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Intraperitoneally administered radiolabeled monoclonal antibodies
(mAbs) have been tested in several clinical trials, often with promising results, but have never proven curative. Methods: We have
previously presented simulations of clinically relevant amounts of
intraperitoneal 90Y-mAbs for treatment of minimal disease and
shown that such treatments are unlikely to eradicate microtumors.
Our previous model simulated the kinetics of intraperitoneally
infused radiolabeled mAbs in humans and showed the benefit of
instead using α-emitters such as 211At. In the current work, we introduce penetration of mAbs into microtumors with radii of up to
400 μm. Calculations were performed using dynamic simulation
software. To determine the radiation dose distribution in nonvascularized microtumors of various sizes after intraperitoneal 211Atradioimmunotherapy, we used an in-house–developed Monte Carlo
program for microdosimetry. Our aim was to find methods that
optimize the therapy for as wide a tumor size range as possible.
Results: Our results show that high-specific-activity radiolabeled
mAbs that are bound to a tumor surface will penetrate slowly compared with the half-lives of 211At and shorter-lived radionuclides.
The inner-core cells of tumors with radii exceeding 100 μm may
therefore not be sufficiently irradiated. For lower specific activities,
the penetration rate and dose distribution will be more favorable for
such tumors, but the dose to smaller microtumors and single cells
will be low. Conclusion: Our calculations show that the addition of a
boost with unlabeled mAb 1–5 h after therapy results in sufficient
absorbed doses both to single cells and throughout microtumors up
to approximately 300 μm in radius. This finding should also hold for
other high-affinity mAbs and short-lived α-emitters.
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ntraperitoneally administered radiolabeled monoclonal antibodies (mAbs) to treat epithelial ovarian cancer have been tested
in several clinical trials, initially with promising results, but in
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phase III randomized trials have never proven curative (1,2). Most
studies have involved b-emitters with relatively long half-lives
(on the order of days) and ranges (on the order of millimeters in
tissue). Although these characteristics might provide relatively
high absorbed doses to larger tumors, they also result in irradiation
of normal tissue, leading to toxicity (3). This limits the amount
that can be administered, and curative absorbed doses to microtumors have not been achieved.
Previously, we presented simulations of clinically relevant
amounts of intraperitoneal 90Y-mAbs for treatment of minimal
disease and showed that such treatments are unlikely to eradicate
microtumors with diameters of less than approximately 100 mm
(4). That same model showed the benefit of instead using α-emitters such as 211At, which we applied in early clinical trials (5),
or 212Pb, as reported by Meredith et al. (6). We have also demonstrated the therapeutic effect in several studies involving a mouse
model with disseminated microscopic tumors (7,8).
However, we have also observed in experimental models that
tumors estimated to have radii larger than about 100 mm can resist
α-emitter–based treatments (8). The difficulty of eradicating larger
tumors stems from the short half-life of 211At in comparison with
the penetration rate of mAbs into tumor tissue. Most 211At decays
will therefore occur on the surface of the microtumors, and the
approximately 70-mm range of the emitted α-particles will limit
the irradiation depth. 211At-mAb concentrations that are high in
the outer shell but low in the center of larger microtumors have
also been experimentally observed (9).
Penetration of antibodies into tumor tissue has previously
been described, modeled, and experimentally studied using
spheroids (10–13). According to these models, diffusion is hindered by the so-called binding barrier. The penetration rate is
derived from the molecule’s diffusion coefficient but also depends on antigen density and the antibody’s binding characteristics and concentration over time. Using these models, it was
recently shown (14) that intraperitoneal tumors are better
accessed by intraperitoneal administration than by intravenous
administration. This was found also for vascularized tumors and
for administration of relatively large molecules. These results
justify further investigation of possible improvements in intraperitoneal radioimmunotherapy.
In the current work, we have used model calculations, based
on human data, to determine the radiation dose distribution in
nonvascularized microtumors of various sizes after intraperitoneal
211At radioimmunotherapy. Our aim was to find methods that
optimize the therapy for as wide a tumor size range as possible.
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MATERIALS AND METHODS

The current calculation model is a development of our previously
presented model for the kinetics of intraperitoneally infused 211Atlabeled mAb in humans (4). That model included transport of mAbs
from the peritoneal cavity and binding of mAbs to the surface of
spheric microscopic tumors. In the current work, we introduce penetration of mAbs into microtumors with radii of up to 400 mm. The
penetration calculations were based on the binding barrier theory
presented by Fujimori et al. (10) and applied for spheric microtumors (12).
All results are based on a clinical situation in which therapy is
administered intraperitoneally with 300 MBq of 211At-labeled mAb in
1.7 L of 7.5% icodextrin (5). The optimizations are based on the
binding kinetics of mAbs to easily accessible antigens. This binding
condition is found in vivo for single cells and for the outer layers of
small tumors, such as microtumors. Unlabeled and radiolabeled mAbs
are assumed to exhibit identical kinetics. The easily accessible antigens are modeled as directly exposed to the intraperitoneal fluid. The
binding to these antigens depends on the affinity constant (on-rate, or
kon) for the antibodies and the time-dependent concentration of mAbs
in the intraperitoneal fluid.
Calculations were performed by dynamic simulation using the
software Stella (ISEE Systems, Inc.). The radial net transport of mAbs
was assumed to follow Fick’s law. During the time interval Dt, the
number of mAbs transferred from shell i to (i 1 1) is given by. . .
Dni ðtÞ 5

Dt  D  Ai  fCi ðtÞ 2 Ci 1 1 ðtÞg
:
Dx

Antibody binding to antigen in shell i is described by. . .


nag;i ðtÞ
Dnbi 5 Dt  ni ðtÞ  kon 
2 nbi ðtÞ  koff :
Vi  f

Eq. 1

Eq. 2

The parameters are described in Table 1, and the values used in our
simulations are found in Table 2. The values for kon and for the offrate, koff, were set for the MX35 mAb (4). koff, at less than 3% h21,
was approximated to be zero.
Binding to antigens on single-cell and microtumor surfaces was
assumed to occur without any hindrance because of the direct
exposure to the intraperitoneal-fluid antibody concentration. These
antigens are referred to as ‘‘easily accessible’’ throughout this work.
The antigen density, that is, the number of antigens per surface area,
for various sizes of microtumor was set to be the same as that found
for a single cell. Our default setting was 700,000 antigens on a 7-mmradius cell, resulting in an antigen density of 1,137 mm22. When
modeling microtumors, the volumes of the tumor cells remained

TABLE 1
Description of Parameters used in Equations 1 and 2

TABLE 2
Parameter Values Used for the Presented Simulations
Parameter

Value
211At

Administered activity

300 MBq of

Administered fluid

1.7 L of icodextrin

Fraction of labeled mAbs

1 in 200 mAbs radiolabeled

D

14 μm2s−1 (21)

f (fraction fluid in tumor)

0.1 (11) (cell-packing ratio, 1 − f)

Δt

0.5 s

Δx

5 or 10 μm

kon

44,000 M−1s−1 (4)

koff

0

Antigens per cell

700,000 (4)

constant, but the shapes of individual cells were allowed to change
so that a packing ratio higher than that found for packed spheres was
achieved. The antigen concentration, that is, the number of antigens
per volume, of the tumor cells was 487 mm23. This number was then
reduced with the packing ratio, reflecting the microtumor tissue that is
not tumor cells. For a fraction of fluid in the tumor volume of f 5 0.1,
all studied microtumor sizes were given an antigen concentration of
438 mm23, homogeneously distributed throughout the tumor volume.
The radiolabeled compound is described by the specific activity.
This is often expressed as the radioactivity (Bq) of the radionuclide
per amount (mg) of mAb. To better illustrate the significance of
specific activity, we instead chose to express it in terms of the fraction
of radiolabeled mAb (i.e., mAbs with a bound radioactive atom) to
unlabeled mAb. Throughout this work, we therefore express specific
activity as, for example, 1 in 200 mAbs being radiolabeled, 1 in 1,000
mAbs radiolabeled, and so on. The number of mAbs and the specific
activity then allow calculation of cumulated activity, that is, the total
number of radionuclide decays. This was performed in each 5-mm
tumor shell (sphere radius, #200 mm) or 10-mm tumor shell (sphere
radius, .200 mm) and was done for 50 h, when more than 99% of all
211At atoms have decayed. A flow chart is presented as Supplemental Figure 1 (supplemental materials are available at http://jnm.
snmjournals.org).
For microdosimetry, an in-house–developed Monte Carlo program
(15) was used. The decays were positioned homogeneously within a
particular tumor shell, and the resulting specific energy to each tumor
shell was recorded. This procedure was repeated for decays occurring
in all tumor shells. The weighted results provided the absorbed dose to
each shell of microtumors with radii of 100, 200, 300, and 400 mm.
For the single cell (radius, 7.0 mm), the energy imparted to the cell
nucleus (radius, 5.6 mm) was calculated.
RESULTS

Parameter

Description

Vi

Shell volume

Ai

Intersection area between shells

ni(t)

Number of free mAbs in shell i

Ci(t)

Antibody concentration in shell i

nag,i(t)

Number of free antigens in shell i

Δni(t)

Number of transferred mAbs

nbi(t)

Number of bound mAbs in shell i

The kinetics of mAb binding to the easily accessible antigens
is illustrated in Supplemental Figure 2 for 2 values of k on, 100,000
and the 44,000 M21s21 valid for our clinically studied mAb.
Ninety percent of maximum binding, a percentage at which all
easily accessible antigens are occupied by mAbs, is reached
after 2.5 and 7.5 h for these kon values of 100,000 and the
44,000 M21s21, respectively. The results were derived for 300
MBq of 211At-mAb with a specific activity of 1 in 200 mAbs
radiolabeled. Despite the relatively low intraperitoneal-fluid antibody concentration, almost all easily accessible antigens will be
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the surrounding fluid. The high-specificactivity example illustrates how (the relatively few) mAbs bind almost exclusively
to the easily available antigens on the microtumor surface.
For a single cell, irradiation with a high
specific activity (1 in 200 mAbs radiolabeled) leads to an absorbed dose to its nucleus
of 60 Gy. For a specific activity corresponding to 1 in 1,000 mAbs radiolabeled, the
nucleus receives 15 Gy. For a low specific
FIGURE 1. Simulated penetration of mAbs in microtumor after intraperitoneal infusion of radiolaactivity (1 in 30,000 mAbs radiolabeled),
beled mAb. Concentration of mAb is shown at different depths in microtumors at various times after
the nucleus receives only 0.53 Gy. These
intraperitoneal infusion of 300 MBq of 211At-mAb of relatively high specific activity (1 in 200 mAbs
results show that a relatively high specific
radiolabeled) and low specific activity (1 of 30,000 mAbs radiolabeled). Concentration is normalized
activity is necessary to eradicate single cells
to that of complete saturation—that is, when all antigens in that shell are occupied by a mAb.
and the smallest microtumors. If larger
microtumors are present, sufficient irradiabound within a few hours, provided that koff is negligible. This is tion of their core can be achieved only if the administered mAb
also true for our studied MX35 mAb (16), despite its lower kon. amount is drastically increased. Such intentional lowering of the
The general results are valid for any amount of easily accessible specific activity will, however, result in an absorbed dose inantigens—that is, on cells with varying antigen expression.
sufficient to eradicate the single cells. Figure 2 shows the absorbed
Since the range of emitted α-particles is approximately 70 mm dose to various layers of a 400-mm-radius microtumor exposed to
in tissue, and since the easily accessible antigens are on the sur- intraperitoneally infused 300-MBq high- and low-specific-activity
face of microtumors, successful α-particle irradiation of tumors 211At-mAbs without a subsequent boost. The different mAb conwith radii larger than approximately 50 mm relies on mAb diffu- centrations result in both different amounts of radioactivity in
sion to the subsurface layers of such tumors.
the tumors and different dose distributions. Figure 3 shows the
It is often the amount of administered radioactivity that sets the absorbed dose distribution for various microtumor sizes.
limit for targeted radiotherapies, because of the risk of healthyTo circumvent the apparent limitations of infusing high or low
organ radiotoxicity. Diffusion of mAbs in microtumors, however, specific activities, we propose using a 2-step procedure. If a highdepends only on the intraperitoneal-fluid mAb concentration. This specific-activity 211At-mAb intraperitoneal infusion is followed, at
concentration will differ for the same amount of radioactivity if some later time, by a much higher amount of unlabeled mAb, then
the specific activity of the conjugate is varied.
sufficient absorbed doses to a range of microtumor sizes can be
Figure 1 shows the expected time-dependent mAb tissue con- achieved.
centration at various microtumor depths for 2 different specific
The basis for optimizing a 2-step procedure is the mAb-binding
activities of 300-MBq 211At-labeled mAb: a high specific activ- kinetics onto easily accessible antigens (Supplemental Fig. 2). The
ity corresponding to 1 in 200 mAbs radiolabeled, and a low shorter the time from first infusion to delivery of boost, the more
specific activity corresponding to 1 in 30,000 mAbs radiolabeled. 211At-mAb in the intraperitoneal fluid will be available for binding
For this fixed amount of radioactivity, the low-specific-activity to antigens in the inner shells of microtumors. Figure 4 shows the
example thus contains 150 times more mAb. Such a high resulting absorbed dose distribution in microtumors when a boost
concentration results in rapid binding of the easily accessible with 150 times the mAb amount of the first infusion is delivered
antigens on the microtumor surface, and virtually all such an- 1 or 5 h after the first infusion. After this posttherapy coldtigens are occupied by a mAb in less than 5 min after intraper- antibody boost, a much smaller mAb fraction will carry an astatine
itoneal infusion. Such saturation effectively makes antigens in atom, and the number of 211At-mAbs bound to the easily accessible
deeper layers of microtumors accessible for binding, and the antigens will be reduced.
For the conditions used in Figure 4, a single cell will receive 22
binding barrier shifts inward when there is an excess of mAbs in
or 52 Gy following boost 1 or 5 h after
therapy, respectively. A longer delay before delivery of the boost will thus result
in a higher dose to the smallest tumors but,
because of radionuclide decay, a somewhat
lower dose to the core of larger microtumors.
Further optimization of the delay before the
boost is therefore not crucial because similar
results can be expected for boosts delivered
between 1 and 5 h after therapy.
DISCUSSION
FIGURE 2. Absorbed doses at various depths of 400-μm-radius microtumor after intraperitoneal infusion of 300 MBq of 211At-mAb of relatively high specific activity (1 of 200 mAbs radiolabeled) and low specific activity (1 of 30,000 mAbs radiolabeled).
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For intraperitoneal radioimmunotherapy,
we have previously shown that to achieve
eradicative radiation doses to microtumors

within the peritoneal cavity,
α-particle–emitting radionuclides are needed (4). We have
also shown that with highspecific-activity 211At-mAb, it
is possible to reach high
absorbed doses to tumors with
radii of up to 50 mm even when
the mAbs bind only to the
microtumor surface (4). To eradicate larger microtumors, radiolabeled mAbs need to penetrate
rapidly, relative to the nuclide
half-life, into the tumor tissue.
Our previous therapy studies in
a mouse model showed that
some penetration (;30 mm)
FIGURE 3. Absorbed dose distrimight occur before the nuclide
bution for microtumors with radii of
decay (8). In the current work,
400, 200, and 100 μm. Each graph
we simulated mAb diffusion
is illustrated by mid-sphere section,
in tumor tissue to investigate
with gray-scale–coded shells reprethe penetration of mAbs into
senting likely eradicative absorbed
microtumors. Our aim was to
doses (.10 Gy, black), likely insufficient absorbed doses (,1 Gy,
optimize intraperitoneal 211At
white), and absorbed doses for
radioimmunotherapy for pawhich biologic outcome is less certients in whom microtumors
tain (gray).
of various sizes need to be
sufficiently irradiated.
The model we applied for antibody penetration has been used
to mathematically describe the so-called binding barrier. This
phenomenon occurs because mAb binds to easily accessible antigen
in the outer shells and is thereby hindered from diffusing freely. It is
only when these antigens begin to be occupied by mAbs that excess
mAb can diffuse past these layers. The transfer of a mAb in the tumor
intercellular space will thus be determined by both diffusion and its
probability of binding to an available antigen. Others have used
numeric solutions of coupled differential equations to describe this
transfer (10,11,14). In the current work, we instead used dynamic
simulation software, Stella, for our model calculations. The program

simulates the diffusion and binding of mAbs for a short interval
(0.5 s), repeated with a stepwise movement of time for up to 50 h
after administration. After that time, less than 1% of the radioactivity
remains.
Because the interval was set to be short, the mAb concentration
in each tumor shell did not significantly change and could be set
constant for the duration of each interval. Predicting mAb transfer
within each interval was then a matter of solving equations based
on Fick’s law and the basic antibody–antigen binding process.
The mAb concentration of the intraperitoneal fluid outside the
tumors for each interval was calculated using our previously presented program that describes the time-dependent intraperitoneal
concentration of mAb (4). Combining the change in intraperitoneal-fluid mAb concentration with the expected transport within
tumors allowed us to simulate the effect of multiple administrations, which, in the current work, was shown to be
promising.
The results were generated for an antibody that we used in a
clinical trial (5) and for which we have extensive preclinical data.
The aim was to optimize the intraperitoneal 211At radioimmunotherapy so that it could be expected to eradicate a broad range of microtumor sizes while keeping the eventual systemic irradiation as low as
possible. The calculations were therefore based on an administered
activity concentration of about 200 MBq/L. This concentration was
estimated to provide an acceptably low total-body irradiation (17).
Long-term detrimental effects are of particular concern because our
treatment is aimed at an adjuvant setting in which about 30% of the
patients are expected to be tumor-free after standard care.
Some biologic variables that might alter the results were not
included in the model. These include heterogeneity of receptor
expression within the microtumor, rate of antibody deastatination in vivo, and possible receptor–antibody internalization
kinetics and subsequent subcellular localization. It was also beyond the scope of this current work to detail the expected radiosensitivity, dose microdistribution, and possible bystander
effects from α-particle irradiation. A tumor control probability,
TCP, analysis of cells in each tumor shell could possibly better
predict the fate, but the uncertainties of the results would be
significant. Instead we have, throughout this current work, used

FIGURE 4. Absorbed dose distribution to spheric tumors with radii of 100, 200, 300, and 400 μm after intraperitoneal infusion of high-specificactivity 211At-mAb (1 in 200 mAbs radiolabeled) followed by boost with 150 times mAb amount of first infusion. Shown are results when
posttherapy cold-antibody boost is delivered 1 h after therapy (top) and 5 h after therapy (bottom). Dashed line shows results without posttherapy
cold-antibody boost.
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a threshold of 10 Gy to describe an eradicative dose. This choice
is partly based on our previous work, which showed that cure of
subcutaneous tumors from 211At-MX35 irradiation was achieved
at 10 Gy (18). Although this dose carries large uncertainties
when used for microtumors and single cells, we have chosen
to use it to discuss how intraperitoneal 211At radioimmunotherapy can be optimized.
Improvements in radiolabeling techniques make it possible to
label mAbs with 211At to a high specific activity (19). In our
clinical trial (17), up to 1 in 200 mAbs were radiolabeled. This
ratio was also used for the simulations presented in the current
work. High specific activity is required to achieve high absorbed
doses to isolated single cells and very small cell aggregates (4).
However, because the mAb concentration is then low, the time for
mAb transport to deeper, embedded, layers of antigens in larger
tumors will be long. Hence, a lower specific activity could result in
a better, that is, shallower, dose profile. The 10-Gy front would
reach deeper and the surface dose would be slightly lower (but still
higher than 10 Gy) for a lower specific activity than for a higher
specific activity. For our default assumptions, a specific activity
higher than 1 in 1,000 mAbs radiolabeled is needed for eradication
of isolated single cells. If the specific activity were intentionally
lowered from 1 in 200 to 1 in 1,000 mAbs radiolabeled, however,
the 10-Gy front would move only a little, from 89 to 102 mm in
depth, in 200-mm-radius spheric microtumors. Such microtumors
will thus not be sufficiently irradiated. Instead, a seminal improvement in irradiating such microtumors is made by adding a boost
infusion of unlabeled mAb. Such a posttherapy cold-antibody
boost will cause all tumor cells to receive an absorbed dose of
more than 10 Gy.
The results are presented for different sizes of microtumor and a
boost using a 150-times-higher unlabeled-mAb amount. Increasing the boost amount generally helps the irradiation also reach the
core of larger microtumors. The optimal amount to reach the
10-Gy level for the studied microtumor sizes is 150 times. In a
clinical setting, however, the optimal boost amount is difficult to
establish, partly because the distribution of microtumor sizes in
the individual patient is unknown.
Binding to easily accessible antigen is relatively rapid. In our
default setting, around 80% of such antigens will be occupied
within 5 h. However, unlabeled mAbs delivered in a boost will
compete for the same antigens. Therefore, if the boost is delivered
too early, the smallest tumors or single cells might not have bound
enough 211At-labeled mAb. A delay of a few hours will reduce this
effect, but at a cost of reducing the depth-dose by about 9% per
hour, because of the physical half-life of 211At. A boost delivered
within the proper time should, however, not significantly decrease
the ability to eliminate the smallest tumors and single cells.
Hence, there is no obvious disadvantage to incorporating a posttherapy cold-antibody boost. Adding a boost is also relatively
straightforward and should not have a significant impact on patient
comfort or staff logistics.
Our default setting uses an antigen expression of 700,000 per
cell. A lower antigen expression will typically result in lower
absorbed doses. Penetration is, however, more rapid because fewer
sites need to be filled before saturation occurs and antigens
become accessible to deeper microtumor layers. This effect
mediates the effect of the lower absorbed dose in that a somewhat
better dose profile is achieved. In general, our calculations show
that variations of up to 50% in antigen expression do not alter our
conclusions on optimal treatment methods.
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In addition to antigen binding, the diffusion coefficient
determines the penetration. This coefficient is uncertain, with
reported values of around 10 mm2/s for IgG in tumor tissue (20).
We use a coefficient of 14 mm2/s (21). For F(ab9)2, used in our
clinical study with MX35, theoretically the coefficient is around
15% greater than for IgG (22). However, this uncertainty in the
diffusion coefficient does not affect the major findings of this
current work. A 650% change in the used coefficient results in
moving of the 10-Gy front by 610 mm in 200-mm-radius microtumors. For molecules much smaller than F(ab9)2, such as singlechain antibody fragments, the diffusion coefficient is significantly
higher, at around 80 mm2/s (11), and eradicative doses can be
achieved throughout spheric microtumors with radii of up to
200 mm without a boost, as long as the binding characteristics
are intact. For larger tumors, a boost will be required for such
small molecules.
To further optimize intraperitoneal radionuclide therapy, additional radionuclides might also be considered. We have previously
addressed the difficulty of eradicating microtumors within tolerable toxicity for various b-emitting radionuclides (4). α-emitters,
therefore, remain our main candidates. Those with longer halflives than 211At would, in some situations, result in a higher probability of cure. Examples such as 212Pb and 225Ac are, however,
often considered unsuitable because their complex decay chain
includes α-emitting daughter nuclides that likely increase normalorgan toxicity. A boost might, however, cause the parent decay to
occur at some depth within the tumor, adding to the likelihood that
the daughter nuclides also will decay within the tumor. This possibility should be further investigated.
CONCLUSION

The modeling shows that 1-step intraperitoneal α-particle
radioimmunotherapy is unlikely to provide sufficient irradiation
of all the sizes of microtumor expected in a minimal disease
setting. High-specific-activity radiolabeled high-affinity mAbs
that are bound to a tumor surface will penetrate more slowly
than the half-lives of 211At and shorter-lived radionuclides. The
inner-core cells of tumors with radii exceeding 100 mm may
therefore not be sufficiently irradiated. For lower specific activities, the penetration rate and dose distribution will be more
favorable for such tumors, but the dose to smaller microtumors
and single cells will be low.
Our calculations show that a boost with unlabeled mAb 1–5 h
after therapy results in eradicative doses both to single cells and
throughout microtumors of up to about 300 mm in radius. On the
basis of our modeling, we therefore suggest the use of a posttherapy cold-antibody boost at 1–5 h after high-specific-activity
therapy. This suggestion should also be valid for other highaffinity mAbs and short-lived α-emitters. The addition of a posttherapy cold-antibody boost carries minimal risk, is clinically
feasible, and facilitates sufficient irradiation of all relevant sizes
of microtumor.
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