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Changes in Radiation Dose with Variations in
Human Anatomy: Moderately and Severely

Obese Adults
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The phantoms used in standardized dose assessment are based
on amedian (i.e., 50th percentile) individual of a large population,
for example, adult males or females or children of a particular
age. Here we describe phantoms that model instead the influ-
ence of obesity on specific absorbed fractions (SAFs) and dose
factors in adults. Methods: The literature was reviewed to eval-
uate how individual organ sizes change with variations in body
weight in mildly and severely obese adult men and women. On
the basis of the literature evaluation, changes were made to
our deformable reference adult male and female total-body
models. Monte Carlo simulations of radiation transport were per-
formed. SAFs for photons were generated for mildly and severely
obese adults, and comparisons were made to the reference
(50th) percentile SAF values. Results: SAFs studied between
the obese phantoms and the 50th percentile reference phantoms
were not significantly different from the reference 50th percentile
individual, with the exception of intestines irradiating some ab-
dominal organs, because of an increase in separation between
folds caused by an increase in mesenteric adipose deposits.
Some low-energy values for certain organ pairs were different,
possibly due only to the statistical variability of the data at these
low energies. Conclusion: The effect of obesity on dose calcula-
tions for internal emitters is minor and may be neglected in the
routine use of standardized dose estimates.
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For the calculation of radiation dose estimates for
radiopharmaceuticals, stylized anatomic models developed
in the 1960s and 1970s have been used, in the form of
tables of specific absorbed fractions (SAFs) (/) and dose
factors (DFs), implemented in standardized computer
programs such as MIRDOSE (2) and OLINDA/EXM code
(3). The mathematic descriptions of the body and its organs
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were formulated on the basis of descriptive and schematic
materials from general anatomy references (4). The goal
was to make the mathematic equations simple, thus
minimizing computing time. Later improvements led to
a family of stylized models, which include individuals of
both sexes at several ages (5) and pregnant women (6). For
several decades, these simplified models have been used on
practical applications as the standard mathematic represen-
tations of the reference man (4) and other individuals in
radiation protection, nuclear medicine, and medical imag-
ing (7,8). However, use of stylized modeling has obvious
shortcomings. Recently, models involving increased re-
alism, based on image-based data from human subjects,
have replaced the traditional stylized models (9), using
updated anatomic information on reference adults and
children (/0). These models use nonuniform rational
B-splines (NURBS), as developed by Dr. Paul Segars of
Duke University, to define body and organ surfaces (/7).
Figure 1 shows a comparison of the traditional stylized
models and the newer realistic models.

The phantoms used in standardized dose assessment are
based on a median (i.e., 50th percentile) individual of a large
population, for example, adult males or females or children
of a particular age. We have created a series of phantoms to
represent heavier and lighter normal-stature individuals, as
described in a companion paper (/2). Here we describe
phantoms that model instead the influence of obesity on
SAFs and DFs in adults. We created models of adult men
and women to represent states of moderate and severe
obesity, to compare SAFs and DFs with those from our
reference adult models representing median (50th percentile)
adults (9). The magnitude of the variability in these dose
values with obesity in nuclear medicine (and other) pop-
ulations is important to an understanding of the uncertainty
that may exist in the application of the reported values for
average individuals to other members of the population (/3).

MATERIALS AND METHODS

Initially, 50th percentile phantoms were constructed reflecting
the recommended values of ICRP 89 (/0) for organ and body mass
(9). The body contours of these normal-stature individuals were
then adjusted locally to represent the proportions of an obese
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FIGURE 1. Comparison of traditional stylized (A) and
realistic human (B) body models used in dose assessment.

individual and then scaled according to typical body circumfer-
ences. Visceral adipose tissue (VAT) areas, comprising the
abdominal organs at the L-4 vertebra, for 2 body mass index
groups defined in the literature (/4) were used to expand the large
and small intestines in the anteroposterior and lateral dimensions
from the median individual using an ellipsoidal shape. VATs (cm?)
for men and women were calculated as (with age for women in
years):

VAT (men) = — 453.7+(6.37 x waist)

VAT (women) = — 370.5+(4.04 x waist) +(2.62 x age).

The kidneys were shifted in the anterior direction because of an
increase in volume of para- and perirenal fat deposits placed behind
them (/4). This was done using estimates of the fat deposit
thicknesses, which increased proportionally with body mass index.
Table 1 shows the tissue densities used in the various organs of the
models, following the recommendations of ICRP 89 (10).

Male
FIGURE 2. Cross section of male and
female models demonstrating mild and
severe obesity, in comparison to nor- Female

mal-weight individuals. Scale is different
in the 3 plots.
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Normal weight

TABLE 1. Organ Density Values Used in
Anthropomorphic Models

Organ Density (g-cm~9)
Adrenals 1.02
Salivary glands 1.045
Esophagus 1.045
Stomach 1.045
Small intestine 1.045
Large intestine 1.045
Rectosigmoid 1.045
Liver 1.045
Gallbladder 1.045
Pancreas 1.045
Brain 1.04
Heart 1.03
Eyes 1.026
Lungs 0.30
Skeleton 1.3
Spleen 1.06
Thymus 1.025
Thyroid 1.05
Kidneys 1.05
Bladder 1.03
Testes 1.04
Prostate 1.03
Ovaries 1.05
Uterus 1.05

Once the phantoms had been scaled using a scaling tool
developed by Dr. Segars (9), the file was converted to voxel
format and introduced into the GEANT4 radiation transport code
(15). The GEANT coding system does not currently allow explicit
modeling of NURBS surfaces; thus, the NURBS models must be
converted to voxel format before radiation transport calculations.
SAFs for photons of starting energies 0.01, 0.015, 0.02, 0.03, 0.05,
0.1,0.2,0.5, 1.0, 1.5, 2, and 4 MeV were generated for most body
organs, and comparisons were made to both SAFs from the 50th
percentile NURB ICRP 89 phantoms. The phantoms have more
than 40 source and target regions important to internal dosime-
try—the 26 regions identified in the OLINDA/EXM code (3), plus
new regions—including the esophagus, salivary glands, and
prostate gland—provided in the new realistic phantoms. The
influence of obesity was thought to affect SAFs for organs in
the abdominal region more than organs in the head and upper
chest or lower torso. Thus, we compared SAFs from the
abdominal region with those from the 50th percentile phantoms
to evaluate the effects of anatomic changes from the reference
individuals on the SAFs (which correlate with differences in DFs).

Mild obesity Severe obesity
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RESULTS

Figure 2 shows cross sections of cases of mild and severe
obesity in men and women, modeled with these phantoms.
Organ masses within the 2 phantoms did not change from
the values in the 50th percentile individuals; they were
merely surrounded by layers of adipose tissue, and, in the
few cases noted here, slightly displaced. Most SAFs studied
did not significantly differ between the obese phantoms and
the 50th percentile reference phantoms (example, spleen
irradiating lungs; Fig. 3). SAFs for the intestines and most
abdominal organs were lower, because of an increase in
separation between folds caused by an increase in mesen-
teric adipose deposits. Figure 4 shows SAFs for large
intestines irradiating liver in the adult male, for which
most SAFs were about 1.6 times lower in the moderate
obesity case and 2 times lower in the severe obesity case
than in the reference model. Similar values were seen for
kidneys and large intestines. However, for the lungs and
large intestines, the SAFs for the moderate obesity case
were indistinguishable from the normal case, and those for
severe obesity were only 1.3 times higher than those for the
reference model. For the heart and large intestines, the
values were 1.2 and 1.5 times higher than the 50th
percentile values for the moderate and severe obesity cases.

For several organ pairs, the SAFs at low energies were
different, but other SAFs were not significantly different.
Figure 5 shows an example of the heart irradiating pancreas
in the female models.

DISCUSSION

These results show mostly minor variations in SAFs with
obesity. SAFs for organs near the intestines were 20% to
a factor of 2 higher, because of the expansion of the
intestines modeled in the phantoms. At low energies, for
which the contribution of radiation has little influence on the
overall dose from a given radiopharmaceutical, changes that
appear to be significant were reported, but these were at the
lowest energies, at which the SAFs are quite low.
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FIGURE 4. SAFs for large intestines irradiating liver in
standard adult male and 2 obese adult male models (body
mass index of 33, moderately obese; body mass index of 37,
severely obese).

Changes in SAFs with obesity are only 1 variable
contributing to the overall uncertainty in a radiopharmaceu-
tical dose estimate. One of the major uncertainties in
reported dose estimates for radiopharmaceuticals is the
biokinetic model used to calculate the dose (/3); this
analysis suggested that uncertainties of up to a factor of 2
or more may be present in reported dose estimates, with
large contributions in uncertainty being attributed to vari-
ations in individual biokinetics and organ sizes. If careful
patient-specific dosimetry is performed—with attention
paid to accurate data acquisition, analysis, and measure-
ment of individual organ volumes—many of the biokinetic
model uncertainties can be minimized, and the total un-
certainty in the individual dose estimate can be reduced to
perhaps plus or minus 10% —20% (13). Without individu-
alized dosimetry (which is routinely done in external beam
therapy but not for diagnostic applications of radiopharma-
ceuticals), any small variations in SAFs, such as were
observed here, will be a minor contribution to the overall
uncertainties in the dose values. Differences seen for the
heavier and lighter normal-stature models (/2) were more
notable, on the order of 0.3% —1.1% per kilogram, or about

1.E-04

1E-08 & e
)
w
<
“ 1.E-06
[—i—Standard Female Modsl
—+—BMI33
| —=—BMI 37
1.E-07 - =
0.01 0.1 1 10

Energy (MeV)

FIGURE 3. SAFs for spleen irradiating lungs in standard
adult male and 2 obese adult male models (body mass index
of 33, moderately obese; body mass index of 37, severely
obese).
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FIGURE 5. SAFs for heart irradiating pancreas in standard
adult female and 2 obese adult female models (body mass
index of 33, moderately obese; body mass index of 37,
severely obese).
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8%—30% overall. Values noted for most organs in this
study of obesity were on the order of a few percentage
points overall, except for the few cases noted, and may be
neglected in the overall uncertainty of the dose estimates.

CONCLUSION

Obesity is a minor influence on the dose to organs from
internal emitters. The major organs of obese individuals are
mostly in the same positions as in nonobese individuals and
are covered only by layers of adipose tissue, resulting in
minor differences in backscattered radiation striking the
organs. SAFs for most organs and energies were not appre-
ciably different between these phantoms and the median
(50th percentile) normal weight phantom. SAFs for the large
and small intestines were found to be generally smaller in the
more obese phantoms because of an increase in separation
between folds caused by an increase in mesenteric adipose
deposits. In addition, SAFs for the kidneys to other organs
were found to slightly increase because of a decrease in sep-
aration from the abdominal organs caused by the deposition
of peri- and pararenal adipose tissue behind the kidneys. This
slight increase may vary between subjects, depending on
actual individual spatial separations. These results were
expected but have never been confirmed by calculation.
Differences between normal-weight and obese individuals
may thus be considered small, particularly considering the
inherent uncertainties in all internal dose calculations (/3).
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