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Given the relatively large tumor-absorbed doses reported for pa-
tients receiving radionuclide therapy, particularly radioimmuno-
therapy, and the relatively long pathlength of the nonpenetrating
emissions of some radionuclides being used for these therapies,
there exists the possibility of large absorbed doses to tissues
adjacent to, surrounded by, or surrounding these tumors. Because
tumors can occur adjacent to critical organs or tissues, such as
arteries, nerves, pericardium, and the walls of the organs of the
gastrointestinal tract, large absorbed doses to these normal tis-
sues can lead to acute complications. Methods: In this study, the
Monte Carlo radiation transport code MCNP4b was used to sim-
ulate the deposition of energy from emissions of 2 radionuclides of
interest, 131I and 90Y, to assess the possible magnitude of the
absorbed doses in tissues adjacent to tumors. Mathematic models
were constructed to simulate situations that might occur, such as
tumor wrapped around a small cylinder (e.g., a nerve or artery),
tumor against a tissue (e.g., the pericardium or wall of any gastro-
intestinal tract organ), and tumor surrounded by any soft tissue.
Tumor masses of 10, 20, and 40 g were used in each model. Depth
dose distributions were calculated using Monte Carlo simulations
of the radiation transport in these geometric models. Results: For
tissues close to tumors containing 90Y, the absorbed dose ranged
from 24% of the absorbed dose in the tumor, for the case of
tissues 1 mm from the tumor, to 103% of the absorbed dose in the
tumor, for the case of small structures such as nerves or arteries
surrounded by tumor. For tissues close to tumors containing 131I,
the absorbed dose ranged from 4% of the absorbed dose in the
tumor, for the case of tissues 1 mm from the tumor, to 46% of the
absorbed dose in the tumor, for the case of small structures such
as nerves or arteries surrounded by tumor. Conclusion: This study
showed that when absorbed doses to tumors are large, the ab-
sorbed dose to adjacent tissues can also be large, potentially
causing unexpected toxicities.
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Radionuclide therapy, particularly radioimmunotherapy,
is designed to deliver a cytocidal radiation dose to a variety
of tumors while minimizing the dose to normal tissues. The
dose-limiting toxicity for most of these therapies without
hematopoietic stem cell support is myelosuppression (1–4),
but other toxicities in organs such as the spleen and kidneys
have been reported (5). In addition to toxicities caused by
direct uptake of activity in organs and tissues, another
possibility is toxicity caused by irradiation of tissues that
contain little activity themselves but are adjacent to regions
of high activity uptake and retention, such as tumors. Tumor
doses as high as 18,000 cGy (3) and 24,000 cGy (6) have
been reported for 2 different monoclonal antibodies che-
lated to 90Y in patients enrolled in radioimmunotherapy
clinical trials. This study evaluated the potential absorbed
dose to normal tissues close to activity-containing tumors.
Absorbed dose distributions in normal tissue adjacent to,
surrounded by, or surrounding 10-, 20-, and 40-g tumor
sources containing 131I or 90Y, such as might be expected in
radioimmunotherapy, were determined using the Monte
Carlo radiation transport code MCNP4b. Three mathematic
models were created for each of the 3 tumor sizes, resulting
in 9 distinct models. Emissions for both 131I and 90Y were
simulated separately for each model. These models were
constructed with appropriate geometries to simulate a
spheric tumor surrounding a small cylinder (such as a
nerve), a hemispheric tumor against a tissue (such as the
pericardium or wall of any gastrointestinal tract organ), and
a spheric tumor surrounded by soft tissue.

MATERIALS AND METHODS

Geometric Models
For the spheric tumor–cylindric target (e.g., nerve or small

artery) mathematic model in which the tumor surrounds the tissue,
the target nerve or artery was modeled as a 1-mm-diameter cylin-
der positioned along the central x-axis of the sphere. This cylinder
was subdivided into a central cylinder and 2 cylindric shells so that
the absorbed dose as a function of depth could be determined. The
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absorbed dose was determined to a lengthwise central portion of
the entire cylinder to remove edge effects. This lengthwise central
portion was set equal in length to the radius of the sphere in which
it was contained and was centered in the sphere. A cutaway view
of this model is shown in Figure 1.

For the hemispheric tumor–cylindric target mathematic model
in which the tumor is directly adjacent to normal tissue, the target
tissues were modeled as successive cylindric disks at increasing
distances from the flat side of the hemispheric source tumor. The
radii of the disks were chosen as one half the radius of the
hemispheric source to eliminate edge effects. A cutaway view of
this model is shown in Figure 2.

For the spheric tumor–spheric target model in which the tumor
is surrounded by tissue, the target tissues were modeled as suc-
cessive concentric spheric shells at increasing distances from the
center of the spheric source tumor. A cutaway view of this model
is shown in Figure 3.

Radiation Transport Simulations
MCNP4b was used to calculate the absorbed fractions for the

various target regions for all tumor source models to simulate the
deposition of energy from 131I and 90Y within normal tissue close
to the source tumors. The composition of the source and target
regions was assumed to be that of soft tissue, with a density of 1.04
g/cm3 (7). Each radionuclide was assumed to be uniformly distrib-
uted within the hemispheric or spheric source tumor. Emission
energies and yields for 131I and 90Y were taken from Weber et al.
(8). Full �-spectra were generated for the 2 radionuclides. For the
photon simulations, sufficient numbers of histories were run such
that the relative errors were �5% and �8% for 131I and 90Y,
respectively. For 90Y, the total photon contribution was �0.01% of
the total dose in each target region. For the electron simulations,
sufficient numbers of histories were run such that the relative

errors were �5.6% and �7.5% for 131I and 90Y, respectively, for
all target regions for which the electron dose was �1% of the
source total dose. The MCNP4b relative error criterion for gener-
ally reliable results is �10% (9).

The MCNP4b energy deposition tally was used to calculate the
total energy deposited in the various target regions for all tumor
source models. Energy deposition was tallied in the successive
normal tissue targets, which ranged in thickness from 0.005 to 0.21
cm. The tally results from the MCNP4b simulations were con-
verted into absorbed fractions and depth dose profiles using the
standard MIRD methodology (10).

RESULTS

Depth dose distributions in surrounding normal tissue for
the 10-, 20-, and 40-g hemispheric and spheric tumor source
volumes containing 131I or 90Y were calculated. The results
are given in Tables 1–3 as the percentage of source dose for
the combined electron and photon components as a function
of distance into the normal-tissue target for 131I and 90Y. For
the model of a spheric tumor surrounding a small cylindric
target (Table 1), the depths are equal to the distance from
the source–target interface to the center of the respective
cylindric shell (i.e., the distance into the normal-tissue tar-
get). For the model of a hemispheric tumor (Table 2), the
depths are equal to the distance from the planar source–
target interface to the center of the respective target disk
(i.e., the distance into the normal-tissue target). For the
model of a spheric tumor surrounded by spheric targets, the
depths are equal to the distance from the center of the source

FIGURE 1. Cutaway view of spheric tu-
mor–small cylindric target model.
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to the center of the respective target region minus the source
radius (Table 3).

DISCUSSION

The depth dose distributions, that is, dose as a function of
depth, in adjacent normal tissue were determined using the

Monte Carlo radiation transport code MCNP4b for hemi-
spheric and spheric tumors containing 131I and 90Y. The
decrease in dose with distance from the tumor source was
significantly greater for 131I than for 90Y. This finding is not
surprising because the average range of the �-particles in
soft tissue is 0.08 and 0.5 cm for 131I and 90Y, respectively.

FIGURE 2. Cutaway view of hemispheric
tumor–cylindric disk target model.

FIGURE 3. Cutaway view of spheric tu-
mor–spheric shell target model.
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Tumors containing radioactivity can deliver a radiation
dose to nearby normal tissues. The absorbed dose will vary
with tumor activity uptake and retention and with radionu-
clide. If tumor-absorbed doses are known, the absorbed
doses to adjacent tissues in geometries similar to those
described in this study can easily be determined using
Tables 1, 2, or 3. As can be seen from the tables, the dose
to normal tissues is significantly less for 131I than for 90Y
when tumor-absorbed doses are similar, but either could
cause unexpected toxicities when tumor-absorbed dose is
large.

The dose absorbed by normal tissues is simply deter-
mined from the percentage of the tumor-absorbed dose at
the required depth given in each table. For example, if the
absorbed dose in a 20-g tumor containing 90Y is determined
to be 10,000 cGy and this tumor is surrounding a small
nerve (Table 1), the dose to the center of the nerve (at a
depth of 0.042 cm) will be approximately 9,900 cGy. For
the same scenario in the case of 131I, the dose to the center
of the nerve would be approximately 3,100 cGy. These
normal-tissue doses can be compared with known tolerance

doses (TDs), which, in external-beam radiation therapy,
express the tolerance of normal tissues to the therapy. The
2 most common TDs are TD 5/5 (the probability of 5%
complication within 5 y from treatment) and TD 50/5 (the
probability of 50% complication within 5 y). TD 5/5 and TD
50/5 for neuropathy after irradiation of whole peripheral
nerves are 1,500 and 2,000 cGy, respectively (11), and for
neuritis after irradiation of 10 cm of nerve are 6,000 and
10,000 cGy, respectively (12). Because the amount of nerve
tissue irradiated by a surrounding tumor is much smaller
than the amount on which the TDs are based, these TDs
cannot be directly applied. However, they do give some
indication of the absorbed dose levels at which toxicity may
potentially be observed.

As a second example of the use of the tables in this study,
consider that the absorbed dose to a 40-g hemispheric tumor
adjacent to the small intestine wall was 10,000 cGy (Table
2). The absorbed dose at the center of the intestinal wall (a
depth of 0.15 cm) (13) would be approximately 2,000 cGy
for 90Y and 600 cGy for 131I. The TD 5/5 and the TD 50/5
for ulcer, perforation, and hemorrhage for irradiation of 100

TABLE 1
Depth Dose Profiles for 131I and 90Y in Tissue Adjacent to Spheric Tumor–Cylindric Target Model

Depth (cm)

% Source dose

10-g tumor 20-g tumor 40-g tumor
131I 90Y 131I 90Y 131I 90Y

Source 100 100 100 100 100 100
0.0085 50 104 51 102 52 98
0.025 36 103 37 98 39 95
0.042 31 100 31 99 35 96
S-value in source (�Gy/MBq.s) 3.15 12.76 1.58 6.53 0.83 3.38

TABLE 2
Depth Dose Profiles for 131I and 90Y in Tissue Adjacent to Hemispheric Tumor–Cylindric Target Model

Depth (cm)

% Source dose

10-g tumor 20-g tumor 40-g tumor
131I 90Y 131I 90Y 131I 90Y

Source 100 100 100 100 100 100
0.0025 46 61 46 58 47 56
0.01 32 56 33 54 34 52
0.02 22 52 24 50 24 48
0.03 17 48 18 46 19 44
0.04 13 44 14 42 15 41
0.05 10 42 11 39 12 38
0.06 8 39 9 37 10 36
0.07 7 36 8 35 9 34
0.08 6 34 7 33 8 31
0.09 5 32 6 31 8 30
0.10 5 30 6 28 7 28
0.15 4 22 5 21 6 20
0.25 3 11 4 11 6 11
0.40 3 4 4 4 5 4
0.60 2 1 3 1 4 1
S-value in source (�Gy/MBq.s) 3.15 12.00 1.58 6.38 0.83 3.30
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cm2 of intestine are 5,000 and 6,500 cGy, respectively (12).
The caveat regarding whole and partial irradiation men-
tioned in the first example applies here as well.

CONCLUSION

Because the radiation dose to normal tissues close to
activity-containing tumors can be quite large, potential tox-
icities may occur, especially for particularly radiosensitive
tissues. Because of the larger maximum �-emission energy
and longer emission pathlength of 90Y, absorbed dose to
adjacent tissues falls off more slowly as a function of depth
from tumors containing 90Y than from tumors containing
131I. For example, using the hemispheric model, the ab-
sorbed dose in the tissues adjacent to a 20-g tumor are
reduced to roughly 25% of the tumor-absorbed dose at 0.2
and 1 mm for 131I and 90Y, respectively. Thus, unexpected
toxicities to adjacent tissues will likely occur more fre-
quently with 90Y than with 131I if tumor doses for the 2
radionuclides are similar.
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TABLE 3
Depth Dose Profiles for 131I and 90Y in Tissue Adjacent to Spheric Tumor–Spheric Target Model

Depth (cm)

% Source dose

10-g tumor 20-g tumor 40-g tumor
131I 90Y 131I 90Y 131I 90Y

Source 100 100 100 100 100 100
0.0025 43 53 43 52 44 52
0.01 31 48 31 48 32 48
0.02 21 44 21 43 22 44
0.03 15 40 16 40 17 40
0.04 11 37 12 37 13 37
0.05 8 35 9 34 11 34
0.06 7 32 8 32 9 32
0.07 5 30 6 30 7 30
0.08 5 28 6 28 7 28
0.09 4 26 5 26 6 26
0.10 4 24 5 24 6 24
0.15 3 17 4 17 5 17
0.25 2 8 3 8 4 9
0.40 2 3 3 3 4 3
0.60 2 0.4 2 0.4 3 0.4
S-value in source (�Gy/MBq.s) 3.15 12.75 1.58 6.53 0.83 3.38
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