levels during occlusion of the pulmonary artery confirms the
diagnosis. Hypoxemia resolves after pneumonectomy. Intratu-
moral functional shunting should be recognized so that the
patient can benefit from surgical treatment.
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Radiation Absorbed Doses to the Walls
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Many radiopharmacueticals are excreted from the body through the
gastrointestinal (Gl) tract. The doses to the walls of the organs
involved often are very significant. As significant fractions of the
administered activity pass through them, these organs may receive
the highest doses in the body for many radiopharmaceuticals. The
absorbed dose to these walled organs, from activity in their con-
tents, is typically calculated as 50% of the average absorbed dose
to the contents, for nonpenetrating emissions. The internal surface
of the Gl tract, and to a certain extent the urinary bladder, is lined
with a variable thickness of mucus. In addition, the radiosensitive cell
populations (crypt or stem cells) are located at some depth into the
mucosa. These two factors suggest that the surface dose, often
used to characterize the clinically relevant absorbed doses for
walled organs, may represent an overestimate in some cases.
Methods: In this study, the radiation transport code MCNP was
used to simulate the deposition of energy from nonpenetrating
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emissions of several radionuclides of interest: °°Y, ®*™T¢, '23| and
131, Absorbed doses as a function of distance from the wall-
contents interface were calculated for three geometric shapes
representing different organs along the routes of excretion. Results:
The absorbed dose from nonpenetrating emissions to the sensitive
cell populations was consistently lower than estimated by the
standard model assumption. The simulated absorbed doses to
radiosensitive cells in the Gl tract for **™Tc and 23 are tenfold
lower; those for '3'| are fivefold lower and those for *°Y are 20%
lower. Conclusion: This study demonstrates that the normally
reported dose to the walls of hollow organs probably should be
modified to account for the attenuation of these nonpenetrating
emissions in the linings of the walls. This study also demonstrates
that Monte Carlo codes continue to be useful in the evaluation of the
dose to sensitive cells in walled organs.

Key Words: Monte Carlo; radiation absorbed doses; gastrointesti-
nal tract; electrons; beta particles
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Nearly all radiopharmacueticals used in nuclear medicine,
both diagnostic and therapeutic, are excreted from the body
either through the gastrointestinal (GI) tract or renal system.
Because a large fraction of the administered activity usually is
excreted through one or both of these routes, the activity in the
contents can represent significant sources of radioactivity irra-
diating the walls of organs in the GI tract or in the urinary
bladder.

The absorbed dose to these walled organs, from activity in
their contents, has been reported as the absorbed dose to the
wall-contents interface. This absorbed dose from the “nonpen-
etrating” emissions (electrons, beta particles, etc.) typically is
estimated as 50% of the average absorbed dose for the contents
from the activity in the contents (/). The internal surface of the
GI tract, and to a certain extent the urinary bladder, is lined with
a variable thickness of mucus. In addition, the radiosensitive
cell populations (crypt or stem cells) are located at some depth
into the mucosa. This study evaluates the appropriateness of the
use of this dose at the interface of the walls and contents of
hollow organs to characterize the dose to the critical cells within
the wall.

Anatomic and Histologic Information

The GI tract is composed of the stomach, gallbladder, small
intestine, upper large intestine and lower large intestine. For the
renal excretory system, the organ of interest is the urinary
bladder. Generally speaking, these organs can be thought of as
ellipsoidal or cylindrical shells of tissue surrounding liquid
contents. The contents of the proximal GI tract is called chyme;
that of the gallbladder, bile; that of the distal GI tract, feces; and
that of the urinary bladder, urine. The thicknesses of the walls
of these organs are highly variable, ranging from 1-5 mm.
Contained within the inner or mucosal layer of the organ walls
are the radiosensitive cell populations (crypt or stem cells).

In the GI tract, the cells with appreciable turnover rates, and,
thus, radiosensitivity, are found lining either glands (stomach,
colon) or the base of villi (small intestine). The average cell
lifetime is 4-7 days. The precursor cells (undifferentiated) are
found at the base of the glands or crypts. As the precursor cells
divide, some daughter cells begin differentiating, specializing in
function, and migrating from the crypt region to the mucosal
surface or tips of the villi. After reaching these locations, the
cells have exhausted their allotted lifetime and, subsequently,
slough off into the lumen of the GI tract. When the cells are near
the microvilli tips, gland opening or flat absorptive surface, they
are at a distance from the lumen contents corresponding to the
mucus layer thickness. Under normal physiological conditions,
the cells are not in direct contact with the contents.

In the stomach, the mucus layer is about 180 pum thick (2),
and the surface mucus cells lining the inner surface of the
stomach wall are 20—40 um thick (3). The stomach surface is
pitted with foveola 200 um deep by 70 wm in diameter (3). At
the base of the foveola are the gastric glands that contain
radiosensitive cells at a depth of approximately 200 um (3).
Thus, the depth to the sensitive cells may be taken as approx-
imately 600 um.

In the small bowel, the number and height of villi decrease
distally toward the terminal region of the ileum. Villi are
finger-like structures projecting from the mucosa into the
lumen. Few data were found concerning the thickness of the
small bowel mucus layer, so a value of 200 wm was used.
Small-bowel biopsy of the jejunum, the longest segment of the
small intestine, demonstrated mean villus heights of 372 um
and mean crypt depths of 132 um (4). Other investigators have
reported mean villus heights of 496 um (5) and 500-1000 wm

(3), as well as mean crypt depths of 150 um (5). For this study,
we used a mucus layer thickness of 200 wm, villus height of 500
pm and crypt depth of 150 wm. Thus, the depth to the sensitive
cells may be taken as approximately 850 um.

The colon has a smooth internal surface pitted with tubular
crypts up to 700 um in depth (3). Few data were found
concerning the thickness of the small bowel mucus layer, so a
value of 200 um was used. Thus, depth to the sensitive cells,
using one-half the crypt depth as where the sensitive cells start
being populated, may be taken as approximately 550 um.

MATERIALS AND METHODS

Models

Three organs were mathematically modeled: the small intestine,
the large intestine or colon, and the stomach. The small and large
intestines were modeled as cylinders, with an inner cylindrical
volume representing the contents and the volume between this
cylinder and a second, outer cylinder, representing the intestinal
wall. The equations describing the geometry of the intestines are:

P+y=cand 2 + > < (c + 0.5, Eq. 1
and for the contents,
?+y<d
-50=z=<5.0. Eq.2

The dimensions on all variables are in centimeters. In these
equations, c is 1.0 cm and 4.0 cm for the small and large intestines,
respectively (6). These models represent only isolated segments of
the entire intestine. Their representation as upright cylinders of 10
cm in length is arbitrary.

The equations that describe the stomach are taken from the
Cristy and Eckerman Reference Adult (7) stomach model. The
stomach wall is modeled as the volume between two concentric
ellipsoids. The stomach contents are modeled as the volume within
the inner ellipsoid. The stomach wall is defined by:

x 2 y 2 z 2
and
x 2 y 2 z 2
(3.387) +(2.387) +(7.387) =10, Eq.4
and the contents are defined by:
x 2 y 2 z 2
(3.387) +(2.387) +(7.387) <10. Eq. 5

The Monte Carlo computer code, MCNP (8), was used to
simulate the transport of the beta particles, conversion electrons
and Auger electrons from the four radionuclides studied in this
work: *°Y, #™Tc, '2°[ and ''I. All secondary particles generated
from primary interactions, such as knock-on electrons and brems-
strahlung, are simulated by the code.

Radiation Transport Studies

The models for the intestines and the stomach were implemented
in MCNP as organs surrounded by a large void space. Energy
deposition outside of the organs was not of concern in this study.
The composition of the organ wall and contents was assumed to be
that of soft tissue, as defined by Cristy and Eckerman (7), with a
density of 1.04 g/cm?. Each radionuclide source was assumed to be
uniformly distributed within the organ contents.

Emission source spectra for each radionuclide were taken from
decay data of Weber et al. (9). Iodine-123 decays by electron
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capture, so its spectrum consists of discrete electron energies from
conversion and Auger electrons. Technetium-99m decays almost
exclusively by internal conversion (i.e., there is a very low yield of
beta emission, so low that its consideration can be neglected
entirely), therefore, its spectrum consists entirely of discrete
electron energies. Yttrium-90 and '*'I both decay by beta emission,
hence the spectrum for each consists of a continuous electron
energy distribution. The beta spectra for °°Y and "'l were
generated from data files and an extraction utility maintained by
the Dosimetry Research Group of the Health Sciences Research
Division at Oak Ridge National Laboratory (/0). The '*'I spectrum
contains five conversion electron energies in conjunction with its
beta distribution.

MCNP’s energy deposition tally was used to calculate the total
energy deposited in the walls of the organs. Tallies were made in
concentric shell volumes, which ranged in thickness from 10-um
shells within the inner 300 wm of the wall to 200-um thick shells
through the outer 4000 um of the wall. The tally results are in units
of total energy deposited (MeV) per source particle. These results
were converted to units of total energy deposited per decay by
multiplying by the number of source particles per decay for each
radionuclide. These values then were expressed in the form of
mean dose per unit cumulated activity (Gy/Bg-s), through consid-
eration of the energy deposited and the mass of each shell.

The number of particle histories was varied for the different
radionuclides to obtain acceptable statistical uncertainties in the
reported results. Four million source particle histories were fol-
lowed for the *™Tc and '?*I calculations, while 3 million histories
were followed for the '*'I calculations and, approximately, 540,000
histories for the *°Y calculations. The number of electron substeps
per energy step was increased to 24 from the default value of 3 for
all calculations.

RESULTS

Depth dose distributions were calculated for the three geom-
etries corresponding to the stomach (ellipsoidal; axes 4, 3 and 8
cm), small bowel (cylinder; length 10 cm, radius 1 cm) and
large bowel (cylinder; length 10 cm, radius 4 cm). The results

RaDIATION ABSORBED Doses To HoLLow ORGANSs « Stubbs et al.

for electron dose as a function of distance into the wall in these
three geometries for all radionuclides are shown in Figures 1, 2
and 3. Results for photon and electron dose as a function of
distance into the wall of the small intestine for '*'l, '#’I and
99mTc are shown in Figures 4, 5 and 6.

The absorbed dose to crypt cells in the small bowel from *°Y
in the small bowel contents is somewhat less than the standard
value of small bowel absorbed dose. For a 1.0-hr residence
time, the standard small bowel wall dose would be 0.68
mGy/MBgq. The absorbed dose to the small bowel crypt cells, as
estimated in this study, is 0.42 mGy/MBgq, or about 62% of the
standard value.

The relevant, nonpenetrating absorbed dose to the GI tract
wall from '*'I is less than 10% of the standard value. For '’
and *™Tec, the absorbed doses to sensitive cells are three orders
of magnitude lower than predicted by the standard approach.

The absorbed doses to the sensitive cells also should include
the contributions from penetrating emissions, such as the
photons of '*'I. For '*'I, the total S-value at the mucus-contents
interface of the small intestine model in this study is 5.5E-13
Gy/Bg-s (SE-14 Gy/Bg-s from photons and SE-13 Gy/Bg-s
from nonpenetrating emissions) (Fig. 4). However, Figure 4
also shows that the total S-value at the surface of the crypt cells
is only 7E-14 Gy/Bg-s (SE-14 Gy/Bg-s from photons and 2E-14
Gy/Bg-s from nonpenetrating emissions). Thus, the S-value at
the sensitive cell level is only 13% of that at the surface of the
contents, even when the photon contributions are included.

For '2’[ in the same geometry, the calculated total S-value at
the mucus-contents interface is 6E-14 Gy/Bqg-s (4E-14 Gy/Bg-s
from photons and 2E-14 Gy/Bg-s from nonpenetrating emis-
sions) (Fig. 5). However, the total S-value at the crypt-cell level
is 3E-14 Gy/Bg-s (3E-14 Gy/Bg-s from photons and <1E-17
Gy/Bg-s from nonpenetrating emissions). Thus, even though
the photons contribute significantly to the total S-value at the
sensitive cells’ depth, the calculated S-value is only 50% of the
value normally reported, as the contribution from the nonpen-
etrating emissions is negligible.
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For ®™Tc in the same geometry, the total S-value at the
mucus-contents interface was 3.6E-14 Gy/Bqg-s (1.8E-14 Gy/
Bg-s from photons and 1.8E-14 Gy/Bg-s from nonpenetrating
emissions) (Fig. 6). The total S-value at the crypt cell level was
1.5E-14 Gy/Bg-s (1.5E-14 Gy/Bg-s from photons and <1E-17
Gy/Bg-s from nonpenetrating emissions). Here, the calculated
S-value at the sensitive cell depth is about 42% of the value
normally reported.

Table 1 lists the ratio of the electron absorbed dose at the
organ content’s interface with the mucus layer to the absorbed

dose at the location of the sensitive cells (highest point in the
crypts, containing radiosensitive cells or cells at significant risk
for carcinogenesis). The standard value quoted in internal
dosimetry, for so-called “nonpenetrating” emissions (electrons
and beta-rays), is the absorbed dose at the contents-mucus
interface (i.e., 50% of the dose at the center of the contents).

DISCUSSION
Figure 1 shows the electron (the term “electron” includes all
beta particles, conversion and Auger electrons, etc.) dose per
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disintegration as a function of distance into the wall of the
stomach, as modeled in this study. Also shown are approximate
depths for the mucus layer, foveola and gland cells. Obviously,
these depths are not exactly known and will vary even within a
given individual, but they are shown here for reference in
interpreting the doses at different distances from the organ
contents. For ™Tc, '#I and '*'l, the electron doses drop over
several orders of magnitude over the distances studied. The
doses estimated on the flatter portion of the curve are contri-
butions from bremsstrahlung radiation (that are associated with
more significant uncertainties than are the electron doses, but

which are of much smaller magnitude). For °°Y, the beta doses
are still significant at 0.6 cm from the source, consistent with
the range of these particles in soft tissue (~1 cm). For ®™Tc
and '?’1, it is clear that the electron doses drop considerably,
perhaps to negligible levels before penetrating the mucus layer
of the stomach. Even if the mucus layer is somewhat thinner
than assumed here, the doses to the foveola and glands are
markedly lower than the dose at the interface with the contents.
For '3, the dose has dropped by about a factor of 2 before
reaching the foveola and, perhaps, a factor of 5 before reaching
the gland cells. Although there is some decrease, the doses from

Pdoo® 0 0 o0 oi o O 0 0 0i0 0 0 0 o 600 o OE
10-14 §
2 ]
3 o Photon ]
10—15 g; a Electron I........_g
0 F 2 g
o C ]
S w0t
e F 3
[75] 10_17 ;___, ...]L{#* E
} ; 3] ; ]
10.13; I&g §{; §}§§ §i} }
HIERG 11 ! t { ]
C 3 ¥ ]

101° N T e N P P
0 0.1 0.2 0.3 0.4 0.5

Distance from contents-wall interface (cm)

FIGURE 5. Electron and photon dose as
function of distance into wall of small
intestine for 23|,

RapiATION ABSORBED Doses To HoLLow ORGANS « Stubbs et al.

1993



10-14 00 9.0 0....04..0.-O e Qe b 0TTETE 66 e 6 o
o ]
ra ]
- Pho
10°15 3 : Blect:'gn ........ 3
@ :i ]
| ]
S 10 §
e %,‘ ]
(7,) L 4
10‘17 . T 3
10-11;_ ﬁﬁ 1$£}}§I§II } I} § :
|| ARSI
-19 1 " i PO S S 1 — PR S Y 1 [ 1 ORI S T Y
10 0 0.1 0.2 0.3 0.4 0.5
Distance from contents-wall interface (cm) FIGURE 6. Electron and photon dose as
function of distance into wall of small
intestine for ™ Tc.

%Y have fallen off by not quite a factor of 2 before reaching the
glands. In typical dosimetry calculations, the dose right at the
interface (distance = 0 in this figure) is used as the dose to the
“wall” of this organ. For *°Y, given the uncertainty in the
activity concentrations, irradiation geometry, thickness of the
mucus lining and other variables, this is probably a reasonable
approximation. For *™Tc and '?’l, it is questionable whether
any electron dose at all should be assigned to the “wall” of this
organ, if the interest is in the dose to the living cells in the wall
capable of expressing radiation damage or neoplastic growth.
For '*'1, it appears that some level of dose should be assigned,
but one that is much lower than that at the interface. It is
important to remember that this figure shows only the electron
doses. The photon dose contribution will be considered later. It
is clear that the use of the interface dose to represent the “wall”
dose for all radionuclides represents an overestimate of the true
dose to biologically important cells, for many radionuclides
emitting only moderate- to low-energy electrons.

In the small intestine and colon (Figs. 2 and 3), a similar
pattern occurs. In the small intestine (Fig. 2), the *°Y doses have
dropped off by perhaps a factor of 2 before reaching the crypt
cells, the "' doses have dronged by more than an order of
magnitude, and the **™Tc and '#I doses have dropped by many
orders of magnitude, with only bremsstrahlung contributions
remaining. In the colon (Fig. 3), the %Y doses have dropped

slightly before reaching the crypt cells, the '*'I doses have
dropped by about a factor of 2, and the *™Tc and '*’I doses
have dropped markedly.

Figures 4-6 show the relative significance of the photon and
electron components of the total self-dose from '*'I, '] and
99mT¢ to the wall of the small intestine (it should be recalled
that for a photon emitter, other organs in the body may
contribute some dose to the total). As expected, the photon
doses drop off only slightly over the distances studied, while the
electrons drop off as in Figure 2. As noted earlier, the total S
values for '3'I, 31 and ®™Tc are about 13%, 50% and 42%,
respectively, of those at the contents-mucus interface. Thus, the
absorbed doses that are reported routinely may in many cases
significantly overestimate the dose to the sensitive cells in the
intestine wall, as well as in the walls of other hollow organs.
Normally, the specific absorbed fraction for a “nonpenetrating”
emission originating in the contents and striking the wall is:

1.0

¢=Hc, Eq.6

where m, is the mass of the contents of the organ (/). The
natural solution to this problem is to assign an absorbed fraction
of electron energy in the dose calculation, similar to the fraction
of 0.01 assigned to alpha emitters by the ICRP (/1):

TABLE 1
Ratio of Electron Absorbed Dose at Contents-Mucus Interface to Absorbed Dose at Depth of Sensitive Cells
Stomach Small bowel Colon
Assumed Assumed Assumed Assumed
Assumed mucusAvilli crypt mucus crypt
crypt depth depth depth depth depth
Radionuclide 600 um 700 pum 850 um 200 pm 550 um
Yttrium-90 6.26E-1 5.61E-1 4.92E-1 8.12E-1 6.56E-1
lodine-131 8.65E-2 5.29E-2 2.32E-2 3.64E-1 9.93E-2
lodine-123 1.25E-3 3.46E-4 4.90E-4 2.15E-3 2.14E-4
Technetium-99m 3.14E-4 1.81E-4 1.18E-4 8.06E-4 2.08E-4
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Eq. 7
The choice of a f, (the fraction of the nonpenetrating energy
assumed to strike critical cells in the wall) is not straightfor-
ward. As mentioned earlier, the actual distances are not com-
pletely known, and there will be considerable variability within
and between individuals, as there are uncertainties in the actual
activity distributions, etc. The values given in Table 1 serve as
examples of values that might be applied for the radionuclides
specified. A reasonably conservative value could be chosen by
a study of this effect across all electron energies and the
assignment of values that have a reasonable margin of safety
built in. For instance, for a radionuclide that emits only
high-energy electrons, such as those from *°Y, the 1/(2m,)
model may be maintained. For radionuclides emitting only
low-energy conversion or Auger electrons, a very small frac-
tion, say 107, or even an absorbed fraction of zero, may be
assigned. For intermediate energies, calculations must be done
to establish a reasonable function describing the absorbed
fraction as a function of energy, given a band of depths
expected, and then conservative values may be selected. But
clearly, the assignment of a f,;, of 1.0 to low-energy electrons is
overconservative.

The numbers presented in this study are theoretical in nature,
as are those based on currently-accepted absorbed fractions.
Verification of these numbers through experimental means
would further strengthen the conclusions presented, thus pro-
viding more confidence in the interpretation of the results,
particularly in situations involving therapeutic administrations.
Such verification should be pursued in future studies.

CONCLUSION

In this study, the use of the specific absorbed fraction 1/(2m_)
to estimate the dose from “nonpenetrating” emissions to the
walls of hollow organs was shown to be overly conservative for
some radionuclides. Radiation transport studies using the
MCNP computer code and relatively simple models of the
intestines, stomach and bladder, showed that the actual fraction
of electron energy that reaches critical cell layers in the walls of
hollow organs may be only a small fraction of that absorbed at
the wall-contents interface. For most radionuclides, this latter
fraction, which has been traditionally used to characterize the

RADIATION ABSORBED Doses To HoLLow ORGANs « Stubbs et al.

dose to the hollow organs’ walls, should be replaced by a
similar fraction, one that is modified to take into account that
much of the electron energy emitted in the contents may be
absorbed in mucus linings or other cell layers before reaching
the critical cells.
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