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Pharmacokinetic Modeling and Absorbed Dose
Estimation for Chimerie Anti-CEA Antibody in
Humans
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The objective of this article was to model pharmacokinetic data from
clinical diagnostic studies involving the 1111n-labeled monoclonal

antibody (MAb) chimerie T84.66, against carcinoembryonic antigen.
Model-derived results based on the 111ln-MAb blood, urine and
digital imaging data were used to predict 90Y-MAb absorbed radi

ation doses and to guide treatment planning for future therapy trials.
Fifteen patients with at least one carcinoembryonic antigen-positive
lesion were evaluated. We report the kinetic parameter estimates
and absorbed 111ln-MAb dose and projected 90Y-MAb doses for

each patient as well as describe our approach and rationale for
modeling an extensive set of pharmacokinetic data. Methods: The
ADAPT II software package was used to create three- and five-
compartment models of uptake against time in the patient popula
tion. The "best-fit" model was identified using ordinary least

squares. Areas under the curve were calculated using the modeled
curves and input into MIRDOSE3 to estimate absorbed radiation
doses for each patient. Results: A five-compartment model best
described the liver, whole body, blood and urine data for a subco-
hort of nine patients with digital imaging data. A three-compartment
model best described the blood and urine data for all 15 clinical
patients accrued in the clinical trial. For the subcohort, the largest
projected 90Y-MAb doses were delivered to the liver (mean, 24.78
rad/mCi; range, 15.02-37.07 rad/mCi), with red marrow estimates
on the order of 3.32 rad/mCi (range, 1.24-5.55) of 90Y.Correspond
ing estimates for the 111ln-MAb were 3.18 (range, 2.09-4.43) and
0.55 (range, 0.34-0.74), respectively. Conclusion: The three- and
five-compartment models presented here were successfully used to
represent the blood, urine and imaging data. This was evidenced by
the small standard errors for the kinetic parameter estimates and R2

values close to 1. As planned future therapeutic trials will involve
stem cell support to alleviate hematological toxicities, the develop-
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ment of an approach for estimating doses to other major organs is
crucial.
Key Words: compartmental models; anti-CEA; chimerie antibody;
dose estimation
J NucÃMed 1997; 38:1959-1966

IVionoclonal antibodies (MAbs) have had multiple clinical
applications in both diagnostic (1-3) and therapeutic (4-6)

nuclear medicine. Originally, most of these agents were murine
antibodies generated by injecting normal mice with human
tumor cells or other human proteins of interest. In the case of
serial studies in the same patient, however, the use of such
murine antibodies has typically led to the induction of a human
antimouse antibody response (7,8). Others have suggested that
the use of chimerie antibodies should reduce the incidence of
human antiprotein responses (9,10). In this strategy, two-thirds

of the murine IgG molecule is replaced with the corresponding
human sequences by using recombinant DNA technology.
Because the patient is less likely to develop a human antichi-
meric antibody response, the potential for serial therapeutic
infusions is increased. As the use of chimerie molecules could
result in changes in the human pharmacokinetics (PK), deter
mination of a mathematical model describing the biodistribu-
tion of the antibody in the human system is desirable. Molecular
changes in the MAb could then be correlated with variations in
the model parameter estimates.

Although mathematical modeling has had a long association
with the study of radiotracers (//), the application of modeling
in clinical studies of antibodies has been much less extensive
(9,10,12). A fundamental goal of such analyses is to establish a
set of parameters that describe the distribution of a radiolabeled
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TABLE 1
Schedule of Data Acquisition Times for 15 Patients Enrolled in the Chimeric T84.66 Clinical Diagnostic Study

Data source
Planned collection times
post-antibody infusion Median (range)

Blood-

Urine

Images
spot/whole body

Start of infusion, 30 min, 1, 2 and 6 hr and every imaging
scan time

Daily urine collections for up to 5 days postinfusion
(collected by the patient)

6, 24, and 48 hr, one scan between 4 and 7 days
48 hr, one scan between 4 and 7 days

8 samples (7-9 samples)

Last collection, 83 hr (60-155 hr)

Last scan, 132 hr (73-259 hr)
Last scan, 115 hr (44-168 hr)

'In addition to the times listed in the table, several blood samples may have been drawn during the first 30 min following infusion. After 12 patients were

accrued to the trial, the blood specimen collection times were changed to the start of infusion and 4, 16, 36, 38, 108, 168 and 500 hr postinfusion.
fAll15 patients underwent gamma camera imaging; however, digitally stored imaging data were only available for the last 9 eligible and Ã©valuablepatients

accrued to the trial.

material in humans. Through modeling, the area under the curve
(AUC) of activity against time is determined and used in the
estimation of absorbed radiation doses to normal organs and
tumors. For trials involving an initial infusion of an antibody
labeled with an imaging isotope followed by an infusion with a
therapeutic isotope (beta-emitter), model-derived results based
on the imaging infusion can be used to predict the behavior of
the therapeutic labeled antibody and, therefore, guide treatment
planning. Parameter estimates based on a model incorporating
data from several organs (blood, urine, whole body and liver)
rather than that of a single organ are preferred in the determi
nation of the AUC. General multicompartment models are used,
with the compartments related to each other through a set of
differential equations.

The objective of this article is to model the PK data from a
pretherapy pilot imaging trial involving the '"in-labeled anti-

carcinoembryonic antigen (CEA) antibody, chimeric T84.66
(cT84.66). Presence of CEA has been found on a majority of
colorectal tumors (13) and other common tumors, including
those of the lung (14) and breast (/5). The purpose of the
imaging trial was to demonstrate the potential usefulness of the
cT84.66 antibody as a therapeutic agent when labeled with yÂ°Y

by evaluating the tumor-targeting properties, biodistribution,
immunogenicity and PKs of this In-MAb.

MATERIALS AND METHODS
Materials and methods specific to the molecular engineering,

production and characteristics of cT84.66 antibody, as well as the
specific aims, eligibility criteria, patient characteristics and clinical
findings of our trial, are described in detail in the associated report
of Wong et al. (16). In brief, cT84.66 is an intact IgG, antibody
derived from the murine T84.66 MAb developed at the City of
Hope National Medical Center with high specificity and affinity for
CEA, and it was genetically engineered to contain the human kappa
and gamma constant regions. Purified antibody was conjugated to
the isothiocyanatobenzyl diethylenetriaminepentaacetic acid che-
late with the immunoreactivity of the conjugate over 95% by
solid-phase CEA radioimmunoassay.

Eight men and seven women (median age 62 yr; range 36-72 yr)
who had evidence of CEA-producing metastatic disease, based on
an elevated serum CEA or positive staining on CEA immunohis-
tochemistry of tumor biopsies, were eligible for the study. All
patients had adequate renal and hepatic function before antibody
infusion. The antibody was radiolabeled at a ratio of 5 mCi of ' "in

to 5 mg of protein and was administered at a rate of 2 ml per min,
so as to deliver the entire dose over approximately 25 min.

Table 1 summarizes the scheduled and actual collection times
relative to the start of infusion for blood, urine and image sampling.

All patients underwent four serial imaging sessions and, if clini
cally indicated, also underwent planned surgical exploration within
2 wk after antibody infusion. To reduce fecal gastrointestinal
activity, a bowel cathartic was administered to patients before each
scan, unless it was felt that the patient could not tolerate such
preparation. Blood and urine samples were assayed for '"in

activity by gamma counter. Digital imaging data were available for
the last nine patients accrued to the trial (hereafter referred to as the
subcohort), making whole-body and normal organ absorbed radi
ation dose estimates possible from serial "'in scans. Although the

first six consecutive patients accrued to this trial underwent serial
imaging sessions, digital images were not captured for these
patients. Patients collected their own urine in 24-hr samples; feces
were not collected.

Modeling Strategy
Several compartmental models were fit to each patient's "'In-

MAb. Initial models examined included compartments for the
blood and urine data only, and then these were expanded to include
compartments for the liver and total body activity. The derivation
for the models tested was based on the physiologic principles
believed to characterize the distribution of the '"In-MAb in

humans. Initially, all models were fit to a subset of three patients
for whom all data were available. Those models demonstrating
reasonable fits to the blood, urine, liver and total body data were
then tried for all patients.

Estimation of the compartmental model parameters was per
formed by nonlinear weighted least squares regression using the
ADAPT II software package (17) and corroborated using SAAM
(//). By standardizing the starting values and convergence criteria
used for the two programs, all of the parameter estimates generated
using SAAM consistently fell within the 95% confidence interval
for the parameter estimates obtained using the ADAPT II software.
To determine the best-fitting models, the following criteria were
used:

1. For comparing nested models, in which one model was a
subset of the larger model, selection of the final model was
based on minimization of the estimator criterion value
provided in the ADAPT II output and comparison of the
Akaike Information Criterion using an F-test (18) and R2

statistics.
2. To compare two models, neither of which was a subset of the

other, the residual sums of squares and R2 statistics were

used.

Urine data were expressed as the cumulative amount voided
post-'"ln-MAb infusion. Blood and urine counts were '"in

decay-corrected to the time of sampling and expressed as the
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FIGURE 1. Three-compartment model (model 3C) used to represent 15
patients receiving l11ln-cT84.66 who had blood and urine data available for

analysis. The K^ arrow symbolizes radiodecay of the radiolabel.

fractional injected activity (IA). A fixed rate constant (kd)
representing the physical decay of the radionuclide "'in was

explicitly included in the system of differential equations
because of this IA formulation (19). To account for the fact that
the MAb was distributed into an unknown volume that was
primarily plasma, a parameter (V) was also fit to the blood data.
Organ and whole-body uptakes were obtained using the geo
metric mean of the anterior and posterior images, when possi
ble. Regions of interest were drawn around relevant organs to
obtain total counts, which were also expressed as the fractional
IA (20).

Weighting Schemes
Several weighting schemes were examined (17), including:

1. Use of weights proportional to the inverse of the data or the
inverse of the data squared; and

2. Weights specified by assuming a linear relationship between
the data and its variance, then using the maximum likelihood
estimation algorithm to estimate the kinetic parameters.

We also evaluated a power function relationship between the
variance and the mean response (21); however, this resulted in
overparameterization of the data. As the best-fit models based
on the R2 statistics were obtained using unity weights, final

parameter estimates for each patient were obtained using
ordinary least squares.

Initial Estimates
For the first analysis, initial values were chosen based on prior

experience. Because the Nelder-Mead simplex algorithm used by

ADAPT can be sensitive to poor choices for the initial starting
values of model parameters, each patient's data were analyzed

using a minimum of two different sets of starting values with the
final estimates from each set of starting values being used as new
starting values and repeating this process four times. The SAAM
package was used to confirm that the results obtained using the
ADAPT II software were independent of the convergence algo
rithm applied.

Imaging Data
For the modeled organs (whole body, blood and liver), model

parameters were used to determine the AUC values by numerical
integration of the differential equations. Several organs that were
not modeled were sometimes observable in patient images. Spleen
and kidneys were occasionally seen; likewise, the heart appeared at
very early time points. If visualized, a trapezoidal representation of
the data was made to determine the associated AUC. In all cases,
the estimates of the AUCs were based on data that were not
corrected for radioactive decay (i.e., in units of IA). Estimates of
AUCs for the 90Y-cT84.66 MAb were made by exchanging the
physical decay constant of '"in with that of 90Y in the modeling

equations and calculating the integrals as indicated above.

Determination of Absorbed Dose Estimates
After the MIRD formalism (22), organ activity AUCs, in units of

mCi-hr, were entered as cumulative activity into the MIRDOSE3
program (23), as provided by the Oak Ridge Associated Universi
ties. In the case of the liver, the source organ AUC was the sum of
liver and hepatic blood AUCs, as there is no present provision for
blood as a separate source term in the MIRDOSE3 program. As
recommended by the AAPM Task Group on Radionuclide Dosim-
etry, the specific activity for the red marrow was calculated as 0.3
times the blood specific activity determined by the model (24).
Total blood mass was estimated with a standard algorithm based on
patient mass and height (25). All tumor dose estimates used a
single uptake against time curve, determined by serial images from
one patient. Doses were estimated by integrating the point source
function over the tumor volume determined from pathology spec
imens when available.

RESULTS
The final three-compartment model (model 3C) applied to the

data from the full cohort is shown in Figure 1, and the final
five-compartment model (model 5C) fit to the subcohort is
shown in Figure 2. For both models, blood served as the central
compartment with a single rate input. The blood pool input
function was adjusted to be the constant rate acceptable to a
given patient by using a shielded injector device developed at
our institution (26). If other inputs occurred as a result of patient

FIGURE 2. Five-compartment model
(model 5C) of the biodistribution of the
'"In-labeled anti-CEA antibody CT84.66.

The kjj arrow symbolizes radiodecay of
the radiolabel. Compartment two con
sisted of liver and hepatic blood. This
model was used to represent nine pa
tients who had digital imaging data.

Residual
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TABLE 2
Pharmacokinetic Parameter Estimates Based on a Three-Compartment Model Fit to Blood, Urine and Imaging Data from Clinical

Diagnostic Studies Involving cT84.66 Labeled with lndium-111

Parameter
estimate

(s.d.)*kbr

(bloodtoresidual;
hr')Â«rtj

(residualto
blood; hr1)kru

(residualto
urine; hr1)Volume(liters)Patient

no.10.403(0.069)0.006(0.019)0.005(0.001)6.418(0.356)2

30.014

0.021(0.004)
(0.012)0.007
0.001(0.009)
(0.005)0.004
0.013(0.001)
(0.000)7.540
6.209(0.163)

(0.108)40.001(0.063)0.000(0.029)0.003(0.001)6.462(0.990)5

60.083

0.015(0.004)
(0.006)0.007
0.005(0.002)
(0.017)0.002
0.002(0.000)
(0.001)4.770
6.982(0.040)

(0.207)70.030(0.005)0.005(0.005)0.002(0.001)8.651(0.125)8

100.024

0.020(0.005)
(0.005)0.012
0.006(0.007)
(0.002)0.002
0.001(0.000)
(0.000)5.290
5.033(0.117)

(0.032)11

130.027

0.110(0.012)
(0.002)0.018
0.000(0.009)
(0.005)0.002
0.002(0.000)
(0.000)4.479
3.822(0.078)

(0.102)140.008(0.002)0.002(0.005)0.002(0.000)4.026(0.067)15

170.074

0.024(0.011)
(0.006)0.012
0.010(0.005)
(0.008)0.017
0.013(0.000)
(0.000)4.863
5.089(0.133)

(0.139)180.020(0.002)0.010(0.004)0.002(0.000)7.739(0.103)Meant

s.e.*0.064

0.026(0.01
4)Â§0.006

0.001(0.009)0.002

0.000(0.000)5.825

0.374(0.184)

"Parameter estimates and corresponding s.d. obtained using ordinary least squares fit to each patient's data as a function of time.

TMean parameter estimates obtained by averaging across the 15 patients.
*s.d. of the mean parameter estimates.
Â§Averages.d. obtained by averaging across the 15 patients.

responses, the adjusted infusion rate was entered into the
analyses. For model 5C, the remaining four compartments
included liver, residual body, urine and fecal excretion. Five
important features of this model were:

1. Residual activity was included in the model and was
constrained to be equal to the difference between the total
body activity and the sum of the blood and liver activity.

2. Fecal activity was also included as a separate compart
ment and was constrained to be equal to the difference
between the administered activity and the sum of the urine
and total body activity (i.e., fecal data were not directly
sampled).

3. Whole-body data were normalized to the first whole-body
scan taken immediately after infusion.

4. The image of the liver was considered to contain both
liver and blood pool activity, so that one of the fitted
parameters (fb!) was the fraction (< 1) of the activity in the
hepatic image assigned to the blood pool in the organ.

5. The urine compartment was linked to the liver rather than
to a renal compartment.

Because little or no kidney activity was observed in the
subcohort, this structure was reasonable. In addition, the radio
active species measured in the urine had a much lower molec
ular weight (5 kDa) than that found in the blood (160 kDa) and
was therefore thought to be the result of a hepatic metabolic
process. More details of this feature are presented in the
companion paper by Wong et al. (16).

Parameter estimates and corresponding s.d. based on models
3C and 5C are listed in Tables 2 and 3, respectively. In addition,
mean parameter estimates, mean s.d. across patients and the s.e.
of the mean parameter estimates are reported. To quantify the fit
of the two models to the data, the R2 statistics from each data

source and for all patients are shown in Table 4. Using model
3C for all patients, the s.d. for 53 of the 60 parameters estimated
(four parameters per patient) were at least two times smaller
than the corresponding parameter estimates. The average vol-

TABLE 3
Pharmacokinetic Parameter Estimates Based on a Five-Compartment Model Fit to Blood, Urine and Imaging Data from Clinical

Diagnostic Studies Involving cT84.66 Labeled with lndium-111

Kinetic parameter
estimate(s.d.)"kâ€ž,

(blood to liver; hr1)k,b

(liver to blood; hr')khr

(blood to residual; hr1)krt,

(residual to blood; hr1)K|U

(liver to urine; hr1)k,,

(residual to feces; hr1)Volume

(liters)Fraction

blood in liver (fbl)70.014(0.003)0.011(0.008)0.027(0.008)0.022(0.014)0.005(0.001)0.002(0.001)8.493(0.224)0.241(0.002)80.006(0.001)0.002(0.005)0.025(0.007)0.032(0.015)0.006(0.001)0.004(0.001)5.222(0.126)0.146(0.008)100.005(0.001)0.008(0.008)0.023(0.005)0.022(0.010)0.008(0.001)0.004(0.001)4.956(0.081)0.142(0.004)110.009(0.002)0.030(0.014)0.027(0.008)0.039(0.018)0.008(0.001)0.004(0.001)4.413(0.092)0.131(0.010)Patient

no.130.062(0.014)0.012(0.010)0.047(0.011)0.000(0.007)0.005(0.001)0.008(0.006)3.849(0.157)0.184(0.041)140.003(0.001)0.007(0.007)0.005(0.001)0.002(0.007)0.008(0.001)0.008(0.002)4.025(0.067)0.132(0.011)150.046(0.011)0.017(0.012)0.037(0.008)0.000(0.009)0.005(0.001)0.017(0.003)4.816(0.169)0.210(0.032)170.008(0.002)0.015(0.008)0.019(0.005)0.019(0.012)0.005(0.001)0.005(0.001)5.062(0.138)0.216(0.001)180.005(0.001)0.020(0.010)0.036(0.035)0.115(0.127)0.009(0.001)0.008(0.003)7.382(0.396)0.133(0.010)Meanf0.017(0.004)Â§0.013(0.009)0.027(0.010)0.028(0.024)0.007(0.001)0.007(0.002)5.358(0.161)0.171(0.013)s.e.*0.0070.0030.0040.0120.0010.0020.5200.014

"Parameter estimates and corresponding s.d. obtained using ordinary least squares fit to each patient's data as a function of time.

'Mean parameter estimates obtained by averaging across the nine patients.
ts.e. of the mean parameter estimates.
Â§Averages.d. obtained by averaging across the nine patients.
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TABLE 4
Area under the Curve and R2 Estimates for Models 3C and 5C

Patient no.

DatasourceBloodUrineLiverWhole

bodyModel3C5C3C5C5C5CStatisticR2AUC-R2AUC-R2AUCR2AUCR2AUCR2AUC10.990.52NANA0.9431.97NANANANANANA20.996.81NANA0.9912.31NANANANANANA30.995.63NANA0.937.06NANANANANANA40.811.71NANA0.8019.71NANANANANANA51.003.27NANA0.9515.50NANANANANANA60.998.70NANA0.974.97NANANANANANA70.993.730.994.220.949.630.928.911.0027.941.0083.8480.998.590.998.411.007.350.997.990.9719.481.0081.09101.008.571.009.140.976.750.956.101.0014.661.0081.86111.0010.760.9911.040.887.310.906.581.0015.451.0082.99131.002.191.002.850.7816.420.8612.551.0026.751.0063.33141.0015.041.0014.980.876.320.965.261.0014.571.0081.75150.992.690.993.050.5212.240.819.780.9924.321.0055.45170.998.680.998.690.685.890.765.441.0021.631.0080.11181.006.070.997.730.997.470.966.641.0015.011.0079.86

'Units for area under the curve (AUC), mCi/hr.

NA = not applicable.
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RGURE 3. (A) Activity data and model 5C-derived curves for Patient 13.
Time is measured in hr postinfusion of 111ln-cT84.66. This patient was

characterized by relatively fast clearance of the chimeric MAb from the blood.
Data were obtained from whole body and liver (plus hepatic blood) images,
as well as from blood samples and collected urine. Urine data were
measured as total accumulation of activity. (B) Model 5C-derived curves and
data for Patient 14. This patient was characterized by a relatively slow
clearance of the MAb. Clearance from blood took approximately five times
longer than for Patient 13.

ume of the blood distribution compartment using model 3C was
5.83 (range, 3.82-8.65). Model 5C described the data from the
subcohort very well, as evidenced by the small s.d. relative to
the corresponding parameter estimates and the large R2 statis

tics (median = 0.92; range, 0.76-1.00); s.d. for the estimates of

V and fh| using either model were smaller than the correspond
ing parameter estimates by an order of magnitude or more in all
cases. The average volume of the blood distribution compart
ment using model 5C was 5.36 liters (range 3.85-8.49 liters),
average fh| was 0.17 (range 0.13-0.24). For 63 of the 72
parameters estimated (8 parameters per patient), the s.d. were
between 2-8 times smaller than the corresponding PK param
eter estimates. Comparing the R2 statistics for blood and urine

between models 3C and 5C, both models fit the blood data
exceptionally well (range 0.99-1.00 under both models). Model

5C fit the urine data better than did model 3C for five of the
nine patients, and both models fit the data well for the
remaining four. Model 5C also fit the liver and whole-body data
exceptionally well, with R2 equal to 1.00 for the whole-body

data and ranging from 0.97 to 1.00 for liver.
Figure 3 includes the observed blood, urine, liver and

whole-body biodistribution results and modeled curves (model
5C) for two representative patients (Patients 13 and 14). These
patients were chosen for their relatively rapid and slow MAb
clearance from the blood, respectively. In both cases, model 5C
accurately described patient data from the several organ sys
tems. The uptake units are in percent IA.

The ' "ln-cT84.66 and projected 9()Y-cT84.66 absorbed dose

estimates on a per-mCi basis to 13 target organs are shown in
Table 5 for the subcohort (model 5C only). These organs were
selected for inclusion on the basis of either their relatively large
dose estimates or their genetic significance (ovaries, testes and
whole body). On the average, the highest estimated "'in-

cT84.66 doses were administered to the liver (mean Â±s.e.
3.18 Â±0.25 rad/mCi; range 2.09-4.44 rad/mCi), followed by

the wall of the gallbladder (mean Â±s.e. 1.20 Â±0.05 rad/mCi;
range 0.94-1.40 rad/mCi). The average IMIn-cT84.66 dose Â±

s.e. to the red marrow was 0.55 Â±0.04 rad/mCi, ranging from
0.34 to 0.74 rad/mCi. The average '"ln-T84.66 dose Â±s.e. to

the whole body was 0.51 Â±0.02 rad/mCi, ranging from 0.41 to
0.58 rad/mCi. For 90Y-cT84.66, the highest estimated doses

were administered to the liver (mean Â±s.e. 24.78 Â±2.38
rad/mCi; range 15.02-37.07 rad/mCi), followed by the spleen
(mean Â±s.e. 4.50 Â±0.98 rad/mCi; range 1.07-10.20 rad/mCi)
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TABLE 5
lndium-111 and Yttrium-90 cT84.66 Antibody Absorbed Dose Estimates (rad/mCi)*

TargetorganLabelAdrenals

111ln90yBone

surfaces 1111n90yGallbladder

wall111ln90YHeart

wall111ln90yKidneys

"'In90yLiver

111ln"VLungs

111ln90yOvaries

I11ln90YPancreas

"'In*YRed

marrow'"In90YSpleen

'"In90yTestes

"'InsoyTotal

body"""Â«v'Each

patient received5mCi.70.891.420.642.091.351.420.762.790.944.483.7027.930.551.42NANA0.841.420.492.480.744.690.291.420.492.1780.952.010.792.761.292.011.044.850.984.623.3926.450.692.010.582.010.952.010.593.371.2710.20NANA0.572.71'Mean

dose obtained by averaging across the9*s.e
of the meandose.MA

= not applicable.100.872.250.833.001.132.250.762.560.732.252.6320.020.662.250.632.250.882.250.613.600.946.25NANA0.572.76patients.110.892.230.873.371.162.230.873.490.732.232.7621.100.682.230.642.230.882.230.664.290.602.23NANA0.582.78Patient

no.130.871.270.531.251.401.270.691.830.651.274.4437.070.581.270.391.270.831.270.361.240.411.27NANA0.462.15140.892.080.904.001.122.081.297.630.914.522.6319.940.692.080.622.080.882.080.745.550.764.14NANA0.572.71150.771.070.471.331.261.070.571.210.581.074.0333.730.501.070.331.070.741.070.341.550.351.07NANA0.411.89170.811.420.672.871.141.420.884.500.955.342.9221.710.521.42NANA0.781.410.563.720.916.770.291.420.462.06180.711.640.723.210.941.640.571.780.611.782.0915.020.491.64NANA0.691.640.594.120.663.900.341.640.462.08MeanT0.851.710.712.651.201.710.833.410.793.063.1824.780.601.710.531.820.831.710.553.320.744.500.311.490.512.37s.e.*0.020.150.050.310.050.150.080.670.050.550.252.380.030.150.050.210.030.150.040.460.090.980.010.070.020.12

and the red marrow (mean Â±s.e. 3.32 Â±0.46 rad/mCi; range
1.24-5.55 rad/mCi). The average wY-cT84.66 dose estimate to

the whole body was 2.377 Â±0.12 rad/mCi, ranging from 1.89
to 2.78 rad/mCi. Indium-11 l-cT84.66 and projected W)Y-

cT84.66 doses administered to the testes and ovaries were
relatively small. Absorbed dose estimates for the target organs
included as output from the MIRDOSE3 program that are not
reported in Table 5 can be obtained from the authors.

Based on the clinician's assessment of the antibody scans,

five patients cleared the MAb from the blood quickly (Patients
1, 4, 5, 13 and 15). These five patients also had the smallest
values for the blood AUCs and the largest values for the urine
AUCs (Table 4). Patient 14 cleared the antibody most slowly
and was found to have a large value for the blood AUC and a
small value for the urine AUC. For Patients 13 and 15, the krb
estimates were close to zero and the kw estimates were largest.
Urine AUCs based on models 5C and 3C were 12.55 and 16.42
mCi-hr for Patient 13 and 9.78 and 12.24 mCi-hr for Patient 15,
respectively. The AUCs for the two models were similar for the
other seven patients in the subcohort.

DISCUSSION
Variations of model 5C, which incorporated the kidney data

and which connected urine and feces to the residual compart
ment, were examined. Model 5C was the most robust in its
application to all patients with digital imaging data. Kinetic
parameter estimates were stable, as evidenced by the small s.e.
for these estimates and the large R2 values. A variation of model

3C, which connected the urine compartment to the blood

instead of the residual compartment, was also examined but was
found to be less robust.

Because the primary toxicity from 4l)Y-cT84.66 therapy is

likely to be hematopoeitic, planned future therapy trials will
involve stem cell support, such that estimation of doses to
secondary organs becomes very important. Modeling the digital
imaging and urine data in addition to the blood uptake provides
a method for obtaining reliable dose estimates for the secondary
organs that correctly uses the maximum amount of information
available. Because the fits to these data are as good or better
than the fits to the simpler model (model 3C), the dosimetry
results based on model 5C are preferable.

Methods used here required certain assumptions about the
data and methods. First, to estimate the 9()Y-cT84.66 absorbed
dose estimates, AUCs for the wY-MAb were obtained by
exchanging the physical decay constant of ' "in with that of'"'Y

in the modeling equations. This approach requires an explicit
assumption that the biodistribution and, hence, modeling pa
rameters will not have been affected by the nature of the
radiolabel. Animal studies published by this group (27) have
shown that the biodistribution of this antibody is only slightly
changed by the nature of the radiolabel, so this extrapolation of
these results to human studies seems reasonable. The second
assumption relates to the completeness of the urine data.
Because the patients collected their own urine in an unsuper-

vised manner, it is possible that using these data to examine
urinary clearance may be unreliable. Nonetheless, we found the
urine data to be very useful in explaining the clearance
characteristics of '"in-MAb. Model 5C fit the urine data well,
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providing us with the best available estimates for urine clear
ance kinetics. Although the last urine collection was before the
last scan time, curves of the cumulative percent IA activity in
the urine suggest that very little additional urine activity would
have been found in the urine after 60 hr.

We compared our model to one in which the liver compart
ment was linked to the fecal compartment and the urine
compartment linked to the central compartment (not shown).
However, the imaging study results suggested that the fecal
route of elimination of antibody was through the wall of the gut
and not through the liver. A model including the feces com
partment directly offa nonhepatic tissue compartment (residu
al) characterized the data better than the model with the feces
linked to the liver. Our modeling results of the blood and urine
data were consistent with HPLC analysis of the blood and urine,
which showed that radioactive species in the urine had a much
lower molecular weight than that found in the blood. Therefore,
the majority of the activity that appeared in the urine was
presumed to be a metabolic product from the liver, which
cleared the kidney with first-pass kinetics. The majority of the

activity that appeared in the blood was found to be intact
antibody (16).

As we have shown previously (Â¡9),the inclusion of decay in
the modeling equations is important because it allows the user
to model the data as acquired rather than as artificially corrected
for decay. If weighted least squares regression is performed,
modeling the data expressed as fractional IA will produce
different results than if the data are expressed as fractional
injected dose because the weighting schemes examined involve
the observed data. For this study, the data were expressed as 1A.
Although the best fits to the data were obtained using ordinary
least squares, examination of different weighting schemes is
important. We recommend trying a weighting approach in
which a variance model for each data source is specified and
maximum likelihood estimation is then used to estimate the
variance parameters.

We are not aware of any published results of studies reporting
absorbed doses for 9()Y-MAbs. The results from this trial
suggest that the largest projected 90Y-cT84.66 absorbed dose

estimate was delivered to the liver (24.775 rad/mCi), followed
by the spleen (4.500 rad/mCi) and the red marrow (3.324
rad/mCi). However, there are previous results reported for
absorbed dose estimates using '"in-MAbs, which are consis

tent with the absorbed dose estimates made herein. Taylor et al.
(28) estimated liver doses of 1.62 rad/mCi for the antibody
ZME018. Similarly, Buijs et al. (29) and Fairweather et al. (30)
reported hepatic estimates of 3.18 and 2.90 rad/mCi for F(ab')2

ovarian and anti-CEA antibodies, respectively. The latter two
values were in very close agreement with our estimate of 3.18
rad/mCi (Table 3). Our whole-body estimate of 0.51 rad/mCi
was quite comparable to the values of 0.54 and 0.50 rad/mCi
reported by Taylor et al. (28) and Fairweather et al. (30),
respectively. Our estimated splenic (0.74 rad/mCi), kidneys
(0.79 rad/mCi) and red marrow (0.55 rad/mCi) doses were
lower than the two other literature values by a factor of two or
more. Taylor et al. (2<V)documented splenic estimates of 4.72
rad/mCi; Buijs et al. (29) reported 5.37 rad/mCi. The same
groups gave kidney estimates of 1.94 and 4.37 rad/mCi,
respectively, with marrow estimates in the range of 0.9-1.9
rad/mCi. However, because of the different antibody types (28),
fragment mass (29) and chelation chemistry, it is difficult to
compare their results in every organ directly to ours. Fair-
weather et al. (30), who used an antibody type similar to
cT84.66. reported absorbed dose estimates for two organs only,

*kd1Â°Bloodkh> ^kTResidual"Ã•*

FIGURE 4. Two-compartment model used to fit the blood data for the
purpose of determining the optimal specimen collection times for future
patients.

liver and whole body; these were in agreement with the results
reported here.

Several previous mathematical models have been developed
to describe the human biodistribution of radiolabeled antibod
ies. None of the models used in these earlier representations are
comparable to the models presented here. We do not know of
any closed multicompartment model involving a chimeric
antibody (9,10). Additionally, both Koizumi et al. (12) and Eger
et al. (31) required the assumption of saturable compartments to
describe the data from their antibody trials.

Norrgren et al. (32) have reported rate constants from a study
using murine MAbs in nude rats. Their model was similar to
model 5C in that it featured a mammillary representation with
several organs being in contact with the blood. They estimateda kb| of 0.015 hr"1 and a k,b of 0.12 hr"1, compared to our
results of 0.017 hr~' and 0.027 hr"1, respectively. Aside from

species differences, the disparity between the values for k,b
could be due to the fact that their antibody was labeled with a
radioiodine.

A subroutine of the ADAPT II, SAMPLE, performs an
optimal sampling sequential estimation procedure using param
eter estimates from previous subjects in the group to determine
the optimal sampling times for patients accrued to future trials
involving the cT84.66 antibody (33). To provide more infor
mative PK. results, after the first 12 patients were accrued to the
trial, SAMPLE was used to determine the optimal times for
blood collections to be used for the remaining three patients to
be accrued to this trial. A two-compartment model shown in
Figure 4 was fit to each of the 12 patients' blood data only. The

resultant optimal sampling times tended to cluster into two
patterns, corresponding to how quickly the patient cleared the
antibody from the blood. A final set of blood draw collection
time points was established, such that knowledge of a patient's

antibody clearance characteristics was not required at the start
of the patient's infusion. These values were: preinfusion, at the

start of infusion (t = 0) and at approximately 4, 16, 36, 48, 108,

168 and 500 hr postinfusion. The final set of blood collection
times was chosen so that:

1. The times would be convenient for the hospital's staffing
schedules and the patients' schedules; and

2. The collection times would not depend on prior knowl
edge of the patient's antibody clearance characteristics.

The latter condition existed because of the indeterminacy of
clearance status until after the first scan. Although the SAMPLE
subroutine recommended only four optimal time points for
blood draws, seven optimal time points were selected to
accommodate the considerations mentioned above and to ac
count for anticipated interpatient variability observed as larger
numbers of patients are examined. We found that obtaining a
sample at or beyond the half-life of the antibody is important for
the model to accurately fit the data in the tail of the blood curve.
For the trial reported here, the collection time for the last blood
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sample was limited by whether the patient was scheduled to
undergo surgery.

The SAMPLE subroutine could also be used to identify
optimal imaging times. However, the model required would
necessarily be much more complex than the two-compartment
model specified for the blood data (Fig. 4). At the time of the
SAMPLE analysis of the blood data, digital imaging data were
available for only a very small subset of patients. With complete
data available for the subcohort, plans to perform a SAMPLE
analysis of these data are underway.

Finally, we should mention that methods for obtaining
population PK. estimates exist which, with a larger sample size,
may provide a better representation of the patient dataseis. To
this end, we have begun exploring the use of a software
program called IT2S (Iterative Two-Stage), which runs under
ADAPT II (unsupported research tool, Collins D and Forrest A,
State University of New York, Buffalo, NY, 1997.) This
program uses an iterative approach involving the MAP (maxi
mum a posterior) Bayesian estimator and a generalized least-
squares type of algorithm to update the error variance model.
The IT2S strategy has been shown to perform better than the
single-iteration, generalized least-squares approach and may be
useful in the area of radioimmunotherapy for several reasons.
First, the fit to a patient's data is guided by what has been

observed in the population. This is important given the limited
amount of data available and the potential for error associated
with a specific time point. The ultimate reason for modeling
data from a pretherapy '"in antibody infusion is to obtain

information enabling the clinician to augment the therapy plan
if the dose level to any organ is suboptimal. Second, as we gain
additional experience with the kinetic modeling of data from a
larger number of patients, we will be interested in potentially
reducing the amount of data required for these trials by
performing limited sampling analyses.

CONCLUSION
A three-compartment model was successfully used to repre

sent blood and urine chimeric anti-CEA antibody data from 15
cancer patients, and a five-compartment model was successfully
used to represent imaging, blood and urine data from a
subcohort of these patients, as evidenced by the small s.e. for
the kinetic parameter estimates and R2 statistics. Modeling the

digital imaging data in addition to the urine and blood uptake
provides a method for obtaining reliable dose estimates for the
secondary organs that correctly uses the maximum amount of
information available. Through modeling, the AUC of activity
against time was determined and used in the estimation of the
absorbed radiation doses to normal organs and tissues. In future
therapy trials, these results will be used to guide the treatment
plan.
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