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Consequences of a "Binding Site Barrier"
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ABSTRACT

Rational in vivo application of monoclonal antibodies for diagnosis and
therapy of cancer requires an understanding of both the global and
microscopic pharmacology of macromolecular ligands. Here, we intro
duce a new mathematical model for antibody distribution into small,
prevascular, densely packed nodules (representing either primary or
metastatic tumor). For the analysis, we link together several aspects of
antibody pharmacology: the global (whole body) pharmacokinetics; trans-

capillary transport into normal tissue interstitium surrounding the nodule;
diffusion into the nodule; nonspecific binding and/or partitioning; specific
binding to tumor antigen; metabolism; and lymphatic outflow from the
tissue space. Input parameter values are estimated from experimental
studies in vitro, in animals, and in clinical trials. Our aim is to explore
the sensitivity of antibody localization to variation in three of the impor
tant parameters of this model: the rate of transcapillary transport; the
rate of lymphatic outflow; and the antigen density.

Predictions based on this analysis include the following: (a) High rates
of transcapillary transport influx or low rates of lymphatic efflux will
enhance antibody percolation into the tumor nodule at early times after
injection and increase the average antibody concentration in the tumor at
all times; (b) Changes in antibody influx rate will affect the antibody
distribution in the tumor at earlier times than do changes in the efflux
rate; (<â€¢)Reducing the antigen concentration will increase the uniformity

of antibody penetration but lower the average concentration in the tumor
at all times after injection; and (d) Counter to intuition, lowering the
antigen concentration can increase the peak concentrations achieved
toward the center of the nodule. If, in addition, there is any metabolism
of bound antibody, the concentration-time integral (i.e., the "area under
the curve11) for the center of the nodule will also be increased by

decreasing the antigen concentration. These predictions directly reflect
the "binding site barrier11 hypothesis of Weinstein et al. (Ann. NY Acad.

Sci., 507: 199-210, 1987) and Fujimori et al. (Cancer Res., 49: 5656-
5663,1989; J. NucÃ.Med., 57:1191-1198,1990). In general, and perhaps

surprisingly until one considers the problem carefully, the parameters
governing antibody percolation can have opposite effects on the uniform
ity of antibody distribution at early and late times.

These calculations, using the PERC program set, were done for
antibodies, but we believe that the "binding site barrier11 will also prove

important for other injected macromolecules, for at least some highly
bindable injected small molecules, for lymphokines and cytokines re
leased from transfected cells injected in vivo, and, indeed, for endogenous
species such as the autocrine-paracrine factors.

INTRODUCTION

High in vitro specificity is clearly not sufficient to ensure that
a Mali1 directed against a tumor-associated antigen will be

useful in vivo for diagnosis or therapy. It has become increas
ingly apparent that pharmacokinetic issues, at the whole-body
and microscopic levels, must be considered (1-20). Slow trans-
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port out of the blood stream, hindrance of diffusion and con
vection through interstitial spaces, and metabolic breakdown
are among the kinetic factors that condition the access and
selectivity of binding to tumor antigens. These factors are
relevant for tumor nodules at an early stage of growth, before
they have become vascularized. They are also important for
larger, vascularized tumors, in which there is wide variation in
the structure and arrangement of tumor blood vessels (21, 22).
In the large tumors, high osmotic and mechanical pressure
gradients can also affect access of antibody to antigen quite
profoundly, as cogently studied by Jain et al. (15, 23-25).

To analyze the distribution of Mab in tumors, we have
developed mathematical models that integrate global pharma
cokinetics, transport across the microvasculature, transport
through the tumor interstitium, nonspecific binding, binding of
antibody to cell surface antigens, and metabolism. Previous
communications from this laboratory have treated the general
cases of a planar geometry (3, 4, 17); a cylindrical geometry, in
which arrayed capillaries are each uniformly surrounded by
tumor cells (26); and a spherical geometry, in which a tumor
nodule is uniformly surrounded by capillaries (27). To date, the
most interesting result of this work has been the hypothesis of
a "binding site barrier11â€”the concept that the transport of

bindable antibody through the tumor interstitium is retarded
by its specific binding to tumor antigen. A number of experi
mental studies suggest the existence of a binding site barrier in
vitro (28, 29) and in vivo (30-34). Ongoing experiments in our
laboratory are aimed at the more difficult task of verifying its
existence rigorously.

Here we present a new type of spherical model and use it to
examine the sensitivity of antibody distribution to changes in
various parameters. The "tumor nodule" is embedded in normal

tissue, which is treated as a well-mixed compartment. Transport
of antibody into and out of the normal tissue is described by
first order rate equations. Antibody influx is assumed to result
largely from convection across blood capillary walls (35),
whereas efflux is viewed as resulting from convective uptake by
lymphatic capillaries. The lymphatic termini are specialized to
pick up proteins from the interstitium. Their endothelia appear
to contain clefts through which macromolecules can pass, and
they do not have well-formed basement membrane barriers (e.g.,
Refs. 36-38).

We have based our calculations on empirically determined
parameters for IgG, but the model is general and other types of
immunoglobulin and biologicals can be treated similarly. There
is much yet to be learned about the processes that govern
antibody distributions in vivo, and calculations such as this are,
in large part, intended to indicate directions for experimenta
tion in our own and other laboratories.

MATERIALS AND METHODS

The Model. This model centers on the microscopic (local) pharma
cokinetics of a small, densely cellular cancerous nodule, which can be
considered as representing a very early primary tumor or a microme-
tastasis prior to neovascularization (see Fig. \A). In neither case are
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CONSEQUENCES OF A "BINDING SITE BARRIER-
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Fig. 1. Schematic representation of a tumor nodule. A, Tumor growth through
prevascular (top row) and vascular (bottom row) phases. After the nodule grows
to about 150 firn in radius, cells in the center become unhealthy and then necrotic.
Growth beyond about 0.5 mm in radius requires recruitment of capillaries from
the surrounding tissues. The present analysis focuses on the prevascular nodule
of about 150-Mm radius. B, Schematic representation of the model, including
tumor nodule, surrounding interstitial volume, and capillary and lymphatic vas-
culature. In the model the tumor is treated as a distributed system, the other
components as homogeneous kinetic compartments.

there significant internal pressure gradients. The model (see Fig. IB)
has three major aspects, each of which is embodied in one or more
equations: (a) the global plasma kinetics; (b) the compartmental phar-

macokinetics of the tissue surrounding the tumor; and (c) the micro
scopic pharmacokinetics of the tumor itself.

After bolus i.v. injection, Mab circulates in the plasma and tissues of
the body, where it may be metabolized. Following the methods of
Fujimori et al. (26, 27) and Sung et al. (16), we have adopted a
biexponential expression for the temporal decay of the Mab mean
plasma concentration, cÂ¿(t).This form was derived by a nonlinear least
squares analysis of data from clinical studies on '"In-labeled Mab

9.2.27, an IgG2a directed against a glycoprotein/proteoglycan ex
pressed on melanoma cells (39). In practice, other models for the
plasma concentration could be introduced here. Explicitly, the plasma

(1)

The biexponential decay indicates that fraction Â«,of antibody disap
pears from the plasma with rate constant X, and that fraction Â«2is lost
at the rate X2(<*i+ Â«2= 1). The term containing Â«3and X3has no
physiological meaning. It was introduced to match the initial conditions
to the boundary conditions of the partial differential equation governing
antibody diffusion in the tumor (vide infra). X3was chosen large and
positive (on the order of IO3 s~'), and Â«3was set equal to -1, so that

Cf(t) initially has a large, positive first derivative. The magnitude of X3
ensures that this term has only a transient influence (i.e., during the
first s).

In this model, the tissue surrounding the tumor is treated as a single
compartment coupled to the capillary and lymphatic vasculature. The
underlying assumption is that the concentration of Mab in the normal
tissue compartment is not perturbed by flux into the tumor nodule. We
use a first-order differential equation (16) to relate the change in Mab
tissue concentration, c,(t), to its transport (convective and diffusive)
across the capillaries into the normal tissue, and to its removal from
the tissue via lymphatic capillaries (see "Appendix" for a derivation of

this equation):

dt
= \K-cp(t) - (2)

where K, the plasma-to-tissue transport coefficient, has units of volume
per unit time per unit mass of tissue (liter-s~'-g~'), as does L, the

lymphatic efflux parameter. The lymphatic system is principally re
sponsible for recovering macromolecules, but not interstitial fluid, from
tissues and returning them to the circulation (e.g., Refs. 16, 40-42).
Interestingly, however, the nature of flow from interstitium into lymph
vessel remains unclear (43, 44). Tumors recruit blood capillaries, but
do not recruit lymphatics. Hence, in large vascularized tumors, the
interpretation of L is harder to specify. Loosely, it can be associated
with local volume flow. Although some aspects of this model undoubt
edly pertain to nodules of cells within macroscopic tumors, the pressure
relationships are not explicitly included.

The factor p, the mean tissue density (approximately unity), converts
K and L to the proper units (s~'), and f is the fraction of total volume

that is accessible to antibody in the normal tissue surrounding the
tumor. The initial condition adopted is that ce(0) = 0. Values for K and
L have been estimated experimentally, in both muscle and tumor, for
an immunotoxin of M, 210,000 (16). For IgG itself (M, 150,000), the
values are expected to be only modestly different. The variations in
measured K and L between muscle and macroscopic tumor were not
large; calculations using the two sets of parameters differ by only a few
percent, and the results presented below were obtained using the param
eters measured in muscle.

Finally, a reaction-diffusion partial differential equation (26) and a
first order rate equation are used to describe the spatial and temporal
distribution of free Mab and antigen concentration, respectively, in a
spherically symmetric tumor:

de Ã•d2c 1 dc\
â€”= D\ â€”-:- â€” krc-s + k,cs
dt \dr2 R - r dr]

ds , -â€”= -nkrc-s + nkrcs
dt

(3)

(4)

The effective diffusion coefficient of the tumor interstitium, D
(cm2/s), is assumed to be independent of position, and its value is based

on experimental studies in tumors (reviewed in Ref. 24). R Â¡sthe tumor
radius (150 /Â¿m),with distance measured from the tumor surface. A:/
(M"' s"1) and k, (s~') are the forward and reverse rate constants for

binding of Mab to the tumor antigen molecules, which are assumed to
be immobile and uniformly distributed. The latter constraint can be
relaxed if a suitable functional form is chosen for the radial antigen
distribution. The values of kÂ¡and k,, which can be varied arbitrarily,
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CONSEQUENCES OF A "BINDING SITE BARRIER"

have been chosen to lie in ranges consistent with the measurements of
Dower et al. (45). As in previous studies (26, 27), the binding is
approximated as bivalent (n = 2), with cs representing the Mab-Ag
complex. Individual tumor cells are assumed sufficiently small that
they need not be modeled explicitly. Antigen concentration for the
baseline calculation was chosen as 1MM(in terms of interstitial volume),
corresponding to ~10* antigens/cell, 10' cells/ml, and 17% extracel

lular space. That is, the antigen concentration is taken as 0.067 MMin
terms of the total tumor nodule volume (intracellular + extracellular).

Although the programs used for these calculations (vide infra) in
clude the possibility of volume flow, there are two reasons why we have
not included a convection term in Equation 3: (a) Our focus is on small
tumor nodules that have not yet recruited their own vasculature and
are not subject to significant internal pressure gradients (both of which
factors can drive fluid flow). (Â¿>)Because we consider the tumor nodule
to be much more densely cellular than the surrounding tissue, we
assume that any interstitial volume flow does not penetrate it to any
large extent.

Two boundary conditions and one initial condition are required to
specify the model completely. A Dirichlet condition is imposed at the
surface of the sphere:

c(0, t) = c

heterogeneity index, and is defined (26) as a normalized variance:

at all times, whereas at the center of the sphere, by symmetry, there
can be no flux of antibody. Thus:

dc/dr\^R = 0.

The initial condition is chosen to be consistent with the surface bound
ary condition: c(r,0) = 0, for all r. This is dictated not only by the
physiology but also by the Unite element algorithm used to solve the
differential equations. This is the reason for including aÂ¡and A, in
Equation I.

Integration of the expression for c,(t) involves straightforward use
of the adjoint equation, yielding:

(5)

aai
- X3 - X,

- u+ 2

where Jf is K-(p/<P) and ./' Â¡sL-(p/<f). It should be noted that the

contribution of the latter two terms in Equation 5 diminishes rapidly
because X3 is large. Note also that conservation of volume for the
normal tissue compartment need not be rendered explicitly, since 3f
and 2f can be interpreted so as to include volume conservation implicity.

Calculations. Having expressions for cp(t) and cAD. it is necessary to
solve the equations comprising the model. This was done numerically
by modifying and generalizing the "l'I R( " computer program package

(4, 26, 27), using the general partial differential equation solver, PDE-
COL (46, 47). PDECOL is based on a collocation finite elements
method. In our calculations the sphere is typically discretized as 30
concentric shells, whereas the time discretization is varied by the
program to achieve the desired error bounds. Solutions were generated
on a Cray XMP-24 (Cray Research Inc., Mendota Heights, MN).
Changing the spatial discretization has no appreciable effect on the
results.

The free Mab concentration is calculated as a function of position
and time. Total Mab concentration is the sum of free and bound Mab:

i = c + cs = c + â€”s]/n, (6)

where v,,is the initial (and total) antigen concentration at any position
in the tumor.

In addition to these spatially and temporally varying quantities, 2
spatially averaged quantities are also calculated: an average total Mab
concentration, c,,,,.and a measure of the non-uniformity of the spatial
distribution of total Mab. The latter is referred to as the ISN or

ISN =
V Â£v j- 1

(7)

where c,,ajis the total concentration in the ./Ã¬lispherical shell, and ;Vis
the total number of shells. In previous articles, the ISN was calculated
as a function of r, without volume-weighting. Here, the ISN has been
calculated taking into account the larger volumes associated with the
outer shells. Clearly, decreasing values of ISN indicate a more uniform
distribution of free Mab, with ISN = 0 indicating homogeneity.

Our modeling protocol is to determine reasonable and consistent
values for the parameters involved, to perform the calculations using
these parameters, and then to examine the sensitivity of the results to
changes in those parameters that are of particular interest. Lists of the
parameters used for our baseline calculations with the present model
are given in Tables 1 and 2.

RESULTS

The results of a baseline calculation are shown in the first
two graphs. In Fig. 2a, the ratio o(f )/<>>is plotted as a function
of time. It reaches a maximum of 0.076 at 12 h and then
declines, as the plasma concentration declines and antibody is
removed convectively via the lymphatics [recall that c,(t) is not
affected by the presence of the tumor]. In Fig. IB, c,olis plotted,
with distance measured from the center of the tumor. The
maximum of <â€¢â€žâ€žis reached between 24 and 32 h at the outer

surface of the tumor, but the distribution is highly heteroge
neous: at these early times, c,0, is negligible for r =s 75 urn.
Subsequently, antibody concentrations near the tumor surface
decline, as a result of diffusion back out into the normal tissue.
Total concentrations in the interior of the nodule rise as free
antibody diffuses down its concentration gradient (see Fig. 2B),
toward the center of the tumor. The falling surface concentra
tions and rising interior concentrations reduce the heterogeneity
index.

Table 1 Parameter values for Mab plasma pharmacokinetics
Baseline parameters for the decay of plasma concentrations of antibody. These

values were measured for '"In-labeled 9.2.27 (IgG2a, directed against a M,

250,000 glycoprotein/proteoglycan expressed on melanoma cells (39).
a, X, (s"1) aÂ¡ X2(s~')

0.27 1.9-10" 0.73 7.4-10"

Table 2 Parameter values for the baseline calculation
Baseline parameters appearing in the equations governing the interstitial and

tumor Mab concentrations.

RDKL<fP*/k.nt*[Ag]Radiusof the tumornoduleEffective
interstitial dimisiÃ³n coeffi

cientProduct
of capillary permeabilityandsurface

area per g oftissueInterstitial
volume efflux per g of tis

sueRatio
of interstitial and plasma vol

umesMean
density of interstitialtissueRate

constant for binding of MabtoAgRate

constant for release ofMabfrom
Mab-AgcomplexValence
of the Mab-AgbindingInitial

Mab plasmaconcentrationAntigen
concentrationISO

JOB1.3-10-'cm2/sÂ°8

10-'liters/s/g*5.8-10-7liters/s/g40.17I.Og/cm3IO*4

M'1 S'1'10-'

s-''220

nM1
MM

" This value is based on Jain and Baxter (24).
b These values are taken from Sung et al. (16).
c For a discussion of the way these values are derived see Fujimori et al. (26).
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CONSEQUENCES OF A "BINDING SITE BARRIER"
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The free Mab concentration for the baseline calculation is
plotted in Fig. 2B (lower panel). It is clear from this graph that
essentially all of cw, is antibody bound to antigen. Free Mab
concentration is less than 1.6 nM at all times and positions, in
agreement with the normalized interstitial concentration shown
in Fig. 2A and the initial plasma concentration of 20 nisi. That
is, the free antibody concentration within the tumor should not
exceed the concentration in the surrounding normal tissue. The
graphs of total and free Mab have similar characteristics, the
differences being principally that free antibody relaxes more
rapidly on both spatial and temporal scales than does bound
antibody.

The spatial average of c,ot, denoted by <w, is plotted in Fig.
1C. Initially, it increases almost linearly, reaching a maximum
at 56 h. Subsequently, it declines more slowly, reflecting the
time the antibody remains bound to antigen. The heterogeneity
index, also shown in Fig. 2C (the appropriate scale is on the
right ordinate), reaches its maximal value immediately, then
declines, as discussed above, until late times. Thus, total anti
body distributes more uniformly, as the average antibody con
centration falls, until total concentrations in the outer regions
of the tumor decline too far. It is noteworthy that the hetero
geneity index decreases almost linearly over much of the course
of the calculation.

The Capillary Transport Coefficient. To characterize the
model further, we investigate the influence of the capillary
transport rate and interstitial efflux rates, Ji'and .$< respec

tively, on the spatial and temporal distribution of antibody.
From Equation 5, it is clear that ce(t) is linear in Stf. This is
illustrated in Fig. 3A, where cf(t)/Cpo is plotted for three values
of the capillary transport rate: the baseline value, and values a
factor of 5 greater and less than baseline. Recalling that the
surface boundary condition requires c\K = ce(t), it is clear that
the initial antibody gradient just inside the bounding surface of
the tumor is also linear in the rate of capillary transport.

c,0, for the altered Stf\s plotted in Fig. 3Ã„.Comparing these
graphs with Fig. 2, enhanced antibody concentrations in the
interior of the tumor are clearly facilitated by elevating the
capillary transport coefficient. The qualitative differences in the
Cut surface for high transport relative to baseline and low
transport may result in part from the fact that antigen near the
tumor surface is almost saturated by antibody.

c^, curves for varied capillary transport rate are plotted in the
upper panel of Fig. 3c. Elevating Stf increases the average
amount of antibody in the tumor at all times. The rate of
increase of cw, is approximately linear in 5% for -^sufficiently
small. But, for ^greater than the baseline value, the effects of
saturating the antigen apparently come into play even at very
early times, so that the initial rate becomes sublinear in Stf.The
time at which câ€žâ€žattains a maximum and the relative rate of
the subsequent decline in c,0,are insensitive to J^and the degree
of saturation of the antigen.

The heterogeneity index for the various capillary transport
rates is graphed in the lower panel of Fig. 3C. The curves are
all similar in showing an early decrease in the index (increasing
uniformity of antibody distribution) as antibody penetrates

Fig. 2. Results from the model with baseline values for all parameters (see
Tables 1 and 2).. I, ratio of Mab concentration in the interstitium of the normal
tissue surrounding the tumor nodule (c,) to the initial plasma concentration (<>).
B, upper panel, the distribution of total Mab in the nodule. Lower panel, the
distribution of free Mab in the nodule. C, average total Mab concentration in the
nodule (â€¢),referred to the left ordinate. The heterogeneity (HET) index, a measure
of the non-uniformity of the distribution of total Mab in the nodule (O), referred
to the right ordinate.
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more deeply into the tumor. Subsequently, the index rises as
antibody in the outer layers of the tumor diffuses into the
interstitium. The minimum of the heterogeneity index and the
time of its occurrence are functions of W and approach a
limiting value as A'decreases to zero.

The Lymphatic Efflux Rate. The role of the lymphatic efflux
rate -/in antibody percolation is illustrated in Fig. 4, A-C. Fig.
4A shows the effects of the efflux rate on the interstitial antibody
concentration. Comparing Figs. 4A and 3A, one sees that to
increase ce(t)/Cpoat initial times, it is more effective to raise the
capillary transport rate than to lower the rate of efflux. How
ever, under a lowered efflux rate, the interstitial concentration
decays more slowly, and so is greater at later times.

In Figure 4B, c,0, is plotted for ^/increased and decreased by
a factor of 5 from the baseline value. The baseline value of the
capillary transport rate was used for these calculations, and the
graphs indicate that Splays a role approximately reciprocal to
that of >'(see Fig. 3ÃŸ),although it is not immediately apparent

from Equation 5 that this should be true. Particularly for low
capillary transport and high interstitial efflux, the surfaces are
nearly identical. For the opposite case, the differences are more
pronounced: changes at any radial position occur more slowly
for reduced efflux rates than for increased capillary transport.
Fig. 4 makes it quite clear that the antibody distribution is as
sensitive to the interstitial efflux rate as to the capillary trans
port rate.

c,olcurves for the three values of the efflux rate are shown in
Fig. 4C (upper panel). Decreasing the rate of lymphatic efflux
raises the average total antibody at all times, whereas increasing
the efflux rate has the opposite effect. Comparing Figs. 4C and
3C, changes in the capillary transport influence the initial rate
more than do changes in the efflux rate. The time required for~c^,to attain a maximum increases as the efflux rate decreases,
and the relative rate of the subsequent decline in ~c^,decreases,

as one might expect.
Heterogeneity indices as a function of .JXare plotted in Fig.

4C (lower panel) and may be compared with those plotted as a
function of :/? in Fig. 3C (lower panel). The approximately
reciprocal influences of 'A'and y h clear: especially for the

lowest rate of capillary transport and highest efflux rate, the
curves are virtually identical. However, note that reducing the
efflux rate is not as effective at reducing the initial heterogeneity
as is increasing the capillary transport. Also, at later times there
are substantial differences between the heterogeneity for the
highest rate of transport and for the lowest efflux rate.

Antigen Concentration. The effect of reduced antigen concen
tration on the distribution of antibody throughout the tumor is
illustrated in Fig. 5. Fig. 5A, in which c,0, is plotted for [Ag] =
0.2 and 0.04 /Â¿M,may be compared with the baseline calculation
shown in Fig. IB. At lower antigen concentrations, antibody
percolates more uniformly at early times, so that the time when
maximal c,,,, is attained is the same for all radial positions (in
contrast to the baseline calculation). In the interior of the tumor,
at times less than 160 h, this enhanced percolation produces
higher total antibody concentrations than are observed in the

Fig. 3. Dependence of antibody penetration on transcapillary transport rate
(â€¢).!. ratio of interstitial Mab concentration to initial plasma Mab concentration
for different values of *; the rate of transcapillary transport. *' = 1.33-10~* s~'
is the baseline value. B, distribution of total Mab in the tumor for />'- 6.65-10"'
s~', a 5-fold increase of the baseline value (upper panel). The total Mab distribution
for Â¿'= 2.66-10~7 s~'. a 5-fold decrease of the baseline value (lower panel). C,

upper panel, average total Mab concentration in the tumor for different values of
.*; the rate of transport of Mab across the capillary' walls. Lower panel, the

heterogeneity index for different values of #.
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baseline calculation. This is illustrated in Fig. 5B for [Ag] = 0.2
fiM. Elsewhere, however, less antibody is bound, and it is lost
more readily as time progresses. It is interesting to note that
the maximum of c,ol, taken over all positions and times scales
rather closely with the change in antigen concentration.

Plots of Ã–T,for various [Ag] are shown in the Fig. 5c (upper
panel). At all times, cÂ¡7,and its initial slope are reduced by
lowering the antigen concentration, although less than propor
tionately. The time to reach the maximum of Ã¶Ã¼decreases with
decreasing antigen concentration, whereas the rate of the sub
sequent decline of cÂ¡încreases.

The heterogeneity of the antibody distribution is reduced at
initial times by lowering [Ag], as shown in Fig. 5C (lowerpanel).
Its subsequent rate of decline is also enhanced, but the time at
which the heterogeneity begins to increase (as antibody diffuses
out of the tumor) is shortened, since there is less antigen to
hold antibody fixed. The rate of increase of the heterogeneity
index at late times does not continue to rise with decreasing
antigen concentrations. The reason is that, eventually, there is
so little binding to antigen that the antibody uniformly diffuses
out of the tumor.

DISCUSSION

We have developed a mathematical model for the percolation
of macromolecules from the interstitial space of surrounding
tissue into a small, densely cellular tumor nodule. The vascular
and interstitial components of the model are treated as well-
mixed compartments, with their transport characteristics de
scribed by ordinary differential equations for compartment
kinetics (48, 49). Percolation through the tumor is described by
reaction-diffusion equations. Transport of antibody through the
tumor interstitium is solely via diffusion, and antibody can bind
to antigens expressed by the tumor cells.

The current model differs in several important respects from
the one developed by Fujimori et al. (27). The spirit of the latter
was that transport of macromolecules across capillary walls was
diffusive, although, from the equations used to describe it, at
early times the flux could be interpreted as a combination of
diffusion and convection. There was no intervening normal
tissue compartment, and the tumor, taken to be spherical, was
viewed as being isotropically covered by identical capillaries.
Lymphatic uptake was not explicitly included as an additional
process; the sole mechanism for removal of antibody from the
tumor was reversal of the concentration gradient across the
tumor surface produced by the declining plasma concentration.
In the present model, that mechanism is augmented by the
interstitial efflux, which we think of as lymphatic uptake from
interstitial spaces surrounding the tumor. Convection is clearly
important for interstitial transport of macromolecules through
tumors (35). For a combination of reasons, however, we have
not included it in the present model, (a) The geometry of the
microscopic tumor nodule is spherical, with no internal sources
or sinks for fluid. Transient, nonspherically symmetric volume

Fig. 4. Dependence of antibody penetration on the lymphatic efflux parameter
f). A, ratio of the interstitial Mab concentration to the initial plasma concen

tration for different values of -4 the rate for Mab efflux from the interstitialcompartment. ~/= 9.67-10~6 s~' is the baseline value. Compare with Fig. 3A. B,

100 150 200

TIME (h)

distribution of total Mab in the tumor for _/'= 4.83-10 *s ', a 5-fold increase of

the baseline value (upper panel). The distribution of total Mab in the tumor for
y= 1.93-10"6 s"', a 5-fold decrease from the baseline value (lower panel).

Compare with Fig. Ã•B.C, upper panel, average total Mab concentration in the
tumor for different values of _^ the efflux rate. Compare with Fig. iC. Lower
panel, the heterogeneity index for different values of -/ Compare with Fig. 3C.
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|Ag] = 0.2 uM

50 100 150 200

TIME (h)

250

260

flow could still occur, of course, but that possibility is not easy
to assess, (b) The microscopic nodule is considered to be densely
cellular, without the intervening areas of loose stroma found in
normal tissues and many macroscopic tumors. The nodule is
thus considered to be similar to the in vitro tumor spheroids,
which generally have low interstitial fractions. Therefore, the
effective channel cross-sections for viscous volume flow are

considered to be small.
One of the major concepts drawn from the earlier models is

that of a "binding site barrier" to antibody percolation: the very

fact of antibody binding to tumor cell surface antigen inhibits
the uniform distribution of antibody throughout a tumor. Per
colating antibody tends to bind close to the capillaries from
which it extravasates (i.e., near the tumor nodule's surface,

assuming spherical geometry). Clearly, this notion is fully rel
evant for the current model. The binding site barrier is a
function of binding affinity, antigen concentration, and the
antibody transport coefficients. The calculations described
above show that these parameters can play a double-edged role.

For example, increasing the diffusion coefficient of the antibody
enhances its penetration of the tumor at early times: more
antibody is bound more uniformly throughout the tumor. How
ever, at longer times a higher diffusion coefficient also acceler
ates the loss of antibody from the tumor. As another example,
although increasing the binding affinity from 10+8 to 1(T9 M~'

results, at early times, in a more heterogeneous distribution of
antibody (more antibody is bound in the outer regions of the
tumor, but far less penetrates to the tumor center), at later
times the distribution is less heterogeneous and more antibody
is retained throughout the tumor.

Depending upon the purpose, one may often want to maxi
mize or minimize particular characteristics of the antibody
distribution. For diagnostic imaging, highly specific binding of
antibody to antigen may be optimal, and microscopic homoge
neity of the binding throughout the tumor is not important. If
the aim of therapy is to incapacitate the tumor vasculature,
then poor antibody percolation may be advantageous. However,
if it is necessary to reach all viable tumor cells, good percolation
may be essential.

Generally speaking, these goals often raise the problem of
finding an extremum of a function, subject to one or more
constraints. At the level of mathematical modeling, since one
has essentially complete control over the parameters governing
the antibody distribution, it is possible to search parameter
space in order to find the desired extrema. In real systems, only
limited control can be exercised over the parameters that govern
the antibody distribution: Mab size, initial plasma concentra
tion, diffusion coefficient, affinity, type of conjugate, and
charge. Currently, factors that are characteristic of the tumor
itself are perhaps largely beyond manipulation, although some
transcapillary transport may be subject to intervention. None
theless, it is our hope that the computations described above
provide empirically testable concepts and serve as a spur to

Fig. 5. Dependence of antibody penetration on the antigen density.. I, distri
bution of total Mab in the tumor for a 5-fold (upper panel) and 25-fold (lower
panel) reduction in the tumor antigen concentration [Ag]. Compare with Fig. 2B.
B, contour map of the spatial and temporal region in which total [Mab) is higher
for [Ag] -----0.2 Â«\ithan for [Ag) = I nM. A similar but less extensive region exists
for [Ag] = 0.04 JIM. The sawtooth appearance of the edges of the region arises
because of spatial and temporal discretization used in the numerical solution of
the reaction-diffusion equations. C, upper panel, average total Mab concentration
in the tumor for different values of [Ag]. Lower panel, heterogeneity index for
different values of [Ag].
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experimentation, the results of which can, in turn, direct further
model development.
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APPENDIX

The following indicates how Equation 2 can be derived from an
equation describing the diffusive and convective flux of a macromole-
cule across a capillary wall into interstitial space. We start by balancing
the mass transported across the interface between a capillary and the
interstitial space:

Pe V(\ - (Al)câ€ž WV,_;

The left side of this equation is the mass flux into the interstitium. .-(â€ž
is the area through which convective and diffusive transport into the
interstitium can occur. The right side is the mass flux across the total
capillary surface area. /' is the capillary permeability (cmâ€¢s '). Vis the

velocity of the volume flow across the capillary wall, a is the capillary
wall reflection coefficient, and Pe is the Peclet number, the ratio of
convective transport to diffusive transport: V(\ â€”a)/P. It is thought
that the transport of a macromolecule the sizeof Mab willbe dominated
by convection rather than diffusion (35), at least in normal tissues,
where the interstitial pressure is low. Thus, Pe is large, and the first
term on the right of Equation AI will, for present purposes, be
neglected.

diia/4Â«ipis approximately f, the fraction of the total volume that is
accessible to antibody. Thus, the left side of Equation Al can be
converted to:

dCt/dtâ€¢(volume/surface area)â€¢V

where volume and surface area refer to the interstitial space of the
normal tissue compartment. The ratio of volume to surface area is
equivalent to a length, Â£.Thus, for the influx of Mab:

dc,/dt =V(\-

which can be rewritten as:

dc,/dt = K'-

(A2)

(A3)

Treating the efflux from the interstitial volume in a similar fashion,
and combining the two contributions:

dc,/dt = \K'-Cf- L'-c,]/V (A4)

K' and L' can be converted to volume flow/sg of tissue, by dividing

them by p. This yields Equation 2 of the text:

dc,/dt= \K-c,-L.c,\-(p/<?) (AS)

Note that, the form of Equation AS would not change if the diffusive
term in Equation Al were retained in the derivation. However, then
both ATand /. would contain the term:

P- Pe
<?' - 1

Thus, if interstitial outflow were not explicitly included, there would
still be a diffusiveefflux back into the blood capillaries.
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