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ABSTRACT

The i.p. route of antibody administration offers a regional delivery
advantage to the peritoneal cavity. In an effort to optimize this method
of delivery, the volume of i.p. injection and total protein dose were
examined for their effect on the absorption and disposition of an IgG2aÂ«
murine monoclonal antibody, 5G6.4, administered i.p. Normal rats (Spra-
gue-Dawley) were given one of two protein doses (1-2 or 100 /Â¿g)of ]25I-
5G6.4 in a 2.0-ml i.p. injection volume. In both cases the same radiation

dose (approximately 20 ^Ci/rat) was administered since only the tracer
level (1-2 Â¿ig)was labeled. Hence, the 100-Mg dose consisted of approx

imately 2 UKof labeled antibody with 98 Mg of unlabeled antibody. In a
separate experiment, two i.p. injection volumes (2.0 or 20.0 ml) of 125I-

5G6.4 (approximately 20 ^Ci/rat) were administered to normal Sprague-

Dawley rats. Pharmacokinetic modeling of the whole blood radioactivity
levels was undertaken for both groups. The liver, kidney, muscle, lung,
diaphragm, and anterior mediastinal lymph nodes were excised upon
sacrifice and tissue levels at sacrifice were recorded. The volume of i.p.
injection is shown to be a significant factor with respect to i.p. transport.
Maximum concentration in the blood, Cm.â€žwas reduced (P < 0.1) and
time of maximum concentration, rC|najwas prolonged (P < 0.05) from 8.4
h (in the 2-ml group) to 14.5 h (in the 20-ml group). Both contribute to

a modest reduction in AUC(o-Â«c)(P < 0.15) in which AUC is the area
under the concentration-time curve. The increase in blood clearance, Clt,
at the higher injection volume (0.287 ml/h for the 20-ml volume and
0.194 ml/h for the 2-ml volume) is presumably due to increased diuresis

resulting from autoregulation of fluid removal via lymphatic drainage.
Volume of distribution, I',,, is increased since I',, and ( /,, are functionally

proportionate and elimination is assumed constant. Tissue levels at
sacrifice, except for the thyroid and anterior mediastinal lymph nodes,
were the same. Mean thyroid levels were reduced in the 20-ml group (P

< 0.05) by 22.5%, likely as a result of increased diuresis. Increased nodal
uptake (/' < 0.01) can be attributed to the dilution effect of the bolus

injection. The rate of mass transfer is greater for the 2-ml group up to 4

h postinjection. Subsequently, the mass transfer rate is greater for the
20-ml group. While peritoneal concentrations are maintained at 10-fold
greater in the 2-ml group for the duration of the absorption phase, the

lymphatic flow rate, F\.f..iÂ¡,meventually compensates for the concentration
difference. Hence, larger bolus i.p. volumes increase lymphatic flow from
the peritoneal cavity. Protein dose effects appear to be minimal. Mean
blood levels were higher in the high dose (100-Mg) group albeit there was

no statistical difference in the AUC(oâ€”=.)or in the general shape of the
blood level curves. I',, tended to be smaller in the high dose group and
('Â¡i,of the high dose group was generally slower than the tracer dose rats

(0.159 versus 0.185 ml/h). Also, mean tissue levels at sacrifice were
slightly smaller for the low dose group. Likewise, thyroid levels were
higher for the high dose group, increased tissue uptake suggesting
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increased extrahepatic deiodination. These findings suggest that higher
injection volumes will enhance the delivery advantage to the peritoneal
cavity and minimize systemic antibody exposure, and that coadministra-

tion of unlabeled antibody may be unnecessary inasmuch as it appears to
increase the extent to which the labeled antibody is exposed to the
circulation, although these manipulations will need testing in a system
with tumor present.

INTRODUCTION

Ovarian cancer is the fourth most frequent cause of cancer-
related deaths in women and is currently the leading cause of
gynecological deaths in the United States (1). It has long been
a desire of physicians treating malignant diseases restricted to
the peritoneal and other body cavities, such as ovarian carci
noma, to exploit their regional nature by regional therapy.
Optimal regional treatments hinge upon those determinants
which influence the rate of peritoneal and systemic clearance
of the therapeutic agent. The rationale for this approach lies
with the observation that if the clearance rate of a chemother-
apeutic agent from a region is slower than the clearance of the
chemotherapeutic agent from the blood then a regional delivery
advantage is present. The development of monoclonal antibod
ies with specificity for malignancies affecting the peritoneal
cavity has further enhanced interest in this approach.

Transport of paniculate matter i.p. is greatly dependent on
the mechanical nature of the lymphatic drainage from the
peritoneal cavity. The physiology of peritoneal transport is, as
yet, poorly understood. It has been widely recognized since the
turn of the century that the peritoneal aspect of the diaphragm
is the most important absorbing area for particulate matter.
This has been demonstrated by ligating the retrosternal lym
phatic trunks at the middle third of the sternum in rabbits,
guinea pigs, and rats (2-4). Early studies in which proteins
labeled with T-1824 dye were injected i.p. showed a greatly
reduced rate of disappearance of the fluid and protein and an
overall reduction in the amount of dye-labeled protein in the
circulation when these lymphatics had been ligated (5). The
majority of the early work seems to suggest that there indeed
exists a pathway by which proteins and particulate matter exit
the peritoneal cavity. The lymph from the retrosternal and
mediastinal trunks converge on the lymph nodes in the apical
mediastinum where tributaries pass to both the right lymph
duct and the thoracic duct in most species. Early studies with
dye-labeled plasma show that the thoracic duct plays a lesser
role in the systemic emptying of the protein with the right
lymph duct being of greater importance (5). Courtice and Stein
beck (6) found that the right duct lymph contained on the
average 4 times the amount of dye-protein as did the thoracic
duct in the cat. However, Abdou et al. (7) cannulated the
thoracic duct in rats and found that much more 14C-labeled

protein left the peritoneal cavity by way of the thoracic duct
than by any other route. Recent work by Barrett et al. (8)
supports the work of Courtice and Steinbeck (6) and compari-
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sons of the thoracic to mediastinal lymph node activity from
1̂ -labeled IgG2a murine monoclonal antibodies injected i.p.

show a greater propensity for peritoneal elimination by way of
the retrosternal lymphatic trunks which feed the anterior me
diastinal lymph nodes (8).

Increased use of continuous ambulatory peritoneal dialysis in
patients with renal failure has facilitated greater attention to
ward characterizing the kinetics of i.p. administered low molec
ular weight, highly permeable moieties (9-11). Dedrick et al.
(12) have provided a pharmacokinetic rationale by which these
compounds offer a regional delivery advantage to standard
systemic delivery. Extrapolation of these principles to higher
molecular weight moieties, paniculate matter, and radioanti-
bodies in particular has not been proven accurate, however.

The modeling of the transport of water-soluble molecules
between the peritoneal cavity and the plasma almost always
includes contributions from diffusion, convection through tis
sues, and membrane transport across blood capillaries (11, 13).
Lymphatic uptake via the diaphragm is initially included but is
then declared negligible. For the case of i.p. transport of radi-

olabeled monoclonal antibodies and their fragments (M, 50,000
to 900,000), this rule of thumb may indeed be reversed. Pick's

first and second laws of diffusion cannot be the starting block
for the description of the peritoneal transport of immunoglob-

ulins as is the procedure for dialysis mechanisms.

A = -D â€”
dx

Pick's first law

dt dx dx
â€” = â€” [D â€” Pick's second law

(A)

(B)

If this were the case, for the initial assumptions of dilute
solutions, integrating Pick's first law over the diffusional path,

with the assumptions that no volume changes take place on
either side of the membrane and that the mass transfer coeffi
cients are constant along the diffusional path would result in

H = (C)

where W is the weight of solution passing through the mem
brane (peritoneum)/time, L' is the overall dialysis coefficient,

and AC//Â«is the log concentration difference across membrane.
This is clearly not appropriate since dialysis across the perito
neum is not likely because membrane transport appears to be a
limiting factor, volume changes do occur, and the diffusivity of
these compounds is not great enough to be a factor. Gerlowski
and Jain (14) report a measured diffusivity for IgG in normal
and tumor tissue on the order of 10~s ctrr/s. Hence, diffusion

is unlikely to be a significant force, except where convection is
limited or impeded.

A mass balance of the peritoneal cavity, assuming a well-
mixed compartment, would yield the follow ing equation as has
been described by others (11):

dt
= -(Â«,p. . r) (D)

where CÂ¡.p.is the concentration in the peritoneal cavity (per
centage of injected dose), / is time (h), Fip is the volume in the
peritoneal cavity (ml), /?ip /. is the rate of mass transfer by way
of the lymph (percentage of injected dose/h), and RÂ¡.p./ is the
rate of mass transfer between the peritoneal cavity and the
tissues exposed to the injection volume (percentage of injected
dose/h). Several groups including ours (15-17) have confirmed

that the concentration of IgG and other plasma proteins such
as albumin administered i.p. does not change over the time that
peritoneal fluid can be reliably sampled reducing Equation D
to:

dt
= -(A.., ?) (E)

While this equation is theoretically applicable for isotonic so
lutions only, the relationship has been successfully applied by
Flessner et al. ( 16) in a distributed model approach and appears
to be empirically sound in light of the observed findings (15-
17). A balance on the fluid volume remaining in the peritoneal
cavitv yields

dV-,.t
dt

(F)

where F,.p..Â¡.and F\.P..Trepresent flow through the lymphatics
and from the peritoneal cavity to the tissues, respectively.
Values are assumed positive for flows leaving the peritoneal
cavity. Hence the individual rate equations can be given by:

and

RÂ¡.p.i. â€”F,p

â€”F\.f

(G)

(H)

The rate of lymph flow, /vp. Â¿,can be obtained from the litera
ture. In the rat typical values of 0.1 ml/h (18) in the right
lymphatic duct and 0.56 (18) to 0.88 ml/h (19) in the thoracic
duct have been reported. Fip Â¿should be assumed to contain
contributions from all lymphatic flow regions. Flessner et al.
(20) have reported FÂ¡.p../.to be approximately 0.159 ml/h based
on labeled RBC uptake. What is not clear in this situation is
the effect of the magnitude of the initial volume injected.
Concentrations being equal, it has been shown that the volume
of the original bolus injection does affect the rate of absorption
of some compounds (21). Feldman et al. (22) found no effect
of injection volume on the rate of egress of albumin from the
peritoneal cavity in the mouse over the range of 0.2 to 1.25 ml.
A review of the published data may lead to an alternate conclu
sion. Mean dimensionless concentration profiles were given for
only the first 6 h; maximum blood concentration had not been
reached. Also, it was evident from the profiles that the larger
injection volumes seemed to have a less steep ascent in their
absorptive phase. Hence, it is our opinion that Equation G will
account for the rate of exit due to the lymphatics only if F-,.P..L

is known for the particular bolus injection volume.
The rate of peritoneal egress due to tissue uptake of immu-

noglobulins is unclear. Flessner et al. (11) determine /?Â¡.p/ as a
boundary condition to mass transfer to the tissue space as

A â€” IJT-O+ fJyACr U-o
r ox

(D

where D7 is the diffusivity in the extracellular space (cnr/sec),
^ is the fraction of the extracellular space. T is the tortuosity,
A is the apparent peritoneal surface area, and J, is the local
volume flux. Equation I contains both convective and diffusive
components. While it has been shown by autoradiography (16,
23) that macromolecules and monoclonals do penetrate peri-
toneally exposed tissues, it remains to be verified whether the
degree of penetration is sufficient to significantly contribute to
the observed blood levels. Animal dosimetry has not progressed
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far enough to account for these findings. As addressed earlier,
diffusion of radioantibodies is not a favorable route of egress
from the peritoneal cavity. If the effective rate of convection
can be given by

f,JvCT. (J)

where/ is the retardation factor for solute / and CT.Â¡the solute
concentration in tissue void space, it becomes obvious that
/?Â¡.p.Twill become negligible compared to R\.p..Â¡.when consid
ering the transport of high molecular weight immunoglobulins
administered i.p. Hence, in these instances Equation E is likely
reduced to

C, = -/?,, and (K)

These concepts will be developed in a later paper in which a
physiological model for the IgG2a murine monoclonal anti
body, 5G6.4, will be presented.

Optimization of a process requires extensive characterization
of that process. Control theory demands the knowledge of the
responses to a host of stimuli under manipulation to monitor
and then control the process. In an analogous endeavor, the
selective delivery of monoclonal antibodies to local tumor sites
once optimized could have a tremendous impact on therapy. In
the present study we have evaluated the effect of two i.p. dosing
variables, protein dose and volume of i.p. injection, on those
pharmacokinetic parameters which reveal information about
the rate of uptake into the systemic circulation and the extent
of disposition of the antibody. These findings should also shed
light on the physiological concerns of modeling labeled immu
noglobulins administered i.p.

MATERIALS AND METHODS

Monoclonal Antibodies. The intact mouse IgG2a/< monoclonal anti
body, 5G6.4, was studied. 5G6.4 is known to react preferentially with
ovarian and other epithelial cancers (24). It was purified using staphy-
lococcal protein A chromatography (25). The molecular weight and
purity of these reagents was verified on 7.5% sodium dodecyl sulfate-

polyacrylamide gels (26).
Radiolabeling. All labelings were conducted using I25I(New England

Nuclear. Boston, MA), by the lodo-Gen method (Pierce Chemical,
Rockford, IL) (27). One mCi was used to label 100 Mg of antibody
protein. Free iodine was removed from the mixture after labeling by
aniÃ³nexchange resin. Iodine incorporation was in the 50 to 80% range.
Freedom from iodine contamination was demonstrated by silica gel
thin layer chromatography with 50% ethyl acetate and 50% ethanol
(28).

Administration. Adult female Sprague-Dawley rats (150 to 200 g)
were given single i.p. injections of i:!5I-labeled5G6.4. Injection mixture

radioactivity levels were measured using a Capintec radioisotope cali
brator (CRC-4R). Target doses for the individual administrations were
approximately 20 Â¡iC\.Actual doses administered accounting for sy
ringe loss were around 19 nC\. Two separate injection mixtures were
prepared, one for the protein dose experiment and one for the injection
volume experiment. Separate injection mixtures were used only to
adequately accommodate the number of rats for each group (a total of
40 rats were used). The individual high protein doses (labeled plus cold)
were combined into a single syringe with the prescribed volume of
saline at 37Â°C.Rats were etherized, weighed, and numbered prior to

injection. The thyroids of the animals were purposely left unblocked by
potassium iodide so that the extent of antibody deiodination could be
assessed. The i.p. injections were administered with a 27-gauge needle
attached to either a 2-ml or a 20-ml syringe depending on the level of
injection volume required for that subject. Blood samples (=15 over

time) were drawn from the tail vein through pasteur pipets and weighed
on glassine paper using a Mettler balance. Samples were then placed
in 12- x 75-mm test tubes and capped. Rats were returned to the group
cage overnight. At the end of the 6-day sampling period, the rats were
sacrificed and their thyroid, lung, diaphragm, anterior mediastinal
lymph nodes, kidneys, liver, and a section of femoral muscle were
excised. Tissues were rinsed with saline to remove any surface blood
and subsections of each tissue (n = 2 to 5) of each tissue were weighed
on glassine paper. Blood and tissue samples were then counted in a
Packard 5780 gamma counter at the '"I window with the appropriate

corrections for count decay. The stability of the labeled antibody in
vivo has been previously demonstrated by fast protein liquid radiochro-
matography (8, 29). Measured blood counts refer to total '"I activity.

Pharmacokinetics. Blood samples were collected over a 6-day period.
Approximately 15 time points were gathered for each rat. The data
were corrected for decay and plotted as a time activity curve for whole
blood. Pharmacokinetic analysis was completed using Kaleidagraph
(30) and RSTRIP (31). Initial parameter estimates were generated by
the back-projection stripping routine in RSTRIP. For each time course
exhaustive curve strippings up to five exponentials were generated.
Each was fit using nonlinear least squares algorithm in Kaleidagraph
and the associated F tests, MSC (model selection criteria), r, and
parameter standard errors were evaluated for the best fits. Individual
rat blood level curves were fit using the nonlinear least squares algo
rithm in Kaleidagraph with the tolerance for convergence set at 0.2%
allowable error. Blood levels were modeled from the percentage kg
dose/g units, which provides a means of extrapolating tissue distribu
tion data between species (32)

% kg dose/g =
'pC\ in organ or blood/g\

fjCi(dose)/kg body wt /
x 100

The parameterized values were then converted into standard pharma
cokinetic units. Mean data were used to generate the histograms in
"Results."

Statistical Analysis. SYSTAT (33) was used to generate descriptive
statistics and complete the individual analyses of variance and tests for
homogeneity of variance.

RESULTS

Experimental. The first experiment involved the administra
tion of two levels of total protein, 2 and 100 Â¿ig(Â«= 10/group).
In this way, the effect of additional unlabeled antibody on the
pharmacokinetics and tissue levels of the labeled 5G6.4 could
be evaluated. Fig. 1 shows the mean (Â±SEM) blood levels for
both the tracer dose (2 Â¿ig)and high dose (100 ng) groups. It is
obvious that the serial '-5I-5G6.4 blood levels are higher for the

high dose group yet the general shape of the curve is the same.
Fig. 2 shows the 125I-5G6.4 tissue levels at sacrifice (6 days).

While none of the levels is significantly different, the general
trend is for greater accumulation in the high dose group with
the greatest discrepancy being the liver (P = 0.452). Also of
interest is the relative levels of 125I-5G6.4 distribution. Highest

uptake appears to be in the anterior mediastinal lymph nodes
and the lung. This is not surprising since the lymphatic route
was believed to be a major route of radioantibody egress from
the peritoneal cavity and the lungs have been targeted as a site
of large particle and colloidal uptake due to lymphatic leakage
to the pleural cavity (3, 34). Fig. 3 shows the discrepancy in
thyroidal uptake (significant at a = 0.05, n = 10/group). The
increased thyroid uptake in the high dose group is presumably
the result of the increased tissue uptake (greater opportunity
for extrahepatic deiodination, especially in the lymph nodes).
Koizumi et al. (35) have referred to the liver as a "processor"

compartment to explain certain nonlinearities in their model
with the number of free receptors in the liver being a predictor

3436

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/13/3434/2444227/cr0510133434.pdf by guest on 19 M

ay 2023



Moab KINETICS OF i.p. DOSE AND INJECTION VOLUME IN RATS

1-0 -i

Tracer Dose (2 |ig)

High Protein Dose (100 u.g)

0.0
50 100

Time (hr)

150

Fig. I. Mean blood levels Â±SEM (bars) of '"I-5G6.4 for tracer dose (2 ng of
IJ5l-5G6.4|and high protein dose (2 ng of T25I-5G6.4+ 98 ng of unlabeled 5G6.4)

groups. Both groups were administered in 2 ml.

Anterior
Mediastinal

Lymph Nodes
p = .601

Diaphragm
p = .802

0.00 0.05 0.10
%Kg Injected Dose/g

Fig. 2. Mean tissue levels Â±SEM (bars) of 1J'I-5G6.4 at sacrifice for tracer
and high protein dose groups. None of the tissue levels were significantly different
at n = 0.1. E3.high protein dose: â€¢tracer dose.

of the transfer of antibody from the intravascular space to the
processor. The current study does not attempt to verify this.
However, this hypothesis may be helpful in explaining the effect
of increased dose on clearance.

Fig. 4 shows the fitted mean blood levels of the low (2-ml)
and high (20-ml) injection volume groups (n = 10/group). The

blood levels show that the addition of the larger injection

volume slows the time until maximum blood concentration,
T(-m^,and reduces the magnitude of the maximum blood con

centration, C,,,ax.However, considering that the labeled anti
body is administered in essentially a 10:1 dilution, the delay in
maximal uptake is not as great as perhaps one would expect
(i.e., uptake is not 10-fold slower). Also, with respect to the
elimination of '-5I-5G6.4, there appears to be a difference in

how the two administrations are cleared; notice the difference
in slope of the descent in the terminal phase of both groups.

20
"oKg Injected

30
Dose/g

40

Fig. 3. Mean thyroid levels Â±SEM (bars) at sacrifice of I25I for tracer and
high protein dose groups. Levels of the two groups were significantly different at
o = 0.05. Increased thyroidal uptake at higher protein doses is likely due to the
increased blood and tissue levels of 125I-5G6.4.

0.7 T

0.6

o.s
oÂ»

I Â«â€¢Â«-iÃ
0.15 l

Â£ 0.3
c "-5:

0.2

0.1

Time (hr)
Fig. 4. Mean blood levels Â±SEM (bars) of '"I-5G6.4 for 2-ml and 20-ml

injection volume groups. Delayed absorption and increased diuresis are charac
teristic of the 20-ml injection volume group.
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Femoral
Lymph Nodes

p = .603

Anterior
Mediastinal

Lymph Nodes
p = .008

Diaphragm
p = .683

Kidney
p = .240

0.1
%Kg Injected Dose/g

0.2

Fig. 5. Mean tissue levels Â±SEM (Aars) of '"I-5G6.4 at sacrifice for 2-ml and
20-ml injection volume groups. Significant differences (P = 0.045) in the anterior
mediastinal lymph node uptake is likely due to the delayed initial absorption in
the 20-ml injection volume group. D. 20-ml volume; â€¢.2-ml volume.

20 30
%Kg Injected Dose/g

40

Fig. 6. Mean thyroid levels Â±SEM (han) of '"I at sacrifice for 2-ml and 20-
ml injection volume groups. Reduced thyroidal (P = 0.047) uptake in the 20-ml
group would seem to be related to the diuretic effect of the large volume of
injection.

This is most likely a function of increased diuresis from the
larger injection volume. This phenomenon has been reported
in the literature (36, 37).

Fig. 5 illustrates the effect of injection volume on the tissue
uptake at sacrifice. Only the anterior mediastinal lymph nodes
show a significant difference, with the higher injection volume
(20 ml) having twice the uptake of the 2-ml injection volume

group on the average. Presumably, lymph flow and the patency
of stomatal openings in the diaphragm have been altered. It
may well be that the increased bolus volume increases the flow
from the peritoneal cavity via the lymphatics, F\.V..L,such that
blood flow is less effective at removing the radioantibody from
the draining node. This, coupled with the fact that the two
administrations are of 10-fold difference in initial bolus concen
tration, suggests that the volume flow out of the cavity is greater
for the 20-ml injection volume, yet the rate of 125I-5G6.4

absorption is slower due to the more dilute solution on injec
tion. Specifically, the high volume group exhibits greater lymph
flow from the peritoneal cavity but, because of the more dilute
initial concentration, less of the 125I-5G6.4 is presented at any

one time. Hence, the sequential accumulation of the radioanti
body in the draining anterior mediastinal lymph node is greater
for the high volume group. Fig. 6 shows the effect of injection
volume on thyroidal uptake. The 20-ml injection volume group
shows significantly (P = 0.047) less uptake in the thyroid at
sacrifice. This is likely a result of the diuretic effect of the larger
injection volume. Future efforts will consider urine collection/
modeling to verify this observation.

Pharmacokinetic Modeling. Individual subject sets of concen
tration (kg percentage dose injected/g), time data were fit for
each rat to either a 3- or 4-exponential curve using the method
of least squares in the program Kaleidagraph (30). Initial esti-

0.5 - â€¢

ÃŽ

0.4 â€¢â€¢/

10.3--;
!

440.2

0.1

'3878. OS5871
T C__.

/ \

-Q.

so 100 190
TimÂ« |hr)

Fig. 7. Sample least-squares fit from 20-ml injection volume group. Every
animal in this group required 4 exponentials to fit its blood level curves. All
MSCs were >5 for this group.

mates were obtained by the curve-stripping routine of the pro

gram RSTRIP (31). Fig. 7 shows an example of one of the fits
from a rat given 125I-5G6.4 in a 20-ml injection volume. Across
both experiments each rat given its prescribed dose in a 2-ml
injection volume was optimally fit by a 3-exponential equation.
All MSCs4 were greater than 4. The 3-exponential fit is likely

to describe a two-compartment body model. The equations

4The abbreviations used are: MSC. model selection criterion; AUC. area under
the concentration-time curve; Moab. monoclonal antibody; L. liter.
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below define such a model (see "Appendix" for explanation of

symbols.).

ft-?*
(A-:, - X,)e-A"

X: - \,)(ka - X,)

(A':, -

where X, < X: and

(ka -

X] + \2 = kr.

(L)

(M)

(N)

The 20-ml injection volume group, however, was fit optimally
by a 4-exponential curve. Typically, the MSC rose from ap
proximately 3.5 to 5.0 with the addition of the fourth exponen
tial term. This may be the result of the altered flow from the
peritoneal cavity and/or the diuretic effect of the increased
injection volume. More studies will be necessary to differentiate
between the two.

With respect to the effect of the addition of unlabeled anti
body on the pharmacokinetics of I25I-5G6.4, the effects on the
so-called "model-independent" parameters appear in Table 1.

While none of the parameters is found to be statistically differ
ent, it is quite obvious from the mean blood levels (see Fig. 1)
that indeed the high dose (100-Mg) group exhibits a larger AUC
than the low dose (2-^g) group. The lack of statistical power in
these tests is due in part to the greater variation in the low dose
group. Every parameter with the exception of time at maximal
blood concentration, 7Vmix,has a larger variance in the low dose
group than the high dose group. It may well be that there is a
local absorption effect with tracer protein dose alone. In any
event the addition of unlabeled antibody seems to have a sta
bilizing effect on the variance of the fitted parameters. The
associated parameters which support the AUC effect are the
volume of distribution, Vaand the blood clearance, Cl/,. Several
groups (21, 35) have shown reductions in blood clearance with
the increases in protein dose administered i.p.. Likewise, reduc
tions in Vj are necessary if the elimination of the species is the
same. This is, in fact, the case for the addition of unlabeled
5G6.4. Vj drops from 20.71 ml (low dose group) to 16.74 ml
(P = 0.146) in the high dose group. The elimination rate
constant of the 2-ml injection volume rats is the same regardless
of dose, namely 9.2 x 10"' hr'. Hence, the saturation of liver

and other normal tissue binding sites may be a valid concept
since the addition of unlabeled 5G6.4 would appear to compete
for these sites, increasing modestly the amount in the blood
stream. The increased liver accumulation after 6 days is most
likely due to the AB-receptor turnover. Sequential liver sam
pling perhaps could have verified this. The normal blood vol
ume in the rat has been reported at 50 ml/kg (38) to 64.1 ml/
kg (39). The rats in this study weighed approximately 200 g
yielding an approximate blood volume of 10 ml. Since values
of volume of distribution ranged from 1.5 to 2 times this total

blood volume, it is apparent that these antibodies are well
distributed in the pharmacokinetic sense.

Fig. 8 illustrates the similarity of the tracer dose (Fig. SA) to
the high dose (Fig. 8ÃŸ)with respect to the amount in the body

Amountin Body,Ab

Amountat AbsorptionSite,Aa

.17 .67 1 2 3.6 6 8.2 12 24 48 75 93 118 142

.17 .67 1 2 3.6 6 8.2 12 24 48 75 93 118 142

Time(hr)
Fig. 8. Mean amount in the body, Ab and mean amount at the absorption site.

Aa, for low (A) and high (fl) protein dose groups. No discernible difference exists
between the dose groups with respect to Aa and A/,.

Table 1 Pharmacokinelic parameters of:' 1-5(16.4from low protein anil high protein dose groups

' NS. not significant.

Mean pharmacokinelic parameters Â±SEM

GroupLow

protein
High protein
PAUC(o^Â»i

(% kg dose
injected/g-h)86.49

Â±10.08
93.29 Â±5.74

NS" (0.558)Cm.,

(% kg dose
injeeted/g)0.6703

Â±0.0581
0.7881 Â±0.0390

NS(0.106)7Vmâ€ž

(h)12.72

Â±0.96
12.32 Â±0.97
NS (0.774)Â»VF

(ml)20.71

Â±2.53
16.74 Â±0.96
NS(0.146)tvrvw0.1854

+ 0.0253
0.1 597 Â±0.0083

NS (0.326)
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Table 2 Pharmacokinetic parameters of>Kl-5G6.4from 2-ml and 20-ml injection volume groups

Mean pharmacokinetic parameters Â±SEM

volume AUC(oâ€”.| (% kg dose
(ml)injected/g-h)2.0

20.0
P95.26

Â±8.20
78.44 Â±6.29
NSÂ°(0.145)Cmâ€ž

(% kg dose
injected/g)0.6069

Â±0.0177
0.5547 Â±0.0062
Â«= 0.05 (0.01 3)TVâ„¢,

(h)8.41

Â±0.25
14.53 Â±0.69

Â«= 0.01 (<0.001)^/Fiml)18.75

Â±1.61
22.15 Â±1.84

,1 = O.I (0.105)fw

(h)174.74

+ 20.18
140.37 Â±10.98

NS(0.162)C/./f(ml/h)0.1944

Â±0.0144
0.2874 Â±0.0391
n = 0.1(0.091)"

NS, not significant.

(Ah) and the amount at the absorption site (Aa). Fig. 8 is a
stacked column graph in which the column top is the sum of
both Aa and Ah with the time axis presented in an ordinal, but
unsealed, fashion. Ah and Aa can be derived from

Amount in the body, Ab = Vdx C,

Amount at absorption site, Aa = D, x e~
(O)

(P)

where A> is the injected i.p. dose, kâ€žis the absorption rate
constant, VÂ¿is the apparent volume of distribution, and Cp is
the blood concentration. The whole body dose at each time was
not calculated. Therefore, a balance around the entire body is
not possible. The sum of Aa and A/, does not equal the entire
original dose. The contributions of elimination of the intact
antibody, deiodination of the label from the antibody, and tissue
uptake which does not traverse the capillary membrane are not
included in Fig. 8. the appearance of elimination products can
be estimated by

dA,Appearance of elimination products â€”â€”::
at

K(Aâ€ž) (Q)

Amountin Body,Ab

Amountat AbsorptionSite,Aa

100

The amount at the absorption site is calculated by decaying the
initial bolus i.p. dose, Â£)Â¡.p.(or A0) by the absorption rate con
stant, ka. The/Ã0at time zero then will be equal to 100% injected
dose. The biological half-life of I25I-5G6.4 is quite substantial

(anywhere from 140 to 225 h). Thus, the contribution of elim
ination is not appreciable until 72 h. Fig. 8 clearly shows that
approximately 30% of the original dose is still in the body after
6 days and that the addition of unlabeled antibody, while
marginally increasing the blood levels of the labeled species,
does not appear to influence the amount in the body or affect
the amount retained at the absorption site.

The effects of injection volume are more dramatic. Table 2
shows the summary of pharmacokinetic parameters from this
experiment. As alluded to from the blood levels (Fig. 4), the
Cmaxis significantly reduced and 7Vm>xis significantly prolonged
in the high injection volume rats. Blood clearance, C7A,is
significantly faster (47.8% increase in the mean Clh) in the high
injection volume rats. This is presumably the effect of increased
diuretic effect of the larger injection volume as has been re
ported with varying volume levels of i.p. injection (34, 35). The
AUC extrapolated to infinity is not a significant factor at the
90% confidence level. It is quite apparent from Table 2, how
ever, that there is indeed a larger AUC mapped by the smaller
injection volumes. A less-sensitive test (Â«= 0.15, e.g.) would
find this factor to be significantly different. Increased sample
size or larger differences in the injection volumes would pre
sumably satisfy the test for significance from the analysis of
variance at more stringent levels (a > 0.1). This is probably
true for biological half-life also. The lower mean tv, of 140.37
h for the high injection volume group is most likely due to the
increased diuresis afforded by the higher injection volume.

Fig. 9 illustrates the difference in Aa and Ah for the 20-ml
injection volume group (Fig. 9A) and the 2-ml injection volume

3440

20

.17 .5124 6 8 12 24

Tira (hr)

72 96120 144

Fig. 9. Mean amount in the body. At. and mean amount at the absorption site,
A,, for 20-ml (A) and 2-ml (A) injection volume groups. Larger amounts of '"1-

5G6.4 are retained at the absorption site over the time course of the absorption
phase in the 20-ml group.
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group (Fig. 9Ã„).As Fig. 9 shows, a significant portion of the
amount at the absorption site is retained in the larger injection
volume group for a longer period of time. This could be ex
plained initially by the difference in bolus i.p. concentration
alone, but the decrease in mean absorption rate constant
(0.31448 h ' for the 2-ml group to 0.19697 h"1 for the 20-ml

group) does not account for a 10-fold difference in initial i.p.
bolus concentration. If the concentration in the peritoneal
cavity is constant over the duration of the absorption process
as we and others have reported (15-17), one would expect a
10-fold difference in absorption rate constant. This is not
observed. Clearly, there is increased fluid uptake with the larger
injection volume. Assuming that the transport of I25I-5G6.4

from the peritoneal cavity is primarily via bulk transport
through the lymphatics, one can estimate the rate of fluid
rÃ©sorptionby decaying the initial bolus volume by the absorp
tion rate constant of the radioantibodv as

Fluid in the peritoneal cavity KÂ¡.p.= V0 x e *â€¢' (R)

Fig. 10 shows a double- Y plot of both the rate of I25I-5G6.4

absorption (left ordinate) and the rate of fluid absorption based
on Equation Q (right ordinate). All four curves decay to an
asymptote of zero flow at or before 24 h. Realistically, it is
difficult to sample i.p. fluid, even following large injection
volumes past 15 h postinjection in the rat (15). Fig. 10 illus
trates the arguments above in the following way. Notice that
the rates of fluid absorption are initially quite separated, coming
together only as the difference in peritoneal volume decreases.
The rates of antibody absorption are closer together. Initially,
the rate of the 2-ml injection volume group is much faster than
that of the larger injection volume group. Initial volumes being
equal, bulk flow transport of the more concentrated volume
would be greater by the law of mass action. In this case, the
concentration difference favors uptake by the lower volume but
only until the 4-h point. From this point on the rate of I25I-

5G6.4 absorption is greater for the larger injection volume. By
4 h 70% of the injected dose from the 2-ml injection group is
already in the body as opposed to 22% for the 20-ml injection
group. In addition, only 0.569 ml (28.4%) of the original 2-ml
injection still remains as opposed to 9.096 ml (45.5%) of the
original 20-ml injection. Hence, the I25I-5G6.4 absorption rates

of the two different injection volume groups become equal at
the point when the concentration difference is offset by the
volume of fluid remaining in the cavity. After this antibody
absorption point, the effect of the volume remaining drives the
competing rates in favor of the 20-ml group as stated earlier.

Table 3 shows the mathematically derived concentration of
the fluid remaining in the peritoneal cavity for both the 2- and
20-ml injection volume groups. In both groups the calculated
concentration in the peritoneal cavity actually rises with time.
This may be a reflection of the binding of the antibody to
peritoneally exposed tissues since the concentration in the
peritoneal cavity is back calculated from the amount at the
absorption site divided by the amount of fluid remaining in the
peritoneal cavity. The concentration ratio (2 ml/20 ml) is also
given. The design of the experiment called for a 10-fold differ
ence in initial bolus injection concentration. This ratio remains
fairly constant through the duration of absorption. Increasing
ratios past the 6-h postinjection point are due to the lack of
absorbable material remaining in the peritoneal cavity of the 2-
ml injection volume group. Table 4 shows the flow rate out of
the peritoneal cavity for both injection volume groups as well
as the ratio (20 ml/2 ml) of these flow rates with time. Flow

Time (hr)
Fig. 10. Mean fluid (right ordinate) and '"I-5G6.4 (left ordinate) absorption

rates for 2-ml and 20-ml injection volume groups based on pharmacokinetic
parameter fits and liquations Q and R.

Table 3 Mean i.p. fluid concentrations ofl2^l-5G6.4 and the concentration ratio
(2-ml group/20-ml group) at subsequent time points postinjection

The i.p. fluid concentration of 12Ã•I-5G6.4remains essentially constant through
out the absorption phase. Slight increases in concentration may reflect the level
of binding to i.p. exposed tissues.

Time(h)0.170.501.002.004.006.008.0012.0024.0020-ml

initialvolume

i.p.fluid

concen
tration (% in
jecteddose/ml)5.015.035.055.115.225.335.465.726.642-ml

initialvolume

i.p.fluid

concen
tration (% in
jecteddose/ml)50.0550.1650.3550.8252.1454.0056.4363.20ooflConcentrationratio(C2/C20)9.999.989.969.959.9910.1210.3411.06

1Based on a limit of equation K as tâ€”Â»oc.

Table 4 Mean flow rates of>2iI-5G6.4 and the ratio of these flow rates (20-ml
group/2-ml group) at subsequent time points postinjection

Based on the bulk transport of fluid removal from the peritoneal cavity via
lymphatic drainage, the flow rate of 12!I-5G6.4 was calculated. Pressure head
against the diaphragm resulting from the volume remaining in the cavity appears
to be the driving force for lymphatic drainage from the peritoneal cavity; however,
the effect of bolus injection docs not correspond to a 1/1 payoff in flow rate.
Initial bolus volumes are 10-fold different (2 and 20 ml) yet initially this amounts
to only a 6.42 increase in rate. This advantage increases in a nonlinear fashion
and can be fitted exponentially.

Time
(h)0.17

0.50
1.00
2.00
4.00
6.00
8.00

12.0020-ml

initial
volume Aip.i

(ml/h)3.83

3.59
3.25
2.66
1.79
1.21
0.81
0.372-ml

initial
volume F,p /

(ml/h)0.60

0.54
0.46
0.34
0.18
0.10
0.05
0.01Flow

rate
ratio(Fio/FJ6.42

6.67
7.07
7.95

10.03
12.67
15.99
25.48
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rate decreases with time in both groups until absorption is
complete. The ratio of these flow rates increases with time. The
volume of fluid remaining in the cavity and thus the pressure
head against the diaphragm is likely the driving force of this
phenomenon as alluded to earlier.

Fig. 11 further illustrates these points. In Fig. 11, both the
concentration ratio and flow rate ratio are plotted against time.
As Fig. 10 suggested, the 4-h postinjection point marked the
time at which the rate of absorption of '25I-5G6.4 is equal in

both the 2-ml and 20-ml groups. This clearly is the point at
which the concentration advantage in the 2-ml group is equaled
by the flow rate advantage of the 20-ml group. These forces

compete as Equation K suggests to drive the rate of egress out
of the peritoneal cavity. Courtice and Steinbeck (6) have re
ported that the maximal rate of transport per h can be estimated
at 25% of the volume of circulating plasma in the rat. For a
200-g rat this corresponds to approximately 8 to 10 ml and 2

to 2.5 ml/h. The maximum rate is clearly dependent on the size
of the injected volume. In this study, the maximum rate is 0.63
ml/h for the 2-ml group and 3.93 ml/h for the 20-ml group.

From these arguments it is clear that larger injection volumes
will increase the rate of I25I-5G6.4 absorption from the perito

neal cavity if the concentration of i.p. fluid is comparable.
However, larger initial volumes of the same amount of injected
radioantibody do not initially overcompensate for a 10-fold

difference in i.p. bolus concentration in the rat. Increasing the
injection volume for a given dose is a rational approach to
improve regional immunotherapy since it increases the length
of time for which the tumor site is exposed to (and permeated
by) the radioantibody, albeit at a lower concentration than the
smaller volume.

30 T

25 -â€¢

OC
a 20
o

C

15

10 -

Concintnlion
ditlinnci

drlwi mi Â«qu*!on

Flow Ral. Rallo (FJ;

FlowMi driviÂ« /
rali Â»quillÃ³n /

X

IP Fluid RitÂ»(Cj/C20)

4 6

Time (hr)

10 12

Fig. 11. Competing forces of peritoneal absorption of I25I-5G6.4. flow ratio
(20-ml group/2-ml group) and i.p. fluid concentration ratio (2-ml group/20-ml
group) across lime. The 4-h postinjection point is identified as the time at which
flow advantage of the 20-ml group and concentration advantage of the 2-ml group
are balanced. From the time of injection to the 4-h point. I2'I-5G6.4 is absorbed
faster in the 2-ml group because of the 10-fold difference in concentration, while
after 4 h absorption is faster in the 20-ml group due to the increased flow
advantage of the larger bolus Â¡.p.injection.
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DISCUSSION

The present study indicates that the pharmacokinetics of
antibodies delivered i.p. can be altered by modifying certain
dosing variables. Volume of i.p. injection affects the pharma
cokinetics of 5G6.4 given i.p.. With respect to the systemic
disposition of the iodine label initially attached to the antibody,
the most significant factor is the diuretic effect of the injection
volume. Studies on the extent of this effect and quantitation of
the effect as the i.p. volume changes would aid modeling efforts.
To a lesser extent, the addition of unlabeled antibody may
decrease the blood clearance of the radiolabeled antibody, yet
the profound decrease in clearance with increasing amounts of
injected antibody as reported by Koizumi et al. (35) was not
observed at the protein doses we studied. The effect of protein
dose should be reconsidered in a tumor-involved model since
increased blood and liver uptake with increasing dose has been
reported in the nude mouse (40,41) and increases in the amount
of radioiodide in the blood of patients with tumor (42). Addi
tional studies on the permeability of these antibodies across
epithelial and mesothelial cell surfaces must be performed to
assess binding and membrane passage as well as clarify the
contributions of such routes to the uptake from the peritoneal
cavity, dose to tissues, and blood levels.

The absorption of these antibodies poses another problem.
Our work to date has confirmed that of Kruger et al. (43) with
different injection volumes (3, 5, and 7.5 ml) of bovine plasma
albumin in the mouse with respect to the diuretic effect of
volume injected and the rapid nonlinear removal of i.p. fluid.
Kruger et al. (43) also documented decreases in the rate of
absorption with lower protein concentrations, the fact that the
qualitative pattern of fluid absorption is similar for all protein
concentrations, and the fact that the concentration of injected
protein dose not vary with time.

The mechanism of uptake of i.p. administered antibodies is
uncertain as previously mentioned. Extrapolation from low
molecular weight and size entities does not explain what is
observed since the absorption rate constants achieved, while
somewhat slow, are not of the minute magnitude expected from
permeability-molecular weight functionalities. Fluid quantities
amounting to 30% of body weight have been reported as being
absorbed from the peritoneal cavity in the rat (43). Contrast
media of particle size have been shown to disappear very rapidly
from the peritoneal cavity, apparently via the chylous cistern,
and proceed to the parasternal lymphatic channels and to the
lymphatic glands of the neck, while filling of the thoracic duct
has been negligible (44-46). Hence, it appears that the lym
phatics may be involved to a greater capacity than was initially
thought. If the lymphatic route is the major route of uptake for
i.p. administered antibodies, the assumption of a first order
input is questionable. If administered as a bolus i.p. injection
the dose immediately and to the extent of the volume of i.p.
injection increases the intraabdominal pressure. In addition,
the surface area of contact with the lymphatics of the diaphragm
increases. Based on earlier work on the patency of lymphatic
stomatal openings, one assumes that the porosity of the dia
phragm also increases with increasing volume of i.p. injection
(45). Courtice and Steinbeck (5) have reported that lymph
leakage from the parasternal vessels into the mediastinum and
pleural cavities may be affected by the rhythmical movements
of the respiratory muscles. Hence, these forces compete to give
some global effect on absorption as volume of i.p. injection
increases and decreases. Presumably, as the volume of the
peritoneal cavity decreases (as with the absorption of the i.p.
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fluid), the aforementioned biofeedback response reverses. Ques
tions are then raised such as is there a lag time and is the
recovery phase complete? In addition, these mechanisms may
not be operative in the tumor-involved abdomen.

These proposed microscopic mechanisms are likely related:
(a) peritoneal cavity is not rigid. It expands to some relatively
finite volume; (b) the intraabdominal pressure increases with
volume injected: (c) the porosity of the diaphragm as indicated
by increases in stornata! patency increases; (d) one assumes at
higher volume of i.p. injection that the cavity is so distended
that normal contraction and expansion of the diaphragm due
to respiration and the subsequent changes in the spaces between
mesothelial cells that such a process causes are restricted.
Hence, it is to be expected that the effective porosity of the
highest i.p. volumes eventually decreases. The driving force for
the rate of fluid removal is the amount remaining in the
peritoneal cavity. Modeling the transfer function for the lym
phatic route should include physical parameters from each of
the aforementioned physiological components responsible for
the autoregulation of fluid removal. This is currently in
progress.5

It must be noted that Flessner (20) reported calculated flow
rates (after i.p. administration of l:5I-fibrinogen) which were

independent of i.p. pressure. He reported that observed fluid
loss rates were, however, sensitive to i.p. pressure and were 5
to 20 times the calculated lymph flow rate explaining that a
significant portion (28%) of the tracer is absorbed by the
anterior wall of the abdominal muscle. Our findings5 thus far

have found abdominal wall uptake to be a necessary component
of the peritoneal transport process but levels of i;;5I-5G6.4
accumulation are <5% of the total administered dose. Flessner's
mass balance around the "body compartment" includes a rate

of collection from the thoracic duct term, yet the other lym
phatic pathways are not mentioned. Assuming they contribute
to the global lymphatic flow rate from the peritoneal cavity
would seem to violate what is known about lymphatic drainage
(2, 46, 47) and the limited role of the thoracic duct in the
systemic appearance of high molecular weight entities, at least
in the rat. This, however, is often the subject of much
controversy.

Wahl et al. (15) measured i.p. levels of Fab and F(ab')2

fragments and intact IgG and IgM and found that i.p. antibody
levels remained relatively constant until about 10 h. After this
time point i.p. fluid samples were difficult to collect and meas
ured fluid may well have contained blood. Parker et al. (36)
have shown that entrapping [uC]-l-/3-D-arabinofuranosylcyto-

sine in liposomes following i.p. administration to rats increases
lymphatic uptake. The logical explanation is that the increase
in molecular size and weight made the lymphatic route more
favorable and/or the transmembrane route less viable. To prove
that plasma introduced into the peritoneal cavity of the rat was
all, or partially all, absorbed by the lymphatics, Courtice et al.
(5) ligated the thoracic duct and the right lymphatic duct of
several rats. After 20 ml/kg i.p. injections of dye-labeled pro
tein, levels in the circulating plasma were 19.5 and 24.0 mg/ml
at 3 h postinjection in 2 control rats and 0.9, 0.0, and 0.0 in
the 3 ligated rats. Surely, owing to the similarities between
injected plasma and mouse immunoglobulins, one should ex
pect similar findings with the i.p. injected IgG2a^ murine
monoclonal antibody, 5G6.4. Hence, it is likely that there exists

*J. S. Barrett, R. L. Wahl, J. G. Wagner, and S. J. Fisher. A Physiologic

Pharmacokinctic Model for i.p. Administered Murine Monoclonal Antibody in
the Rat, unpublished data.

a critical molecular size and weight at which the proportion of
peritoneal transport due to lymphatic uptake increases. Inves
tigators attempting to address such issues have stopped short
of covering the ranges which would include such high molecular
weight entities as monoclonal antibodies (12, 48).

In summary, we have shown that i.p. injections of high
volume (20 ml) yielded superior i.p. delivery characteristics to
a low volume in the rat. High injection volumes yield the
smallest value of ka and thus remain in the peritoneal cavity the
longest. Also, the increased diuretic effect afforded decreases
the amount of I25I-5G6.4 (or at least the I25I)in the body. More

extensive biodistribution studies are needed to assess the nature
of this effect. In addition, lymphatic flow from the peritoneal
cavity decreases in a nonlinear fashion based on the initial bolus
volume of i.p. injection. The rate of peritoneal clearance of I25I-

5G6.4 is dependent upon both the i.p. concentration and the
lymphatic flow from the peritoneal cavity. This being the case,
delivery characteristics can be predicted from the physical char
acteristics of the injection mixture. Other antibodies will need
to be evaluated in this fashion to be more certain of these
findings. While earlier work indicates that this phenomenon is
expected to be common for a wide range of IgGs, fragment and
intact, additional detailed studies will be needed to determine
whether these results can be extrapolated to other classes and/
or subclasses of antibodies, and the extent to which these
findings can be extrapolated to peritoneal cavities involved with
tumor.
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APPENDIX: PHARMACOKINETIC PARAMETERS

F= bioavailability
D = protein dose (^g)
ka = absorption rate constant
Vh= blood volume of distribution from the central compartment
AIO.k,2, kit = microrate constants from compartmental model
A,, X: = fitted parameters from the C,t data when fitted to the bi- and
triexponential equations

C =

C =

- 'â€¢>>+ Ble'*' - '-'

-w ~ 'â€¢'- (B, + B2
(S)

(T)

where ta is the lag time.
The MSC is used to rank sets of parameter estimates. Values of 4 are
reasonable for well-fit data and values of 5 are exceptional for biological
data

Â£H',<robs,- yobs,):

MSC = In ( ^
H',<yobs, - Kcal,)2

is.
n

(U)

where

n = the number of observations, (discrete time points)
p = the number of fitted parameters
H>,= is the weight of the fit
yobs, = the observed Y values (blood concentration)
yobs, = the mean of these observed values
ycal, = the individual fitted values at each time point
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