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ABSTRACT

Using data from 12 patients, we have analyzed the pharmacokinetics
of '"In-9.2.27, an antimelanoma monoclonal antibody, following i.v.

infusion. Plasma data and scintillation camera images obtained from
patients receiving either 1, 50, or 100 mg of monoclonal antibody indi
cated dose-dependent (i.e., saturable) kinetics. Based on these observa
tions and known immunoglobulin kinetics, we developed a nonlinear
compartmental model to describe the biodistribution of '"In-9.2.27 and
the other coinjected '"In-associated compounds. The model included (a)
three compartments representing intact '"In-9.2.27 ("plasma," "nonsat-
urable," and "saturable binding" compartments), (b) four compartments
representing '"In-diethylenetriaminepentaacetic acid, and (c) one com
partment representing '"In in an undetermined chemical form ("extra-
vascular delay" compartment). Analysis of the rate of urinary excretion

relative to plasma concentration indicated that the saturable binding
compartment was a site for catabolism of monoclonal antibody. Further
examination of the urinary data, together with previous studies of the
siu-(s) of immunoglobulin catabolism, suggested that additional elimina

tion took place from either the plasma or the nonsaturable compartment.
The model indicated that to fill the saturable sites would require a dose
of approximately 0.5 mg and suggested that >3.5 mg would maintain
saturation for 200 h. Computer integration of gamma camera counts over
the spleen revealed a clear saturable component of uptake, whereas
integration over the liver showed no such pattern. The proposed model
was fitted to the liver and spleen imaging data by summing fractions of
model simulations of each compartment. That analysis confirmed the
suspected saturable uptake by the spleen (21% of the saturable binding
compartment) and revealed a quantitatively important component of
saturation in the liver (35% of the saturable binding compartment) that
was not obvious from initial examination of the images. When the results
were expressed on a concentration basis, the spleen accounted for 247%
of the saturable compartment per kg, whereas the liver accounted for
25%/kg. The bone marrow also showed saturable uptake; hence, the
saturable uptake may relate to the sinusoidal blood supply characteristic
of liver, spleen, and marrow. The model predicts the dose levels required
to overcome saturable background, suggests appropriate doses and sched
ules for cold loading strategies, and provides a format for explicit inclu
sion of tumor antigen.

INTRODUCTION

Clinical experience with MoAbs5 has broadened considerably

in the last few years. MoAbs have been used to target lymphoma
(1), melanoma (2-5), and carcinomas of the breast (6), colorec-
tum (7), and ovaries (8). Several radiolabels have been tried
clinically, including I3'I (2, 7), I23I(8), and '"In (1, 3-6). One
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obstacle to successful imaging has been the nonspecific uptake
of many antibodies in non-tumor tissues. Studies have reported
nonspecific localization in liver (3-5), spleen (4-5), kidney (4),
and gastrointestinal tract (5), as well as dose-dependent altera
tions in biodistribution. Still, the mechanism(s) of radiolabeled
MoAB handling in vivo are not well understood.

Our laboratory (9-11) has used animal experiments together
with physiological information to formulate compartmental
models for the pharmacology of whole and fragmented MoAbs
in mice. Others have developed models for the distribution in
humans of human 7-globulins (12-14) and an I31l-labeled mu

rine MoAb (15). The animal models are much more specific
and detailed than those developed for humans. The primary
reason is that the clinical setting limits the types of quantitative
data that can be obtained from sites other than plasma and
urine. Here we include quantitative data from gamma camera
images of individual organs in a more extensive model than can
be formulated on the basis of plasma and urine alone. There
are several potential uses for such a model: (a) to further our
understanding of the pharmacology of IgG '"In-labeled
MoAbs; (b) to predict radioactivity levels in tumor and non-
tumor regions for a variety of doses; and (c) to predict the most
advantageous dosing levels and schedules for diagnosis or ther
apy.

The primary data for analysis came from clinical studies with
'"In-DTPA-9.2.27, an antimelanoma IgG2a monoclonal anti

body. The experimental and clinical results have been reported
in detail elsewhere.6 In this paper our aim is to develop and

validate a kinetic model to account for the global pharmacoki
netics of i.v. administered '"In-DTPA-Ab, with particular at

tention to an observed dose dependence in the plasma profiles.
The model is constructed without specifically incorporating
sites of MoAb uptake in tumor tissue. This initial simplification
is justified because the tumor burdens were small enough com
pared with the rest of the body so that they would not signifi
cantly influence the global pharmacokinetics. The model in
cludes (a) three compartments representing intact "'In-DTPA-
Ab, (b) four compartments representing '"In-DTPA and other
rapidly excreted '"In-labeled species, and (c) one compartment
representing '"In in an unknown chemical form. The model

confirms the presence of a saturable component of MoAb
uptake in spleen that was apparent by inspection of gamma
camera images. More interestingly, this analysis reveals a quan
titatively important component of saturable uptake in the liver
that could not be discerned from the gamma camera images.

MATERIALS AND METHODS

Characterization and Preparation of Antibody. The murine monoclo
nal antibody 9.2.27 (IgG2a), developed by Morgan et. al. (16) and used

'J. A. Carrasquillo, P. G. Abrams, R. W. Schroff, J. C. Reynolds, C. S.

Woodhouse, A. C. Morgan, A. M. Keenan, K. A. Foon, P. Perentesis, S. Marshall,
M. Horowitz, J. Szymendera, R. K. Oldham, and S. M. Larson. Effect of "'In-

9.2.27 monoclonal antibody dose on the imaging of metastatic melanoma, sub
mitted for publication.
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for imaging by Hwang et al. (17), is directed against a M, 250,000
glycoprotein/proteoglycan which was expressed on >91 % of malignant
melanoma cells in 23 of 28 patients with melanoma (18). The antibody
is selective for melanoma cells (16, 19), but also has been found to
cross-react with occasional basal epithelium, benign nevi, sweat glands
of skin, and basal lamina and endothelium of blood vessels (18, 20).

Conjugates of 9.2.27 and DTPA were produced by Hybritech, Inc.
(La .lolla, CA) using a modification of the cyclic anhydride method of
Krejcarek and Tucker (21). The DTPA-Ab preparation was then radio-
labeled with '"In in the Department of Nuclear Medicine, Clinical
Center, NIH. For each patient, approximately 5 (3.97-5.28) mCi of
'"In chloride were added to a citrate radiolabeling buffer and incubated
with approximately 1 mg of DTPA-Ab. Excess DTPA was added to
scavenge any free ionic "'In as the final step prior to injection. Thus,
the "'In rad inlabeIcould be found primarily in two forms: '"In-DTPA-
Aband'"In-DTPA.

Prior to injection the solution was analyzed by ITLC6 to determine
the relative amounts of '"In-DTPA-Ab and "'In-DTPA. The immu-
noreactive fraction of "'In-DTPA-Ab was determined by a cell binding
assay.6 An enzyme-linked immunosorbent assay6 was used to determine
the amount of '"In in the MoAb fraction of all the collected plasma

samples.
The 1-mg '"In-DTPA-Ab/"'In-DTPA mixture was injected alone

or was coinjected with 49 or 99 mg of unconjugated, unlabeled antibody
(making 1-, 50-, and 100-mg doses).

Subjects. Eleven patients with biopsy-proven Stage III malignant
melanoma and a twelfth patient with a schwanoma that also expressed
the antigen were studied in a National Cancer Institute, NIH-approved
murine MoAb imaging trial. The patients received either 1 (n - 5), 50
(n = 5), or 100 (n = 2) mg of '"In-DTPA-Ab. The antibody was

administered i.v. over 2 h in approximately 20 ml of phosphate buffered
saline via a catheter located in a peripheral vein of the arm. All patients
received approximately 5 mCi of "'In.

Blood samples were taken from a peripheral vein separate from the
site of infusion at 5 and 30 min and 1, 2, 24, 48, 72, and 144 h after
completion of the infusion. Each sample was centrifuged to separate
plasma from blood cellular components, and 100-^1 aliquots of blood
and plasma were counted using a Packard Autogamma 5780 well
counter.

All patients were ambulatory and none had urinary catheters. Urine
was collected 0-2, 2-24, 24-48, and 48-96 h following infusion. Urine
volumes were measured and 100-^1 aliquots were counted for radioac
tivity. Urine data are referenced, in time, to the end of each collection
period.

Scintillation camera images were recorded using a GE 535 gamma
camera with a medium energy collimator. After completion of the
infusion, anterior and posterior whole body images were obtained in 4
patients who received 1 mg, 2 patients who received 50 mg, and 1
patient who received 100 mg of '"In-DTPA-Ab. Images were recorded

at 2 or more of the following times: 0, 24, 48, 72, 96, and 144 h. Using
a Hewlett-Packard Scintigraphic Analyzer, spot images of liver, spleen,
and marrow were analyzed with manually drawn regions of interest.
We were unable to use the localized images of marrow as an indicator
of total marrow radioactivity levels. Therefore, we have not quantita
tively addressed the marrow data with our model. However, geometric
means of the anterior and posterior views of liver and spleen were used
to determine the radioactivity levels in these organs. They were not
corrected for attenuation and thus provide only estimates of the per
centage of injected dose in each organ.

EXPERIMENTAL RESULTS

The results of analysis with ITLC showed that prior to
injection the fraction of radiolabel associated with "'In-DTPA-
Ab ranged from 70-96% of the total radioactivity, whereas
'"In-DTPA accounted for the remaining 4-30%. The amount

of immunoreactive protein ranged from 51-76% of the total
injected protein. The MoAb levels determined by an enzyme-
linked immunosorbent assay for mouse IgG (antibody mass)

correlated well (r2 > 0.95) with the serum '"In radioactivity

levels measured by the well counter.
Plots of percentage of injected dose per liter plasma versus

time and the cumulative percentage injected dose in urine versus
time for each patient are shown in Fig. 1. The curves in Fig. 1
result from simulations of the model, which will be described
in "Model Development."

Prior to development of the multicompartmental model,
mult Â¡exponentialfits were used to estimate initial and terminal
half-lives for radiolabel in plasma. Consistent with the findings
of other investigations using '"In-labeled antimelanoma anti
bodies (3-4), as the protein dose increased, so did the terminal
plasma half-life for the "'In radiolabel. The apparent final half-

life (20 h or greater postinfusion) of our data was 27 Â±8 (mean
Â±SD) h for the patients receiving 1 mg of antibody, 60 Â±7 h
for those receiving 50 mg, and 78 Â±6 h for those receiving 100
mg. The value for the patients receiving 1 mg agrees well with
those determined in humans by Rosenblum et al. (3), although
their value was based on measurements made from 0-48 h and
ours was based on data collected from 20-144 h. The initial
half-life (based on data from 0-20 h postinfusion) was 2.1 Â±
0.6 h for the patients receiving 1 mg of antibody, 9.0 Â±2.8 h
for those receiving 50 mg, and 8.9 Â±2.3 h for those receiving
100 mg. The values for the initial half-life must be considered
approximations because antibody was infused over a 2-h period
ending at t = 0. Hematocrits remained essentially unchanged
for each patient throughout the study, as did the absolute
numbers of RBC, WBC, and neutrophils.

Whole body images indicated that radioactivity levels in
spleen and marrow decreased as the dose increased. The dose
dependence in these organs could be seen when comparing
patients who received 1 mg with those who received 50 or 100
mg, as in Fig. 2. Fig. 2 does not give a clear indication of a
similar dose-dependence in the liver. The whole body image
data could be fitted, for all doses administered, by a single
exponential function with an exponential rate constant corre
sponding to an average total body half-life of 267 Â±38 h.

Using whole body images, we calculated the fraction of the
injected radioactivity reaching the liver and spleen over the
course of the studies. Because the patients received varying
amounts of radiolabel bound to antibody (ranging from 70-
96%) and because the remaining '"In-DTPA fraction (4-30%)

was assumed to be eliminated from plasma very rapidly [(22);
to be discussed further in the "Model Development")], we

normalized the data by the fraction of radiolabel that was
protein-bound prior to injection (i.e., divided each observed
value by the fraction of protein-bound radiolabel). The resulting
observed data are plotted in Fig. 3, A and C, with corresponding
simulations of the model (to be discussed in "Model Develop
ment"). The average peak value in the liver for the 1-mg dose

(23.1%) agrees well with values determined in humans (4) using
another '"In-labeled antimelanoma antibody.

MODEL DEVELOPMENT

We employed methods of compartmental analysis to define
a pharmacokinetic model of 9.2.27 distribution and metabolism
in humans. The model development process required collation
of information from a variety of sources. These included serially
collected plasma and urine radioactivity measurements, counts
from whole body images, and regions of interest obtained from
whole body images. Additional information included the ad
ministered dose, the assessment of heterogeneity of radiolabel
(by ITLC), the predicted patient plasma volume, and published
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Fig. 1. Plasma (G) and urine (A) measure
ments for each patient (Pi) receiving '"In-

9.2.27 IgG2a. and weighted least squares fit of
the model ( , ) for each patient: Â«
displayed urine values for Patients 3 and 5 are
'/i the actual values; â€¢*,one additional plasma

point from Patient 10 is beyond the displayed
scale. The coordinates of the observed and
calculated values for this point are (240 h.
0.84% dose/liter plasma) and (240 h, 1.04%
dose/liter plasma), respectively.
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Fig. 3. Liver and spleen imaging data and corresponding simulations for

patients receiving I (â€¢,A, â€¢.X), 50 (D, A), and 100 mg (B). The liver and spleen
data are normalized by the fraction of radiolabel associated with protein prior to
injection (i.e.. displayed image value = observed image value per fraction of
protein-bound injectate). .â€¢(.C, summations of fractions of the plasma, nonsatu-
rable, saturable binding, and extravascular delay compartment simulations which
best ht the imaging data. B, D, simulations without the contribution from the
plasma compartment (blood-subtracted simulations). B clearly indicates a dose-
dependent liver uptake not obvious in A,

data on the distribution of immunoglobulins and "'In-DTPA.

To be useful the proposed model needed to account for the
available data while using a minimum number of compartments
and parameters. It also needed to be consistent with the human
physiology.

The initial heterogeneity of the injectate indicated the need
for 2 models: one for the distribution of '"In-DTPA-Ab and a
second for the distribution of '"In-DTPA. The kinetics of In-

DTPA were determined previously by Houston et al. (22), who
proposed a 4-compartment catenary model to describe In-
DTPA pharmacokinetics in humans. We adopted their model
to account for "'In-DTPA distribution in our system and

assumed that the remaining radioactivity in the plasma was due
only to '"In-DTPA-Ab. The '"In-DTPA 4-compartment

model is shown in Fig. 4, bottom.
The remaining steps of model development included (a)

determining the biodistribution of '"In-DTPA-Ab and (b) ac

counting for its catabolism. We began by fitting a sum of
exponentials to the plasma data. The number of terms needed
to fit the data defines the minimum number of compartments
required for model specification (23). The data from patients
who received 1 mg of ' ' 'In-DTPA-Ab showed triphasic behavior

and therefore could be fitted by a sum of 3 exponentials. The
data from patients receiving 50- or 100-mg '"In-DTPA-Ab

doses showed biphasic behavior and could be tilled by a sum of
2 exponentials. This result indicated that a minimum of 3
compartments was needed to fit simultaneously the plasma data
from the 1-, 50-, and 100-mg doses.

One of the three compartments was determined from the
plasma data. When normalized by the mass of antibody admin
istered (i.e., normalized to percentage of dose) and by the levels
of protein-bound '"In, the early postinfusion plasma measure

ments had similar values regardless of dose. This finding sug
gested that the injected material was distributed into a volume

111IN-DTPA AND 111IN-LOW M.W.

BIODISTRIBUTION
Fig. 4. Model of '"In-9.2.27 IgG2a biodistribution in humans. Top, 9.2.27

IgG2a biodistribution: bottom, "'In-DTPA and '"In-labeled metabolite biodis-
tribution, according to the model of Houston et al. (22) for In-DTPA. The fast
kinetics of the "'In-DTPA model suffices for fitting of the rapid distribution and
excretion of "'In metabolites. Infusions into plasma are via Compartments 1 and

5. Rates of exchange to Compartment I from Compartment J are referenced in
the "Appendix" and in Table 1 as Â¿(I,J). E. V., extravascular; M. W. molecular

weight.

whose size was independent of dose. Simple calculations indi
cated that the size of this compartment was comparable to the
estimated plasma volume (24). Accordingly, the size of the
injection compartment in the model was fixed to that of esti
mated plasma volume for each patient. Although we cannot be
sure that this compartment actually is the "true" plasma space,
it will henceforth be referred to in the model as the "plasma"

compartment. The model-calculated radioactivity levels in the
'"In-DTPA-Ab and '"In-DTPA plasma compartments (Fig. 4,

Compartments 1 and 5, respectively) were summed to lit the
observed plasma data.

Previous studies of the distribution of immunoglobulins in
animals have shown that IgG passes between the plasma and
extravascular spaces over a period of several h. Typical rates of
transfer from plasma to the extravascular space range from
0.07-0.13/h (25, 26), with transcapillary return rates of 0.05-
0.07/h. In the proposed model we accounted for this process
with a bidirectional exchange between plasma and a "nonsatu-
rable" extravascular compartment (Fig. 4, Compartment 2).

The third compartment was determined by examining the
plasma data across dose. The initial disappearance of radiolabel
from the plasma was most rapid for the lowest dose and least
rapid for the highest dose. For the model to fit the plasma data
from patients receiving any dose, the distribution of antibody
into the second non-plasma compartment needed to reflect the
apparent dose dependence in the plasma disappearance kinetics.

There was a clear dose dependence in the plasma data when
the dose was increased from 1 to 50 mg. However, the plasma
data from patients receiving 50- and 100-mg doses were vir
tually indistinguishable, and therefore did not exhibit dose
dependence in this range. One simple interpretation, invoked
in our proposed model, was that uptake of material in at least
one of the non-plasma compartments was "saturable." This
process displayed what is commonly referred to as "Michaelis-
Menten" kinetics. Since the higher doses did not show dose

dependence, the 2 compartment model indicated by exponen
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tial fitting was linear (i.e., dose independent). The 3-compart-
ment configuration for "'In-DTPA-Ab, which included the
"saturable binding" compartment (Fig. 4, Compartment 4)

necessary to describe the data from the 1-mg level, effectively
reduced to 2 compartments at the higher doses.

In considering dissociation of the radiolabel from the anti
body, most patients excreted more radioactivity than would
have been predicted from the presence of mIn-DTPA in the
injectate. After 24 h, an additional 1-8% of the injected dose
beyond what was predicted from the Houston model could be
detected. Urine was unlikely to contain much antibody in any
of its forms because normal glomerular filtrate contains only
about 0.03% protein (27). All patients had normal serum cre-
atinines, and none was known to have renal dysfunction. There
fore, a fraction of the radiolabel which began as "'In-DTPA-

Ab must have dissociated from the complex before passing
through the glomeruli and into the urine.

Any of the 3 compartments associated with "'In-DTPA-Ab

distribution were possible sites of elimination of radiolabel. If
elimination occurred via a pathway that included a dose-de
pendent process, then the total body time course would have
reflected that dose dependence (28). Consequently, in our sys
tem if material injected into the plasma entered the saturable
binding compartment and was then eliminated from that com
partment, the total body clearance relative to plasma concen
tration should have reflected a faster disappearance for the
lower dose (29). A comparison of the ratio of whole body
clearance to plasma concentration across dose indicated that as
dose increased, the ratio decreased. Thus, whole body elimina
tion must have been associated with the saturable binding
compartment.

Elimination from only the saturable binding compartment
was insufficient to fit the urine data from patients receiving
higher doses of antibody. At least one more pathway to the
urine was needed. Models with elimination pathways from
either the plasma or nonsaturable compartments could be
shown to describe our data equally well. Studies of human
metabolism of 7-globulin (12, 14, 30) have suggested that
elimination can be considered kinetically to take place either
from plasma or from a site in fast exchange with the intravas-
cular space. Although we could not be certain that kinetics of
human ->-globulins would suffice to describe the kinetics of
murine -y-globulins, we assumed that metabolic elimination

occurred from the plasma compartment.
Although we incorporated the 2 sites of elimination from the

'"In-DTPA-Ab subsystem indicated above, the metabolic
routes through which '"In-DTPA-Ab travels have not been
determined experimentally. When an indium-labeled antibody
is incubated with plasma //; vitro, indium is transferred from
antibody to transferrin at the rate of approximately 0.35 %/h
(4). Another study (31) has indicated that when ionic indium at
pH 3 is injected into rats, there is localization in liver, spleen,
and bone marrow, and, more significantly, in kidney. The
patients who received '"In-9.2.27 had only minor uptake of

radioactivity by kidney relative to the uptake by liver, spleen,
and marrow. These conflicting findings led us to examine
metabolic routes other than the pathway from '"In-DTPA-Ab
to '"In-transferrin.

Presumably '"In-DTPA-Ab is metabolized primarily into

protein fragments (12). However, because we could not exper
imentally distinguish among radiolabel bound to DTPA-Ab,
Ab, DTPA, protein fragments, and other non-protein entities,
we were unable to specify the molecular composition of several
compartments, and furthermore, we had no basis for determin

ing the distribution kinetics of the '"In-protein fragments. At
the higher doses, if we assumed that "'In-DTPA-Ab in the
plasma was broken down directly to '"In-DTPA and Ab (i.e.,
direct, unidirectional passage from the '"In-DTPA-Ab plasma
compartment to the '"In-DTPA plasma compartment), the

result was adequate fits for either the radiolabel in plasma or
that in urine, but not for both. The introduction of an inter
mediate "extravascular delay" compartment (Fig. 4, Compart
ment 4) external to both the "'In-DTPA-Ab and '"In-DTPA

subsystems yielded good fits for both the plasma and urine
data.

The aforementioned features led to the proposed 3-compart-
ment nonlinear mamillary model for '"In-DTPA-Ab biodistri

bution shown in Fig. 4, top. The ordinary differential equations
corresponding to the overall 8-compartment model are in the
"Appendix." The model is locally identifiable (32) given (a) the

model configuration, (b) the number of compartments which
have corresponding data points, and (<â€¢)the determination of
fast-exchange rate constants from literature values.

MODEL RESULTS

Using the SAAM/CONSAM programs (33, 34), developed
by Berman and coworkers, the model equations were simulated
for each patient. The simulations are plotted with correspond
ing observed plasma and urine data in Fig. 1. Model fits to the
data were obtained using standard variance-weighted, least-
squares techniques. The estimated values for the unknown
model parameters for each patient, the residual sum of squares,
and the weighted population means for the parameters are in
Table 1. The estimated volumes of distribution for the "'In-
DTPA-Ab-associated and '"In-DTPA-associated plasma com
partments ranged from 2096-5263 ml, in good agreement with
expected plasma volumes based on each patient's weight (24).

The simulations matched the data well across all 3 doses, as
indicated by correlation coefficients (r2) of 0.999 [mean number
of plasma and urine data points per patient (Â«)= 11.3] for the
patients receiving 1-mg doses, 0.999 (n = 13) for those receiving
50 mg, and 0.997 for those receiving 100 mg (n = 11). These
values demonstrate a significant linear correlation (p < 0.01)
between the observed and calculated values.

As indicated previously, the gamma camera images showed
considerable uptake of radioactivity by liver and spleen (Fig. 2).
These organs are known to contain plasma and extravascular
spaces, are suspected sites of saturable binding,6 and may con

tain elements of the extravascular delay compartment suggested
by our model. Accordingly, we decided to correlate the dynam
ics of these compartments with the observed data from liver
and spleen. We assumed published values for plasma and extra-
vascular volumes of liver and spleen (35-37). By summing
fractions of model simulations of the various compartments,
we could determine the fractional contributions of the saturable
and extravascular delay compartments and thereby generate
curves that matched the liver and spleen images well. Graphs
of model simulations and liver and spleen imaging data are
plotted over time in Fig. 3. The corresponding fractional
amounts of each compartment needed to describe the data are
shown in Fig. 5. We could fit the liver data by summing 12, 37,
4.2, and 8% of the plasma, saturable binding, nonsaturable, and
extravascular delay compartment simulations, respectively.
Similarly, we could fit the spleen data by summing 8, 21, 4,
and 4% of the plasma, saturable binding, nonsaturable, and
extravascular delay compartment simulations, respectively.

The tissue concentration was 10-fold higher in the spleen
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Table 1 Adjustable parameter values corresponding to best fits of the data

PatientK,
(mg-'h-1)â€¢Hmg)Â¿(1,3) xlO3Â¿(5,

3)
xlO3Â¿(4,1) X \f?Â¿(5,

4)
x IO3Residualsum

ofsquares

x IO2

l mg

0.40 Â±0.11Â°

0.95 Â±0.21
0.77 Â±0.14
1.08 Â±0.36
0.29 Â±0.16

0.70 Â±0.20^
0.70 + 0.13'

0.70 Â±0.20
0.70 Â±0.20
0.70 Â±0.20

0.70 Â±0.20
0.70 Â±0.20

0.66 Â±0.21

0.58 Â±0.08
0.57 Â±0.04
0.51 Â±0.02
0.48 Â±0.05
0.55 Â±0.18

0.54 Â±0.07
0.54 Â±0.05
0.54 Â±0.07
0.55 Â±0.07
0.54 Â±0.07

0.54 Â±0.07
0.54 Â±0.07

0.55 Â±0.04

2.16 Â±8.92*
11.4 - 16.1
0.30 Â±1.84
1.59 Â±12.1
6.33 Â±7.22

2.16 + 0.15
1.28 Â±2.05
0.02 Â±0.81
0.93 Â±6.52
0.75 Â±2.35

SOmg

4.36 Â±9.24
4.36 Â±6.21
4.36 Â±9.24
4.36 Â±9.24
4.36 Â±9.24

0.74 Â±2.89
0.89 Â±1.95
0.74 Â±2.89
0.75 Â±2.90
0.75 Â±2.90

100 mg

4.36 Â±9.24
4.36 Â±9.24

0.76 Â±2.90
0.75 Â±2.90

Weighted means

4.07 Â±2.52 0.74 Â±0.39

0.75 Â±2.76C

2.16 Â±0.15
2.14 Â±0.15
4.30 Â±0.15
2.16 Â±0.20

2.68 Â±0.40
2.16 Â±0.06
2.04 Â±0.09
2.81 Â±0.21
1.96 + 0.10

1.80 Â±0.11
1.60 Â±0.10

2.32 Â±0.70

6.14 Â±11.2
3.89 Â±8.60
2.13 Â±3.12
3.80 Â±1.91
2.19 Â±8.08

2.00 Â±0.33
1.81 Â±0.20
1.97 Â±0.28
1.69 Â±0.48
2.25 Â±0.33

3.03 Â±0.64
4.43 Â±0.62

2.34 Â±0.91

8.56
1.37
0.023
6.57

13.5

36.9
6.57
1.18
7.42
7.77

28.7
20.9

â€¢Mean Â±SD.
* Parameter estimate (h~') Â±SD of estimate.
' The kinetics of the 50- and lOO-mg patients was used to determine the rate of elimination into the delay compartment [Â¿(4,1)] for the 1-mg patients.
'The kinetics of the 1-mg patients was used to determine A,. Â¿(1,3), and 0 (and their SDs) for the 50- and 100-mg patients. The model simulation for 50- and

100-mg patients are insensitive to these parameters.
" A late plasma measurement d â€”240 h) permitted a more definitive estimation of Kt, 8, HI, 3), and Â¿(5,3) for Patient 7.

SATURABLE BINDING PLASMA

NONSATURABLE EXTRAVASCULAR DELAY

Fig. 5. Contributions of liver, spleen, and other organs to the simulations of
plasma, nonsaturable, saturable binding, and extravascular delay compartments.
Note that >50% of the saturable binding compartment is accounted for by the
liver and spleen. The fractional amounts of plasma and nonsaturable volumes
contributing to liver and spleen images were taken from the literature (35-37).

(247% of the saturable compartment/kg) than the liver (25%/
kg). The average liver and spleen weights were assumed to be
1.5 and 0.085 kg, respectively (35-36).

The volumes of the nonsaturable and extravascular delay
compartments were approximately 0.3 and 3.5 times that of
the plasma volume, respectively.

DISCUSSION

Our analysis confirms the dose-dependent plasma kinetics of
'"In-labeled 9.2.27, which can be represented by a 3-compart-

ment nonlinear model. The model shows consistency in several
ways: (a) the volumes of Compartments 1 and 5 agree well with
known values for plasma volumes; (h) the values for distribution
and excretion of '"In-DTPA are consistent with those previ

ously determined by Houston et al. (22); (c) the model repre
sents the data well (r2 > 0.99; n = 11) at all doses.

A minimum of 3 compartments for the kinetics of '"In-
DTPA-Ab was needed to fit the data adequately, as supported
by exponential fitting of the plasma values. Attempts to use a
2-compartment model with either linear or nonlinear biexpo-
nential exchanges resulted in significantly poorer fits. A 3-
compartment purely linear model yielded adequate fits for the
50- and 100-mg doses or else for the 1-mg dose, but not for

both simultaneously.
A nonsaturable compartment was needed to fit the early

plasma data points of the patients receiving 50- or 100-mg
doses. Exclusion of this compartment still permitted adequate
fitting of data points taken after approximately 30 h. However,
without it, the simulations overestimated the radioactivity levels
at early times.

The mean value for the rate of exchange from plasma to the
nonsaturable compartment was approximately 0.1/h, in agree
ment with transcapillary exchange rates for immunoglobulins
previously determined by O'Connor and Bale (25) and Dewey

(26). The return rate, 0.3/h, was much higher than the literature
values, if transcapillary exchange is assumed to be the only
return pathway to the plasma. Lassen et al. (38) and Johnson
and Levitt (39) have proposed that the lymphatics constitute a
significant return pathway for immunoglobulins to the plasma.
However, the addition of a lymphatic return rate (0.04/h) to
the transcapillary return rate (0.05/h) resulted in a value
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(0.09/h) which still underestimated our value (0.3/h) consider
ably. This implied that the apparent volume of distribution of
the nonsaturable compartment was less than the expected in
terstitial volume. We are not certain why this volume should
be smaller for this antibody, a murine IgG2a, than for the
human immunoglobulins studied by others.

Because '"In-DTPA is known to be excreted rapidly from

plasma, the appearance of radiolabel in urine at early times
presumably represented unchanged "'In-DTPA in the injectate.
The mechanism by which additional '"In arrived in the urine

at later times has not been examined experimentally, although
in our model we incorporated 2 metabolic pathways which
ultimately fed into the "'In-DTPA subsystem. The '"In-DTPA

subsystem sufficed to account for the distribution of the metab
olized form of '"In-DTPA-Ab for 2 reasons: (a) the rate of
metabolism of '"In-DTPA-Ab was slow relative to the distri

bution of its metabolite(s); and (b) the metabolite(s) appeared
to demonstrate very fast kinetics, and thus, the exact model for
metabolite distribution was not as important as its rapid kinetics
(which were demonstrated in the '"In-DTPA subsystem). The
identity of the '"In compound(s) in plasma and urine could be

addressed in future studies of radioactive components by use of
high performance liquid chromatography. The proposed model
suggests that the '"In in plasma is due primarily to '"In bound

to antibody. It furthermore indicates that time points later than
3-4 h would be most helpful in the analysis of urinary radio
activity. By then there would be a diminished need to distinguish
between "'In-DTPA in the injectate (all of which is presumably
excreted by 3-4 h) and metabolic fragments of similar molecular
weights.

The molecular composition of radiolabel in the saturable
binding compartment also has not been determined experimen
tally, although we assumed, for purposes of modeling, that it
contains '"In-DTPA-Ab. Because the reticuloendothelial sys

tem has been cited as a suspected site of antibody metabolism
(40-41) and because the liver and spleen account for >50% of
the saturable binding compartment, it is possible that the con
tents of the compartment are primarily metabolites. The com
partment has an average capacity (6) of approximately 0.5 mg,
as indicated in Fig. 6, C. Our ability to specify the exact value
for the capacity is limited because other low doses around 1 mg
have not been explored experimentally. More doses, preferably
in the range 0.3-4 mg are needed to determine more precisely
the capacity of this compartment.

A distinguishing feature of liver, spleen, and marrow is that
they are all organs where blood flows through sinusoids. In the
sinusoids there are numerous openings on the order of 1000 A
diameter (42) which presumably allow free passage of macro-
molecules from plasma to interstitium. Since the liver and
spleen account for >50% of the fast saturable binding com
partment, we can speculate that the sinusoidal endothelium
permits the fast access of the '"In-DTPA-Ab to these "sites"

of binding and/or uptake. Such sites might recognize all murine
IgG, subclasses of murine IgG, or idiotypic determinants. Al
ternatively, they might reflect the antigenic cross-reactivity of
9.2.27 with endothelium and basal lamina, as identified by
histochemical techniques in which the antibody was applied
directly to cut sections of tissue (20). Careful comparison with
data from clinical studies of other murine antibodies may
identify the nature of this saturable compartment.

100
B. NONSATURABLE

Fig. 6. Model simulations of plasma, non
saturable. saturable binding, and extravascular
(E.V.) delay compartments for a range of
doses. Note that in A. B, and l> the 100- and
SO-mg simulations are the uppermost curves,
while in C they are the lowest curves.

O
O

100 & 50 mg
5 mg
2 mg
1 mg

0.5 mg

C. SATURABLE BINDING

100 200 300 400

100 -

100 200 300 400 500

HOURS
3334

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/12/3328/2428106/cr0470123328.pdf by guest on 19 M

ay 2023



MoAb KINETICS IN HUMANS

The contents of the extravascular delay compartment are
likely to be heterogeneous, because the model suggests that
metabolism of '"In-DTPA-Ab takes place either in the plasma

before movement into the extravascular delay or in the com
partment itself. The compartment may incorporate some of the
'"In-labeled transferrin that was suggested previously (4), al

though we have no experimental evidence which supports or
refutes this suggestion. Currently, we are examining the phar-
macokinetics of I3ll-labeled 9.2.27 in order to determine

whether the behavior of the compartment is antibody or label
dependent.

One way to minimize the percentage of radiolabel entering
the saturable binding compartment is to inject a high enough
dose (>5 mg) so that the percentage of the injected dose in the
compartment is small (<10%) relative to that in the other
compartments. An alternative strategy is to use a cold loading
dose to fill the saturable binding compartment prior to injecting
the radiolabeled antibody. In our case, 2 characteristics of the
saturable binding compartment make the latter strategy possi
ble. They are (a) the rate of exchange from plasma to the
saturable binding compartment is fast relative to the kinetics of
'"In-DTPA-Ab in the rest of the system, and (b) the rate of

exchange out of the saturable binding compartment is slow.
Model simulations suggest a dose of 1.1 mg would more than
95% saturate the compartment, but only transiently. A dose of
at least 3.5 mg would maintain 95% saturation for 200 h. This
dose would likely be an appropriate cold loading dose, although
the calculations were made in the absence of competing radio-
labeled antibody.

Direct examination of spleen imaging data (Fig. 2) indicated
dose-dependent uptake, whereas the corresponding data from
images of the liver showed no obvious dose dependence. How
ever, a different picture emerged for the liver when blood-
subtracted liver uptake was simulated using the model. As
indicated by Fig. 6, A the plasma radioactivity at early times
was higher for higher doses, thus contributing a greater per
centage of dose to the liver image at those higher doses. That
effect would tend to obscure any saturable uptake by liver tissue.
By simulating the liver and spleen images without contribution
from the plasma compartment, as in Fig. 3, B and D, we found
major differences between the 1-mg and the higher doses at
early times. These differences reflect a large, kinetic-ally fast

component of saturable uptake not apparent by direct obser
vations of the images. Comparison of the 2 patients in Fig. 2
clearly indicates saturable uptake in the bone marrow as well,
although we have not quantitatively analyzed the marrow im
ages.

The form of the model may apply (although with different
parameter values) to other antibodies, to other instances of
saturable cross-reaction, and to patients with a large load of
saturable tumor antigen. Tumor is not explicitly included in
the model because, in these patients, tumor appears to represent
a small pharmacokinetic contribution relative to other saturable
sites (i.e., liver and spleen) and the rest of the body. In consid
ering the use of the antibody for diagnostic imaging or therapy,
accumulation of antibody at the target site is clearly a vital
factor. A next step in the analysis will be the explicit incorpo
ration of a tumor compartment into the model.
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Appendix

Equations Corresponding to the 8-Compartment Overall Model for
"'In-DTPA-Ab and '"In-DTPA Distribution

dt
= -[Â¿(2, 1) - Â¿(4,1)M,(i) - ff,[fl -

Â¿(1, , 3)/f,(0

dA2(t)

dt

dt

dt

Â¿(2,

K<(8-

Â¿(4,

- Â¿(1.

- L(S, 4)(/4<0

- Â¿(5,3M,(0

dt
= Â¿(5,4)Ã/4(/)+ Â¿(5,3Mj(r) - (Â¿(6,5) -HÂ¿(8,5)l/5(r)

Â¿(5,6)/6(f)

dlt(t)
dt

S. 6) + Â¿(7, Â¿(6,

dt
Â¿(7, - Â£(6,

dt
= Â¿(8,5)/,<r)

(E)

(G)

(H)

where: A,(t) = amount (mg) of '"In-DTPA-Ab in Compartment i at
time t (i = 1,2, 3); l'Â¡(t)= amount (mg) of undefined compound in

Compartment 4 at time t, I,(i) = amount (mg) of '"In-DTPA in
Compartment j at time t (j = 5, 6, 7, 8); 9 = capacity (mg) of
Compartment 3; Â¿(p,q)= fractional transfer rate of material to Com
partment p from Compartment q in units of fraction h (p = 1, 2, 4, 5,
6, 7, 8; q = 1,2, 3, 4, 5, 6, 7); KÂ¡= forward rate constant for uptake of
free antibody by the saturable binding compartment (Compartment 3)
in units of mg~' h~'; INF(\) = Infusion rate (mg/h) into Compartment

i (over the first 2 h of the study).
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