
antigen-expression (18â€”21), agents that enhance tumor
tissue permeability (20,22), and plasmapheresis (23â€”29).

Using mathematical models that incorporate plasma
antibody pharmacokinetics, extravasation and interstitial
transport and the antibody-antigen interaction, Fujimori,
et al. and van Osdol et al. (30â€”33) have examined the
relationship between a variety of tumor- and antibody
specific parameters and the microscopic distribution of
antibody and absorbed dose within a tumor. A principal
finding of this work has been the characterization of a
â€œbinding-siteâ€•barrier. The antibody is, in effect, prevented
from diffusing to the interior ofthe tumor until the antigen
sites in the periphery are occupied. Under expected in vivo
conditions, the binding-site barrier results in a highly
nonuniform antibody distribution within the tumor. In
large, vascularized, solid tumors, this problem is com
pounded by poor lymphatic drainage that results in ele
vated interstitial fluid pressure (34). The effect of this on
antibody distribution has been studied extensively by Jam
and co-workers (35,36). As part of a more general phar
macokinetic analysis of two-step antibody approaches,
Yuan et al. (37) have examined the effect of bifunctional
and enzyme-conjugated antibody removal from the
plasma prior to injection ofthe hapten or prodrug, respec
tively. Using extensive biodistribution data obtained from
a rat model, Norrgren and co-workers, have developed a
multi-compartmental model of antibody distribution and
have used this to simulate plasmapheresis and to evaluate
the resulting diagnostic and therapeutic gains (25,27).
Hartmann et al. have fit a two-compartment model to
plasma data from patients that underwent extracorporeal
immunoadsorption following radiolabeled antibody ad
ministration (26).

This work examines the feasibility of combining plas
mapheresis with a large administration of radiolabeled
antibody in order to overcome the binding-site barrier in
targeting hematologically distributed micrometastases.
Subsequent removal of unbound antibody from the
plasma by plasmapheresis serves to reduce the absorbed
dose to the red marrow. The simulations focus on micro
metastatic clusters of cells that are on the luminal side of
the basement membrane. This geometry is different from
previously described models in that the intravenously ad

Thefeasibilityof combiningplasmapheresiswith a largead
ministrationof radiolabeledantibodyinorderto overcomethe
â€œbinding-siteâ€•baffler to antibody penetration in targeting he
matologically distributed micrometastases is examined. In
such a strategy, intravenous administration of excess radio
labeled antibody, to saturate antigen sites on the cell cluster
periphery,is followedby removalof unboundantibodyfrom
the plasma, by plasmapheresis, to reduce the absorbed dose
to the red marrow. Plasmaantibody kinetics are simulated by
a non-linearcompartmentalmodel representingfree and
antigen-boundantibody. This provides the boundary condition
for a modelof antibodydiffusion,saturablebindingto and
dissociation from antigen sites within a 200 @mdiameter
duster of tumor cells. Usingthese models, the absorbed dose
to the red marrowandthe absorbeddoseprofileacrossthe
cell cluster are calculated. Changes in marrow and cell duster
absorbed dose from alterations in the onset time and rate of
plasmapheresis are illustrated for antibody labeled with 1231,
1251 and 1311 The results demonstrate that the â€œbinding siteâ€•

barriermaybe overcome,yieldinga 2- to 100-foldimprove
ment in the cell duster absorbed dose for a given bone
marrow absorbed dose.

J NucI Med 1992; 33:2167â€”2179

he successful implementation of radioimmunother
apy for treatment of cancer has proven to be considerably
more difficult than initially anticipated (1â€”4).This is, in
large part, because of the highly diverse, complex and
interrelated biological and physical factors that must be
considered in devising a successful protocol. In broad
terms, the biological factors include the route and amount
of administered monoclonal antibody (5â€”9),whether it is
intact antibody or an antibody fragment (10â€”12),whether
it is mouse-, human-derived or chimeric (13,14) and
whether post- or pre-administration interventions are em
ployed. Such interventions include the administration of
unlabeled antibody (15,1 7), agents that alter tumor-cell
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Dependingupon the total amount administered,the antibody is
infusedovera period of 1or 2 hr.

Antibodyinfusion,plasmapheresisand clearancefromplasma
and from the liver, spleen and red bone marrow extracellular
spaces as well as saturable binding ofantibody to and dissociation
from antigen sites on tumor cells was simulated on a VAX 8810
computer (Digital Equipment Corporation, Maynard, MA) using
version 30 of the simulation analysis and modeling (SAAM)
program developed by Berman et al. (43) and supported by the

ResourceFacilityforKineticAnalysis(UniversityofWashington,
Center for Bioengineering, Seattle, WA). The two-compartment
(luminal) model used to simulate targeting of hematologically
distributed micrometastases is depicted in Figure 1A. Compart
ment 1 represents unbound antibody (Ab). Compartment 2 rep
resents antigen-bound antibody (AbAg).

Micromelastases on the Extravascular Side of the Basement
Membrane. The three-compartment (extravascular) model used
to simulateantibodykineticswhentargetingmicrometastaseson
the extravascular side of the capillary basement membrane is
depicted in Figure lB. Compartments 1 and 3 in this model
correspond to compartments 1and 2, respectively, ofthe luminal
model (Fig. lA). The same antigen concentration and initial

ministered antibody is directly accessible to the tumor cell
cluster (i.e., the basement membrane and the interstitial
fluid pressure are eliminated as barriers to achieving a
uniform distribution of antibod@' within the cell cluster).
Such a scenario is consistent with the early stage of micro
metastatic spread (38) and presents the opportunity for
antibody targeting of disseminated disease prior to anti
body extravasation.

METHODS

MacroscopicModel
Micrometastases on the Luminal Side ofthe Basement Mem

brane. A tumor burden of 10 g [approximately 10'Â°cells (39)] is
assumed to be distributed throughout a 3.8 1 volume (Vd), cor
responding to the plasma (31) and the sum of the liver, spleen
and red bone marrow extracdllular fluid volumes [0.48, 0.05 and
0.221, respectively (40)]. Due to the near absence ofa developed
capillarybasementmembrane in the latter three tissues(41,42),
tumor cells lodged within these tissues are assumed directly
accessibleto intravenouslyadministeredradiolabeledantibody.

FIGURE 1. (A) Luminalmodel.The compartmentalmodelemployedwhensimulatingantibodytargetingto micrometastaseson
the luminalsideof the basementmembrane.UF(1)representsthe intravenousinfusionrate of antibody.L(2,1)is the time-dependent

rateatwhichantibodyisboundtoantigen.It isequalto @t.(Ag@â€”AbAg).L(12),theAbAgdissociationrateisequaltok_.L(0,1)is

the clearance rate of antibody from compartment 1. Its value is increased dunng plasmapheresis. The dotted line represents the 3.8
liter volume within which the tumor cells are distributed. (B) Extravascularmodel. The compartmental model employed when
simulatingantibodytargeting to micrometastases on the extravascular side of the basement membrane. L(2,1)and L(1,2) are the
forward and reverse vascular-to-interstitialspace antibody transfer rate constants, respectively. L(3,2) and L(2,3) are defined,
respectively,as inL(2,1)andL(1,2)of (A).
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ValueBaseline,ExtravascularParameter

luminal modelmodel

* L (2,1) and L (1 .2) in the luminal model represent the antibody

antigenbindingparameters;in the extravascularmodel they represent
the extra and intravasation rates respectively.

TABLE I
SimulationParameters

volume of antibody distribution are maintained in both models.
Movement of antibody from compartment 1 to 2 in this model
represents transfer of unbound antibody from the vascular com
partment, across the capillary basement membrane to the inter
stitial fluid volume. Movement of antibody from compartment
2to 3isanalogousto thetransferofantibodyfromcompartments
1 to 2 in the luminal model and represents a change in state
rather than transport to a distinct volume.

Microscopic Model
A 200 @mdiameter spherical cluster of tumor cells is assumed

lodged on the luminal or extravascular side of the vascular
basement membrane. The cell cluster is exposedto an external
free antibody concentration that varies with time according to

the simulated kinetics of compartments 1 or 2 of the luminal or
extravascular macroscopic models, respectively. Antibody pene
tration into and effusion out ofthe cell cluster occurs by diffusion.
Given the cluster's small dimensions, internal pressure gradients
that would lead to convective movement of antibody are negli
gible. Within the cell cluster, the antibody may bind to and
dissociatefrom a finitenumber of uniformlydistributedantigen
sites. Changes in the external concentration of antibody arising

from antibody penetration into or effusion out of the cell cluster
are assumed negligible. This assumption is justified since the
external volume within which the antibody is distributed (3.8
liters) is much greater than the cell cluster (l0@ liters).

1hecoupledpartialdifferentialequationswiththeaccompa
flying boundary and initial conditions are depicted in the Appen

dix. These were solved numerically using the Schmidt forward
finite difference scheme (44) implemented in a FORTRAN pro
gram executed on a VAX 88 10 computer.

Parameter Values
The parameter values used in the macroscopic and microscopic

model simulations are representative values obtained by an ex

tensive search through the pertinent literature. All parameters are
for intact antibodies rather than fragments. L(0,l) was obtained
by taking the average of several reported values (13,18,45â€”53).
Estimates obtained following human anti-mouse induction or for
antibodies known to cross-react with circulating cells were ex
cluded. The association and dissociation rates (k+ and L, respec
tively) were also obtained by taking the average ofreported values.
Due to the scarcityof reported measurementsat physiological
temperature, measurements performed at 37Â°C (54,55) were

combined with values at 4Â°C(56,57). The number of antigen
sites per cell was taken as the mean of the values reported in
References 58â€”65.In both models, total antigen content, Ago,
was obtained by multiplyingthe tumor burden (10 g) by the
number ofantigen sites per cell. The antigen concentration ([Ago])
within the cell cluster was obtained by assuming i0@ cells per

gram (39). The amount of antibody administered and its rate of
infusion were chosen to be consistent with published radioim
munotherapy studies (9,12,66,67). In vivo estimates of the anti
body diffusion rate constant were obtained from Reference 68.
The extravasation and intravasation rates (L(2,l) and L(1,2),
respectively) for the extravascular model were obtained by aver
aging the model-derived estimates of References 45 and 69. To
allow intercomparison between the luminal and extravascular
models, the distribution volume of antibody in the interstitial
space (compartments 2 and 3) was set equal to the vascular
volume ofthe luminal compartment. Table I lists the parameters
used in the luminal model baseline simulation and in the extra

UF(1): Ab(nmole),66.7500Infusion
time(h)11Ag@,(nmole)7.57.5[Age]

(nmole1-1)15001500Vd(l)3.83.8k+(lnmole1h1)1.31.3k(h@)0.30.3D(,zm2h@)22682268L(0,1)(tr1)0.020.02L(2,1)*â€”0.1

h1L
(1, 2)(h@)â€•0.30.06R(gzm)100100

vascular model simulation. Simulations were limited to a 24-hr

period since the advantages of plasmapheresis when targeting
directly accessible tumor cells would be evident over this time
scale. At later times, significant antibody extravasation would
limit the effectiveness of plasmapheresis.

Dosimetry
Red Marrow. The mean absorbed dose to the red marrow was

calculated according to the Society ofNuclear Medicine, Medical
Internal Radionuclide Dosimetry (MIRD) Committee formalism

(70-72). The cumulated radioactivity for each compartment of
both macroscopic models was obtained by multiplying the con
tents of each compartment as a function of time by the radiola
beledantibodyspecificactivityand by an exponentialdecayterm
corresponding to the half-life of each radionuclide considered.
The SAAM UF function was then used to integrate the resulting
time-activity curves (73). Five and eight-tenths percent (=0.22 1/

3.8 1) ofthe cumulated activity ofcompartment 1 in both models
was apportioned to the bone marrow. Implicit in such volume
based apportionment is the assumption that the activity concen
tration in plasmaisequal to that in the extracellularfluidof bone
marrow ( 74). Although such an assumption may lead to an
overestimate ofthe bone marrow absorbed dose ( 75), for purposes
ofevaluating the utility of plasmapheresis the more conservative
assumption was chosen. All of the cumulated activity in corn

partment 2 of the lurninal model was also assigned to marrow.
This assumes, conservatively, that all of the tumor cells are
localized within the marrow. The unassigned cumulated activity
in compartment I of both models and in compartments two and

three of the extravascular model was assumed to be uniformly
distributed throughout the body. The absorbed dose to the bone
marrow was obtained as follows:

Luminal Compartmental Model:

DRM (0.058 . A1 + A11) . SRM.RM + 0.942

A1. SRM.T8 Eq. 1
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Parameter123112511311SA(Bqnmole1)2.2x105.5x1075.5x

10@xP
(h@)5.25 x 10_248 x 10@3.6 xiO@X@(@m)18012830SRM.-@RM

(Gy Bq' 5-')â€•4.1 x 10_is3.3 x 10-151.7 x10_14SRM.@TB
(Gy Bq-1 @_1)*3.3 x 10-162.0 x 10_168.3 x10_la*

From reference 72.

emissions. Since â€˜@Idoes not exhibit such low-energy emissions,

a single kernel was used in the absorbed dose calculations (i.e.,
Khi(r) = Klow(r) in Equation A13 ofthe Appendix). The photon
absorbed dose contribution to the cell cluster was not considered
since this is less than 0. 1% ofthe electron absorbed dose.

As indicated in Equations A9 and Al 1 of the Appendix, the
absorbed dose contribution from activity outside the cell cluster
was included in the absorbed dose profile calculation. This was
accomplished by calculating the absorbed dose to points within
the cell cluster arising from activity inside a concentric spherical
shell of inner radius R and thickness 2 .X@ (Equation Al 1).
Contributions to the absorbed dose from emissions beyond twice
the X@orange for each radionuclide contribute less than 0. 1% of
the total absorbed dose and were thereby ignored.

To evaluate the contribution of low energyemissionsto the
cell cluster absorbed dose proffle, the absorbed dose (E)@(s)) to
eachdiscretepoint in the dose profflecurve from activitywithin
a 1 @mradius sphere centered at each point was calculatedas
shownin the Appendix.

The integrals pertaining to the cell cluster absorbed dose
calculation (Equations A6, A7, AlO, Al 1 and Al4 ofthe Appen

dix) were solved numerically on a PC-compatible, 386/25 corn

puter (Gateway 2000, North Sioux City, SD) using Mathcad 3.0
(MathSoft Inc., Cambridge, MA), a commercially available soft
ware package.

Table 2 lists the radionuclide-specific parameters used in per
forming the dosimetry calculations.

RESULTS

Baseline Simulation
The plasma clearance curve obtained from the luminal

compartmental model simulation using the baseline pa
rameters listed in Table 1 is depicted in Figure 2A. The
resulting free and antigen-bound antibody concentration
proffles within the cell cluster are depicted in Figures 2Bâ€”
C, respectively. Even though the model provides for direct
access of intravenously administered antibody to the tu
mor cell cluster, a binding-site barrier is still observed over
a 24-hr period.

The mean absorbed doses to the red marrow from 1231,
1251 and â€˜@â€˜Iarising from the baseline simulation are shown

in Figure 3. The absorbed dose profile across the cell cluster
for each radionudide is depicted in Figures 4A through C.
Recalling that the cumulated activity inside the cell cluster
was apportioned to three shells of equal thickness (an
inner, middle and outer shell), we see, depicted in these
figures, the effect of a nonuniform distribution of activity

TABLE 2
Dosimetrical Parameters

Extravascular Compartmental Model:

DRM 0.058 . A1 . SRM._RM

+ (0.942 . A1 + A31 + A311). SRM,TB Eq. 2

where DRM mean absorbed dose to the red marrow (Gy); A@=
cumulated activity in compartment J (Bq s); SRM..RM= red
marrow to red marrow S-factor (Gy Bq@ s@); and SRM.TB=
total body to red marrow S-factor (Gy Bcf' s').

The S-factors are defined as the â€œmeanabsorbed dose to a
target organ per unit cumulated activity in the source organâ€•
(72). S-factorvalues for 1231,125!and 1311and for a variety of
source and target tissue combinations (including red marrow and
total body) are tabulated in MIRD Pamphlet No. 11, Revised
(72).

Cell Cluster
To obtain the spatial variation of cumulated activity within

the cell cluster, the sphere was subdivided into an inner, middle,
and outer shell (shells 1, 2 and 3, respectively). The total amount
ofantibody inside each shell, as a function oftime postinjection,

was obtained by integrating over each shell volume the free and
bound antibody concentration profile obtained from the solution
to Equations Al and A2 (in the Appendix). The results were then
integrated over time to give the cumulated activity for each shell
(see Appendix).

Using the cumulated activity estimates, the absorbed dose
contribution from activity in each shell and from the cluster
exterior was individually calculated and then summed to provide

the absorbed dose to a given point at a distance, s, from the center
of the cell cluster. The cell cluster absorbed dose profile was
obtained by calculating the total absorbed dose to a discrete set
of points starting at the sphere center and projecting radially
outward. The cumulated activity concentration in the cluster

exterior was set equal to the cumulated activity concentration of
compartments 1 or 2 of the luminal or extravascular models,
respectively (see Appendix).

Tabulated point kernels for 1231,125!and â€˜@â€˜i,along with the
respective X@ values were obtained from Dr. Douglas Simpkin
(personal communication). (X@is the radius ofa sphere contain
ing 90% of the energy emitted by a point source at the center. A
point kernel is a table of values or a mathematical expression
that provides the absorbed dose per disintegration a given dis
tance, r, from a point source emitter.) The point kernel for â€˜@â€˜i
hasbeenpreviouslypublished(76). The point kernelsfor 123!and
1251 were calculated using a computer code that performs a

spectrum-weighted interpolation ofmonoenergetic electron point

kernels to yield a radionuclide point-kernel (76). The monoener
getic electron point kernels used for these calculations are the
latestkernelsof Berger(SimpkinD, BergerM, personalcommu
nication) that have been generated using the 1990 version of
ETRAN (77). Since the minimum point kernel electron energy
tabulated therein is 10 keV, the point kernel for a 1 keV mono
energetic electron emitter included in Berger's 1973 tabulation

(78) was added to the most recent tabulation for the 123! and 325!

calculations. Due to the abundance of low energy (<5 keV) as
well as intermediate energy (30â€”150keV) electron emissions in
the decay of 123!and 125!,the point kernels for these radionuclides
were subdivided.â€œLowâ€•(Klow(r))and â€œhighâ€•(Khi(r)) energy
kernels were used so that the low energy emissions could be
applied at an increased (sub-micron) spatial resolution without
unnecessarilyapplyingthe finer resolutionto the higherenergy
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FIGURE 2. Baselinesimulation.(A)Freeantibodyclearancefromâ€œplasmaâ€•(â€œplasmaâ€•= plasmavolume+ extracellularfluidvolume
of liver,spleenandred marrow)Obtainedby computersimulationof the compartmentalmodeldepictedin Figure1A usingthe
parametersshown in Table 1. Antibody infusiondunng the first hour is shown as a steep increasein the concentrationof antibody.
This is followed by a gradual decline resulting from loss due to antigen binding, extravasation and excretion. (B) Free antibody
concentrationprofileinsidethe cell duster at varioustimes postinjection.As indicatedon the figure, the extremenght and left curves
representthe concentrationprofileat 2 and 24 hr, respectively.Starting at the right the remainingcurves were Obtainedevery 2 hr
(i.e.,at 4, 6, 8 22). (C)Correspondingconcentrationprofilefor antigen-boundantibody.

on the absorbed dose profiles across the cell cluster. The
most striking feature of these curves is the contrast in
shape with each radionuclide. Such contrast within a rel
atively small, 100 @zmradius cell cluster, exposes the
importance of matching the radionuclide to the expected
tumor geometry that one is targeting. The individual con
tribution to the total absorbed dose from each shell of
activity and the contribution due to activity in the exterior
are also depicted in Figures 4Aâ€”C.The contributions
arising from shell 2 and from the exterior are evident in
the lower panel of each figure. By examining the â€œlocalâ€•
absorbed dose profile for each radionuclide one may come
to several qualitative conclusions regarding the importance
of subcellular antibody localizations as well as tumor cell
geometry. As seen on Figure 4B, approximately 50% of
the absorbed dose to a given point from 125!arises from

activity within a l-@m radius sphere around the given
point. One may expect, therefore, for cell surface-localized
antigen, that greater than 50% of the total absorbed dose
depicted will not be delivered to the nucleus of a tumor
cell whose radius exceeds the nuclear radius by more than
1 tim. If, on the other hand, the nuclear radius is approx
imately equal to the cell radius or if the antibody-antigen
complex is internalized near the cell nucleus, then the total
absorbed dose profile depicted in Figure 4B may reflect
the nuclear absorbed dose. Similar observations may be
made for 1231in which approximately one-third ofthe total
absorbed dose is from â€œlocalâ€•contributions. Such sub
cellular antibody localization or tumor cell geometry con
cerns are irrelevant to â€˜@â€˜Isince the local absorbed dose
forms a negligible portion ofthe total absorbed dose profile
(Fig. 4C).
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antibody concentration during the 2-hr infusion, followed
by a 1 hr waiting period and then by 4 hr of plasmapheresis.

Figures SB and C depict the dramatically improved free
and antigen-bound antibody spatial distribution within the
cell cluster. As expected, the time-history of free antibody
at the cluster surface follows the concentration in plasma
(Figs. SB and 5A, respectively). Accordingly, a large drop,
corresponding to the plasmapheresis-induced drop in
plasma, is observed at the cluster surface between 2 and 8
hr. The spatial distribution of antibody beyond 8 hr ex
hibits a slow, uniform drop with time, reflecting the base
line clearance rate of antibody from plasma. Figure SC
demonstrates penetration ofthe binding-site barrier, yield
ing a uniform distribution oflabeled antibody throughout
the cell cluster by 8 hr postinjection. Of particular interest
is the observation that essentially full saturation of antigen
sites is achieved by 8 hr even though the concentration of
free antibody remained at least a factor of 6 below the
initial concentration of available antigen sites (i.e., 1500
versus a maximum of 250 nmole/liter). This clearly dem
onstrates that one need not match the initial concentration
of antigen sites in a tumor cell cluster to overcome the
binding-site barrier. The absorbed dose to the red marrow
from simulation la is depicted in Figure 6. Recalling that
the specific activity of each radiolabeled antibody was
maintained at the baseline value even though the admin

FIGURE 3. Baselinesimulation.Absorbeddose to the red
marrow from 1231,1251and 1311The absorbeddose contribution
fromfreeantibodydistributeduniformlythroughoutthe total body
(â€œTotalBodyâ€•)from free antibody in the red marrow (â€œAbâ€•)and
fromantigen-boundantibody(â€œAbAgâ€•)isdepicted.

Plasmapheresis Simulations

Luminal Model. Table 3 lists the parameter values for
each of the luminal model plasmapheresis simulations.
The plasmapheresis rates chosen are consistent with clini
cally available rates (28,29, 79,80). Model parameters not
shown on this table were maintained at baseline values.
The results of simulation la are depicted in Figures 5
through 7. Figure 5A shows the rapid rise in plasma

A 1-123CellClusterDoseProfile B I-i25CellClusterDoseProfile C l-131CellClusterDoseProfile
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FIGURE 4. Baselinesimulation.AbSOrbeddoseprofileacrossthecellclusterfor1@l,1251,and1311(A, B andC, respectively).The
individualcontributionto thetotalabsorbeddosefromeachshellandfromtheexterioris depictedbythesolidlines.Theabsorbed
dose to each pointarisingfromactivitywithina 1-@mradius sphere about each point(i.e.,the â€œlocalâ€•absorbed dose) is depicted by
the dotted line.The localabsorbeddose is shownfor comparison,it is alreadyincludedin eachof the solid lines,anddoes not make
up the total absorbed dose sum in these figures. The lower panel of each figure shows, in expanded scale, the absorbed dose
contributionfrom the exterior and from shell2. In each case, the absorbeddose arisingfrom activity in shell 1 is not shown since it
is below the expanded scale (i.e., approximately zero). Likewise, the external absorbed dose in B and the local dose in C is not
shown,sinceineachcase,theabsorbeddoseis belowtheexpandedscaleof thelowerpanel.
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Simulationnumber

Parameter la 1b 2a2bAb

administered (nmole),infusiontime (h) 1000, 2 1000, 2 500, 1 500,1Plasmapheresis
rate(h1) 0.275 0.403 0.2750.275Plasmapheresis
onsettime,duration(h) 3, 4 3, 4 2, 4 3,4istered

amount of antibody was increased 1S-fold, we increasing plasma clearance of free antibody without af
obtain an increase in red marrow absorbed dose that ranges fecting the cell cluster absorbed dose profile is depictedinfrom

slightly above 2-fold to approximately 4-fold above Figure 8. Also shown in this figure is the therapeuticratiobaseline
for 123!and 125!,respectively. In each case the obtained for each radionuclide under the conditionsofincrease
is attributable to free antibody in the marrow and simulation 1 when plasmapheresis was not instituted.Thein

the total body. Figure 7 depicts the total absorbed dose clear advantage of 125!over the other two radionuclidesforprofile
across the cell cluster for each radionuclide. In radioimmunotherapy under the specific conditions of sim

contrast to the curves depicted in Figure 4, a relatively ulation 1 is strikingly evident. Although a 2-foldincreaseuniform
distribution of absorbed dose throughout the cell in the therapeutic ratio is obtained by performing plas

cluster is achieved for all three radionuclides. The thera- mapheresis with this radionuclide, the therapeuticratiopeutic
ratio (i.e., cell cluster dose at center divided by the obtained by administering a large amount ofradiolabeledmean

red marrow dose) is 10, 225, and 35 for 123!,325!and antibody (i.e., simulation 1) without instituting plasma
â€˜@â€˜i,respectively.This compareswith 8, @0,and 23 for the pheresisis still adequate for radioimmunotherapy.Thecorresponding

baseline simulations. therapeutic ratio for â€˜@â€˜Iwith acceleratedplasmapheresisThe
effect of increasing the plasmapheresis rate 1.5-fold is 46. Assuming 2.5 Gy is the maximum tolerableabsorbedis

examined in simulation lb. The increased plasmapher- dose to the red marrow (74), this translates into an ab
esis rate leads to an 80% decrease in plasma antibody sorbed dose of 115 Gy to the cell cluster. The correspond
concentration (not shown). This may be compared to the ing absorbed dose without plasmapheresis would be5370%

decreaseachievedwhen plasmapheresisis applied at Gy. In this particular example,therefore, the useof plas
the rate of simulation la (Fig. SA). A 50% increase in the mapheresis yields a highly significant increase in thetumorrate

of plasmapheresis, therefore, has resulted in a 10% cell kill probability (81,82). Despite its significant partic
gain in plasma clearance. The more rapid drop in plasma ulate emissions and largely due to its short half-life,123!antibody

concentration leads to a 2-hr delay in antigen- does not yield an adequate therapeutic ratio for radioim
site saturation across the cell cluster (not shown). Despite munotherapy under the particular conditions of simula
this delay, the absorbed dose profile across the cell cluster tion1.(not

shown) is essentially identical to that depicted in Simulations 2a and 2b illustrate the sensitivity oftheFigure
7. The gain in therapeutic ratio as a result of proposed plasmapheresis technique to the total amountofA
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FIGURE 6. Simulation1a. Absorbeddoseto the red marrow
from 12311251and 1311Shadedregionsare definedas in Figure3.

administered antibody. Simulation 2a differs from la in
that 500 nmole of antibody are administered over 1 hr
rather than 1000 over 2 hr. Simulation 2b examines the
effect of increasing the waiting period following the end of
antibody infusion to 2 hr from 1 hr. The spatial distribu
tion of antibody arising from simulation 2a lies between
that obtained from simulation la and the baseline simu
lation. Halving the total administered antibody leads to a

0

3-123 -125

Radionuclide

-131

FIGURE 8. Simulation1. The therapeuticratios(=absorbed
doseat cellclustercenterÃ·redmarrowabsorbeddose)resulting
from simulation1b (â€œ1.5 x plasmapheresis,â€•unfilledbar), simu
lation1a (â€œplasmapheresis,â€•lightgreybar)andtheinputparam
etersof simulations1a or b withoutplasmapheresis(â€œnoplas
mapheresis,â€•dark grey bar).

24-hr delay in achieving a uniform distribution of antibody
within the cell cluster. The effect ofthis on the cell cluster
absorbed dose profile is most pronounced for 323!which
exhibits a 40% drop in delivered absorbed dose (relative
to Fig. 7) at the center. The effect on the longer-lived
radionuclides, 125!and â€˜@â€˜I,is barely detectable (data not
shown). The therapeutic ratios for simulation 2a are 10,
290, and 48 for 123!,1251and â€˜@â€˜I,respectively. The ratios
for 125!and â€˜@â€˜Isurpass those obtained for simulation lb
in which antibody uniformity within the cell cluster was
achieved by 8 hr postinjection. Since simulation 2a yielded
a slightly lower absorbed dose at the cell cluster center for
these two radionuclides, relative to the absorbed
dose obtained from simulation 1, the improvement in
therapeutic ratio is the result of a decrease in the red
marrow absorbed dose.

The results obtained with simulation 2b, in which the
waiting period after the end of infusion is increased to 2
hr are not significantly different from those obtained from
simulation 2a (data not shown).

Extravascular Model
The compartmental model depicted in Figure lB was

used to examine the feasibility of using plasmapheresis to
enhance the therapeutic ratio when targeting micrometas
tatic disease on the extravascular side of the vascular
basement membrane. Figures 9A-B depict the free and
bound antibody concentration inside the cell cluster. Al
though the results are better than those obtained in the
baseline simulation (Figs. 2B,C), a core of unlabeled cells
remains. The resulting absorbed dose profiles are depicted
in Figure 10. The corresponding therapeutic ratios along
with the ratios obtained for earlier simulations are listed
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in Table 4. Due to its long range emissions and to the that is still adequate for successful radioimmunotherapy
decrease in red marrow absorbed dose resulting from the of 200-@tmdiameter cell clusters.
assumed absence of antigen-positive cells in marrow (i.e.,
the extravascular model), â€˜@â€˜Iexhibits a therapeutic ratio DISCUSSION

Mathematical modeling analysis ofboth the macro- and
microdistribution of radiolabeled antibody has provided
information that may help guide and evaluate future treat
ment strategies using radiolabeled antibodies. Compart
mental modeling approaches have provided information
regarding: antibody administration strategies for improv
ing radioimmunodiagnosis and radioimmunotherapy (45,
69,83â€”85); the differences in biodistnbution, catabolism

and excretion between IgG, F(ab')2, and Fab' antibody
(11); the effect of circulating antigen on antibody biodis
tribution (86); and the interrelationship between antibody
size, affinity and protein binding on tumor uptake (8).
Mathematical analyses which combine simulations of the
macroscopic distribution of antibody with regional or mi
croscopic simulations have demonstrated the significance
of blood vessel permeability, antibody diffusion and con
vection, and antibody-antigen binding parameters in tar
geting extravascular tumor (30â€”33,87,88).A key finding
of these works has been the prediction of a â€œbinding-siteâ€•
barrier to antibody penetration oftumor (30â€”33)that has
been observed experimentally (89-91).

TABLE 4
Summary of Therapeutic Ratios*
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FIGURE 10. Simulation3. Totalabsorbeddoseprofileacross
the cell cluster for 12311251and 1311The y-axis scale for each Therapeuticratio = absorbed dose to cell cluster center +
panelis thesameasthatin Figure7. absorbeddoseto redmarrow.
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This work evaluates the utility of plasmapheresis in
improving antibody targeting of pre-vasculanzed, hema
tologically distributed micrometastases. A mathematical
model of antibody penetration into a 200-tim diameter
cell cluster exposed to a time-varying external concentra
tion of antibody has been used to investigate the influence
of plasmapheresis on the spatial distribution of antibody
within the cell cluster and on the resulting absorbed dose
profile across the cell cluster. Consistent with the work of
Fujimori et al. which demonstrated the binding-site barrier
for extravascular tumors (30â€”33),the results demonstrate
that a â€œtypicalâ€•radioimmunotherapy protocol (i.e., 10 mg
ofantibody infused over 1 hr â€”theâ€œbaselineâ€•simulation).
yields a highly nonuniform distribution ofantibody inside
a cell cluster located within the vasculature (i.e., on the
luminal side of the basement membrane). Depending on
the radionuclide employed, this translates into an absorbed
dose profile that ranges from marginally acceptable (as in
â€˜@â€˜I)to one that produces no absorbed dose to the central
portion of the cell cluster (as in 3251).In all cases the
resulting red marrow absorbed dose yields a therapeutic
ratio at the cluster center that precludes successful eradi
cation of micrometastatic disease without prohibitive red
marrow damage. By administering approximately 8-fold
more antibody (i.e., 75 mg infused over 1 hrâ€”simulation
2), the spatial distribution ofantibody inside the cell cluster

is dramatically improved such that by 24 hr, a uniform
distribution is achieved. The resulting red marrow ab
sorbed dose may be reduced sufficiently with plasmapher
esis to yield therapeutic ratios for 125!and â€˜@â€˜ithat could
lead to successful radioimmunotherapy of micrometas
tases without prohibitive red marrow damage. The fore
going discussion applies only to micrometastases that are
located on the luminal side of the vascular basement
membrane and that are, therefore, rapidly accessible to
intravenously administered antibody. The plasmapheresis
technique (as implemented for targeting hematologically
distributed micrometastases) is significantly compromised
when one is targeting disease on the extravascular side of
the basement membrane. The results show that an ap
proximate 8-fold increase in intravenously administered
antibody is not reflected in the interstitial space antibody
concentration and as a result leads to incomplete penetra
tion of the cell cluster over the simulation time investi
gated.

It is important to point out several caveats in applying
the results herein reported. Although the simulations sug
gest that 125!would be ideal in radioimmunotherapy of
hematologically distributed micrometastases when the
protocol ofsimulations 1 or 2 is employed, considerations
not included in the model must also be weighed. Since 125!
has a long half-life, one should expect that a substantial
fraction of the radionuclide will cross the basement mem
brane of most tissues. Cross-reactivity of the radiolabeled
antibody with normal tissue could lead to unacceptably
high absorbed doses to these tissues. In general, if the

radionuclide exhibits a long half-life (i.e., greater than the
half-life of antibody penetration across the vascular base
ment membrane), cross-reactivity concerns become para
mount. In contrast, these concerns are minimal with 123!
since by the time the antibody has crossed the basement
membrane of most normal tissues a large fraction of the
radionuclide has already decayed. (Cross-reactivity with
liver, spleen and red marrow is always of concern because
ofthe undeveloped basement membrane in these tissues.)
The long half-life of 125!also raises dose rate concerns. The
relatively low dose rate of this radionucide may diminish
its effectiveness in eradicating rapidly proliferating tumor
cells (81). It is also important to note that all of the
simulations were performed for a 200 @mdiameter cell
cluster. Although there is evidence that prevascularized,
hematologically distributed micrometastases do not reach
the dimensions achieved by in vitro grown spheroids (92,
93), a detailed assessment of the in vivo size distribution

of micrometastases is lacking. Since the very large thera
peutic ratio of 125!is extremely sensitive to antibody uni
formity inside each cell cluster, the presence of significantly
larger cell clusters is likely to lead to treatment failure if
125! is used. Furthermore, when uniformity is achieved,

significant cell kill will only occur if the antibody-antigen
complex is internalized (94). It is important to note that
estimation of the absorbed dose to the cell nucleus or to
DNA from an internalized Auger emitter may (depending
upon the dose rate and the volume chosen for the calcu
lation) require a microdosimetric treatment rather than
the mean absorbed dose calculation that is provided by
the conventional MIRD formalism.

Plasmapheresis is, perhaps, the most direct implemen
tation of a general strategy designed to overcome the
binding site barrier. The essence of such a strategy is to
expose the tumor cluster to a very high antibody concen
tration long enough to overcome the binding site barrier.
Excess antibody is then rapidly removed so as to reduce
the red marrow absorbed dose. One alternative to the use
of plasmapheresis for this purpose is what may be char
acterized as a â€œchaserâ€•approach (15â€”17,95). In such an
approach, an infusion ofradiolabeled antibody is followed
by unlabeled (cold) antibody that is specific to the F@region
ofthe previously administered(labeled) antibody. The cold
antibody binds to the labeled antibody presumably without
affecting its binding capacity to tumor-associated antigen
(i.e., the variable regions are not affected). Free labeled
Ab, however, would complex with the chaser and presum
ably clear at a much faster rate. In analogy to plasmapher
esis, this approach strives to clear the body of excess
antibody.

In conclusion, administration of a high concentration
of radiolabeled antibody followed by plasmapheresis is
shown to yield a considerable improvement in the thera
peutic ratio for hematologically distributed micrometas
tases. When this strategy is applied to micrometastases on
the extravascular side of the basement membrane, no
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substantial improvement is observed for the two shorter
range emitters (1231and 1251)examined; for a relatively
long-range emitter such as â€˜@â€˜Ithe therapeutic ratio is
improved.

Cell ClusterAbsorbedDoseCalculations

D(s)= D1(s)+ D2(s)+ D3(s)+ D@51(s)

Dj(s)= I2@ I@ iâ€”1)-R/3[A],.K(q(r,0, s))
i.R/3

Dext(5) 12W j@T 12-X90 [A]3. K(q(r, 0, s))

Localized Absorbed Dose Calculation
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