments with regard to distribution, catabolism and excretion
(8); understand the effect of circulating antigen on antibody
distribution (9); optimize two-step approaches (using bifunc-
tional antibodies and haptens) (/0-12); optimize administered
amounts (/3-15); and simulate plasmapheresis or extracorpo-
real immunoadsorption for improving therapy or diagnosis by
clearing the plasma of excess unbound antibody (16-18). We
developed a mathematical model that describes the pharmaco-
kinetic distribution of '*'I-labeled G250 antibody against renal
cell carcinoma (/9).

MATERIALS AND METHODS
Patients

Sixteen patients (4 women, 12 men; age range 40-79 yr) with
renal cell carcinoma participating in a Phase I-II activity-escalation
study of '*'I-labeled G250 antibody were used. Their weights ranged
from 60 to 107 kg, and their heights ranged from 158 to 188 cm.
Patients at each dose level were given one injection of antibody
each, with different levels of activity. Those at the first dose level
were administered 10 mg G250 antibody with 30 mCi/m? '3'I.
Those at subsequent levels received higher levels of activity in 15
mCi/m? increments, also administered on 10 mg antibody, until the
highest dose level of 90 mCi/m* was reached. After injection,
survey meter measurements, blood samples and planar images
were taken.

Whole-Body Kinetics

A whole-body clearance curve for each patient was obtained by
combining survey meter measurements, taken during patient iso-
lation, with imaging data, collected after release from isolation.
Because patients at higher dose levels could not be imaged due to
radiation safety constraints, we generally took survey meter mea-
surements immediately after injection and every day thereafter
until the patients could be released from hospital isolation. These
measurements were recorded using a handheld ionization chamber
(Keithley Radiation Survey Meter, Keithley Inc., Cleveland, OH).
All measurements were made 1 m away from the patient’s sternum.
The measurements were decay corrected and converted to the
percentage of injected dose.

Whole-body images were obtained using ADAC (Milpitas, CA)
dual-headed Genesys cameras with high-energy, general purpose
collimation. Whole-body activity was obtained from the geometric
mean of anterior and posterior counts. Contours were drawn around
the whole body and a background region. Background-corrected
results were expressed as counts per pixel per second. A calibration
standard was kept in the field of view for all images. This was used
to correct for variations in camera sensitivity over the imaging
interval for each patient. Patient thickness, obtained from each
patient’s CT scan was used for attenuation correction, with an
attenuation coefficient of 0.1 cm™! (20). A composite, whole-body
clearance curve was produced by combining the imaging data,
expressed as the percentage of the injected activity, with the survey
meter measurements. Because imaging data points usually began
after the last survey meter measurement, we fit an exponential

curve to the survey meter measurements. This exponential expres-
sion was then used to place the first imaging data point along the
curve. All subsequent imaging data points were scaled using the
scaling factor used for the first point. If imaging and survey meter
measurements overlapped in time, we used survey meter measure-
ments.

Serum Clearance

Throughout the course of treatment, blood samples were drawn
and activity in the serum was counted in an LKB Wallac gamma
counter (Gaithersburg, MD) and expressed as the percentage of the
injected dose per liter.
Model Design

The two-compartment model describing antibody clearance
from blood and the whole body is shown in Figure 1. Compartment
1 represents the initial distribution volume of the antibody (e.g.,
plasma and ECF of red marrow, liver and spleen). Compartment 2
represents the remainder of the body. Excretion occurs from
Compartment 2. The equations governing this model are provided
in the appendix. The Simulation Analysis and Modeling Package
(SAAM II) developed at the Resource Facility for Kinetic Analysis
(21,22) was used for fitting. Serum activity concentration data
were assigned to Compartment 1. Whole-body clearance data were
assigned to the sum of Compartments 1 and 2. The serum activity
concentration was multiplied by the distribution volume as shown
in the appendix. All pharmacokinetic data were decay corrected.
The data were weighted for fitting assuming Poisson statistics. Fits
were obtained by varying the three exchange rate constants, k (2,1),
k (1,2), k (0,2) and the initial distribution volume, V.

Distribution Volume Comparison
Patients with model-derived Vs that were 2 s.d.s outside the
expected mean value were identified using the plasma volume (V)

equation of the International Commission on Radiological Protec-
tion (23):

V, = W - 4502700014, Eq. 1

Given the patient’s weight (W in kg) and age (Y in years), Equation
1 provides an estimate of plasma volume in milliliters. The
standard deviation associated with the volume estimate was 6.75
ml/kg body weight (23).

Assuming that the extracellular fluid volume of spleen, liver and
red marrow was 0.81 for a standard V,, of 3.01 (23), the nominal
standard V, is 3.81 (/4). Patient-specific V s were obtained by
scaling V ;.

3.8

Vd= 'ﬁ.

Vp Eq. 2
The data for patients whose model-derived V4 was 2 s.d.s outside
the value given by Equation 2 were examined in more detail to
determine whether the unusually large or small V, could be

explained by known pathology or physiology.
Parameter Sensitivity Analysis

The median value for each parameter was chosen to represent a
set of standard parameters for the G250 model. The degree and
time course of each parameter’s sensitivity was assessed by
performing model simulations in which one parameter was varied
and all others were kept fixed. Simulated curves were generated to
determine the effect of each parameter on serum and whole-body
clearance and the time during which these were most sensitive to
parameter variations. The kinetic curves obtained for each simula-
tion were integrated over time to indicate the effect of each
parameter on the area under the curve (AUC) for serum and total
body. Parameter V4 was not varied because it is a linear conversion
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FIGURE 1. Phamacokinetic model used to fit patient data. The parameters,
k (2,1) and k (1,2) are the vascular-to-extravascular antibody transfer rate
constants. Initially, an amount of antibody, Ab,, is injected intravenously
(Compartment 1). The excretion rate is k (0,2).

factor from activity concentration to activity (see Eq. 3 in the
Appendix).

RESULTS

Parameter fits were obtained for 13 of the 16 patients
considered. Figure 2, Panels 1-16, illustrate the patient data
with model-derived, fitted curves. The parameters obtained for
each patient are listed in Table 1. The data from Patients 14, 15
and 16 did not yield a unique set of parameter values; the values
shown in the table were used to generate Panels 14-16 in
Figure 2. They are one of a large number of parameter sets that
could fit the data. The standard deviations in parameter values
listed for other patients reflect the reliability of individual
parameter estimates.

Patients whose parameters had particularly large standard
deviations had data points that could be considered outliers. For
example, the fractional standard deviation of parameter k (1,2)
for Patient 10 was 3.3. The second survey meter measurement
for this patient exceeded the 100% injected dose level.

The Vs predicted by the model ranged from 2 to 6.3 liters,
with a median of 3.71. Patients 5 and 9 had model-derived Vs
that were greater than 2 s.d.s above a weight- and age-adjusted
population mean (23). An exceptionally high model-derived V4
can be explained by loss of antibody from circulation due to an
increase in binding. For instance, patients with larger tumors
and, therefore, an increased number of antigen sites or patients
whose antigen sites are more accessible will have a lower
concentration of antibody in circulation due to antigen binding.
Increased antigen expression in cross-reactive organs, such as
large bile ducts in the case of G250, or increased accessibility
to these sites also will produce higher model-derived estimates
of V.

Patient 9 presented with the largest tumor burden, 12.5 kg, as
measured by CT. Patient 5, however, had a relatively small
tumor at 54 g, suggesting that other factors might be causing the
high V, value. Except for Patient 15, who had a tumor mass of
1.3 kg, all other patients had tumor masses below 1.0 kg. The
distribution volume obtained for Patient 1S5 also was 2 s.d.s
greater than a weight- and age-adjusted mean. The estimate,
however, was obtained from a nonunique fit to the data.

Model-derived estimates of V4 for Patients 4, 6, 7 and 8 were
below 2 s.d.s from the expected mean value. Data from these
patients were more difficult to explain because the factors
mentioned earlier only explained high V, values. Low values
can be caused by a reduction in vascular space, such as
nephrectomy, splenectomy or reduced liver function. Antigen-
negative, space-occupying disease also can explain low V,
values. Although more than 75% of clear cell renal carcinoma
expresses G250 antigen, there is still a degree of variability so
that some sites of disease show no expression and other sites
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exhibit 100% expression (/9). An upper limit on this as a
potential explanation for the low V, values may be obtained by
assuming that all of these patients’ disease is antigen negative
and occupies what would otherwise be distribution space. The
corrected distribution volumes for Patients 4 and 7 were within
the 2-s.d. range if these assumptions are made. Patients 6 and 8,
however, still had model-derived V4 values that were lower
than expected.

The curves obtained in the parameter variation study are
depicted in Figures 3A-3F. At early times after injection, serum
kinetics have the greatest impact on k (2,1) and a minimal
influence on k (0,2) (Figs. 3A and 3C). This is consistent with
the structure of the model; k (2,1) is the transfer rate from serum
to the rest of the body. This term, and the rate of return, k (1,2),
dominates the kinetics until serum and rest-of-body equilibrate.
Once an equilibrium between serum and the rest of the body is
reached, the clearance rate for both curves is determined by k
(0,2), the excretion rate. Because excretion is represented by a
direct clearance from the rest-of-body compartment, k (0,2) has
the greatest impact on the whole-body curve throughout the
simulation time (Fig. 3F). Table 2 shows the percentage of
change in the AUC for serum and total body, when the median
parameters are increased or reduced by a factor of 2. As
expected, from the discussion earlier, k (2,1) and k (1,2) have a
greater impact on serum rather than on whole-body AUC,
whereas the opposite is true for k (0,2). The parameter k (2,1)
has the greatest impact on serum AUC. This parameter influ-
ences serum kinetics when the serum curve is at its highest
level. Changes during this period will, therefore, have the
greatest impact on the overall AUC.

CONCLUSION

Several other investigators have developed pharmacokinetic
models of antibody distribution. Zanzonico et al. (24) devel-
oped a multicompartmental model for an '*'I-labeled anticar-
cinoembryonic antigen antibody. The model specifically incor-
porated the effects of radionuclide dissociation and free iodide
metabolism and excretion. The remainder-of-body compart-
ment in this model was resolved into rapidly and slowly
exchanging tissues, as initially defined by Dewey (25). Transfer
rates from the vascular to extravascular (or remainder-of-body)
compartment were set to 0.07 hr™' and 0.02 hr™' for rapidly
and slowly exchanging tissues, respectively. The return rates
were correspondingly set to 0.05 and 0.014 hr~'. Median values
obtained for the corresponding G250 antibody exchange rates,
k (2,1) and k (1,2), were 0.043 and 0.020 hr~'. These values lie
between the rapidly and slowly exchanging tissue values used
by Zanzonico et al. (24). Rate constants for rapidly exchanging
tissue were used by Koizumi et al. (6) in a model of '*'I-Lym-1
(anti-B cell lymphoma) antibody. The model included a non-
linear term that was primarily associated with liver processing
of the antibody (6). In a model of '''In-9.2.27, antimelanoma,
antibody distribution, data from 12 patients were used to
estimate vascular to extravascular exchange rates (7). Mean
values of 0.1 and 0.3 hr~' for parameters corresponding to k
(2,1) and k (1,2), respectively, were obtained. The high 0.3 hr™!
return rate obtained in the study was noted to be inconsistent
with expected values but could not be explained. In this study,
individual estimates of k (2,1) and k (1,2) with fractional
standard deviations less than 1 ranged from 0.021 to 0.09 and
0.005 to 0.14, respectively. The ratio, k (2,1)/k (1,2), which is
equal to the ratio of the extravascular-to-vascular antibody V4 at
equilibrium, ranged from 0.5 to 8, with a median of 1.5. The
median value is consistent with the value of 1.4 reported in
animal studies (25).
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FIGURE 2. Whole-body activity (open squares) and serum activity concentration (solid squares) in the percentage of injected dose and the percentage of

injected dose per liter,
100% of injected dose, is not plotted for this patient.

In this article, we present a two-compartment pharmacoki-
netic model that describes the distribution of an antibody in
serum and in the whole body. In almost all patients considered,
the model provided adequate and unique fits to the data. This
was indicated by the standard deviations of the parameter
estimates and the consistency with which the model was able to
fit data from several different patients to yield parameters that
were consistent with values in the literature. It was possible to
fit these data without invoking a nonlinear component suggest-
ing minimal cross-reactivity or processing by liver or other
tissues. Although the two-compartment model is a simplifica-
tion, measurements in individual tissues and in tumor would be
needed to resolve additional compartments and to introduce
nonlinear components.

Pharmacokinetic modeling of radiolabeled antibody has
made it possible to combine measured patient data with data
obtained from animal studies or from studies in vitro (26). As

respectively. Model fits for both sets of data are shown by the solid lines. Note, the second whole-body data point, which exceeded

new, nonimmunogenic antibody constructs are generated
(27,28), prolonged multiple-administration treatment may be-
come possible. It will not be feasible to investigate clinically all
the various treatment and dosing options that will become
available with multiple dosing. Data from initial, single-admin-
istration protocols can be used to develop pharmacokinetic
models that may then be used to simulate multiple-administra-
tion treatment regimens. Such modeling will help reduce the
range of possible treatment schedules that merit clinical inves-
tigation.
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TABLE 1
Fitted Parameter Values (*+ s.d.)

Patient Parameters
no. k@1)hr ) k(1,2) (r) k0,2 (hr) Vq (iiters)
1 0.040 * 0.002 0.005 + 0.001 0.022 + 0.001 50+0.2
2 0.022 + 0.004 0.018 * 0.006 0.030 + 0.004 3.3+02
3 0.021 + 0.002 0.0003 = 0.0006 0.013 = 0.001 37+02
4 0.06 = 0.02 0.05 = 0.02 0.024 + 0.004 33+03
5 0.07 = 0.03 0.08 + 0.03 0.025 + 0.009 601
6 0.06 = 0.04 03 *03 0.08 = 0.01 2.28 = 0.05
7 0.053 + 0.008 0.035 = 0.007 0.018 = 0.001 29*0.2
8 0.07 = 0.02 0.14 = 0.06 0.040 + 0.003 2,13 = 0.04
9 0.043 + 0.009 0.022 + 0.008 0.017 = 0.002 6.3 *+0.5
10 0.0146 + 0.0003 0.0001 * 0.0003 0.019 + 0.001 354 +0.03
1 0.033 + 0.003 0.012 + 0.005 0.063 + 0.005 3.79 = 0.06
12 0.031 + 0.002 0.017 = 0.003 0.026 + 0.002 5.03 = 0.05
13 0.09 + 0.03 0.020 + 0.009 0.017 = 0.001 42 +07
14* 047 0.44 0.02 2.84
15* 1.43 0.74 0.02 429
16" 0.91 0.52 0.03 3.22
*Standard deviations were not available because parameters were not unique.
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TABLE 2
Model Sensitivity to Parameter Values

% change in AUC

Parameter change” k(2,1) k(1,2 k(0,2
Median X 2

Serum -50 45 -22

Total body -25 23 -36
Median + 2

Serum 98 -22 43

Total body 50 -1 69

*Median values: k (2,1) = 0.043, k (1,2) = 0.020, k (0,2) = 0.024 (hr™").
AUC = area under the curve.
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Erratum

There was an error in the concentration of SSKI in “Jod-Basedow Syndrome Following Oral Iodine and Radioiodinated-
Antibody Administration” by El-Shirbiny et al. (J Nucl Med 1997;38:1816—1817). It should be 1 g/ml, not 1 mg/ml as
published on page 1816, column 2, line 7 of the first full paragraph.
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