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Dosimetric calculations are performed with an increasing fre-
quency before or after treatment in targeted radionuclide ther-
apy, as well as for radiation protection purposes in diagnostic
nuclear medicine. According to the MIRD committee formalism,
the mean absorbed dose to a target is given by the product of the
cumulated activity and a dose-conversion factor, known as the S
factor. Standard S factors have been published for mathematic
phantoms and for unit-density spheres. The accuracy of the re-
sults from the use of these S factors is questionable, because pa-
tient morphology can vary significantly. The aim of this work was
to investigate differences between patient-specific dosimetric
results obtained using Monte Carlo methodology and results
obtained using S factors calculated on standard models.
Methods: The CT images of 9 patients, who ranged in size,
were used. Patient-specific S factors for 131I were calculated
with the MCNPX2.5.0 Monte Carlo code using a tool for person-
alized internal dose assessment, OEDIPE; standard S factors
from OLINDA/EXM were compared against the patient-specific
S factors. Furthermore, realistic biodistributions and cumulated
activities for normal organs and tumors were used, and mean
organ- and tumor-absorbed doses calculated with OEDIPE
and OLINDA/EXM were compared. Results: The ratio of the
standard and the patient-specific S factors were between 0.49
and 1.84 for a target distant from the source for 4 organs and 2
tumors studied as source and targets. For the case of self-irradi-
ation, the equivalent ratio ranged between 0.45 and 2.47 and
between 1.00 and 1.06 when mass correction was applied. Dif-
ferences in mean absorbed doses were as high as 140% when
realistic cumulated activity values were used. These values de-
creased to less than 26% in all cases studied when mass correc-
tion was applied to the self-irradiation given by OLINDA/EXM.
Conclusion: Standard S factors can yield mean absorbed doses
for normal organs or tumors with a reasonable accuracy (26% for
the cases studied) as compared with absorbed doses calculated
with Monte Carlo, provided that they have been corrected for
mass.
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Dosimetric calculations are performed in diagnostic
nuclear medicine for radiation protection purposes, but they
are also performed with increasing frequency in targeted
radionuclide therapy (TRT). The aim of these calculations
is to assess the energy delivered to normal and malignant
tissues from a targeted agent and to relate it to the treatment
outcome, such as the toxicity to normal organs or tissue.
However, widespread variability exists in published dosi-
metric results, which could be attributed to a lack of
accuracy, a lack of standardization in the methodology used
by different centers, patient variability, or a combination of
these factors.

Dosimetric calculations are based on the MIRD com-
mittee formalism (1) described by Equation 1.

�Dk 5 +
h

Ãh · Sðk)hÞ: Eq. 1

In Equation 1, �Dk (Gy) is the mean absorbed dose
delivered to the target k, Ãh (Bq�s) is the cumulated activity
in the source h, and Sðk)hÞ (Gy�Bq21�s21) is the mean
absorbed dose delivered to the target k per unit cumulated
activity in the source h, commonly referred to as the S
factor. The cumulated activity is the integral of the time–
activity curve for the source volume, the total number of
decays that occur in the source, and it is usually obtained
from scintigraphic imaging. The cumulated activity calcu-
lation requires quantitative imaging for the absolute deter-
mination of activity uptake with time, and hence accuracy
is dependent on the magnitude of the quantification errors
and uncertainties related to the determination of the bioki-
netics. This work focused on the impact of S factor assess-
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ment on absorbed dose calculations. Cumulated activity has
been assumed as either 1 or a fixed value.

The S factor is given by Equation 2.

Sk)h 5

+
i

niEiuiðk)hÞ

mk
; Eq. 2

where Ei is the mean energy emitted per particle of type i
radiation and ni is the number of particles of radiation i per
nuclear transition. fiðk)hÞ is the absorbed fraction expressing
how much of the emitted energy is absorbed by the target.
The S factor depends on the physical properties of the
radioisotope—in addition to the geometry (shape and relative
position) and density of the source and target regions—and
on the intermediate tissues. If the source and target are the
same, the S factor reflects the dose delivered from self-
irradiation (Sh)h) and will be referred to as self S factor;
if the source and target are different, the S factor will be
referred to as cross S factor (Sk)h).

The most commonly used approach for patient dosimetry
when the mean absorbed dose to an organ or tumor is of
interest is to use standard S factors calculated for standard
models (2,3). If the source and the target are the same, a
given value calculated on a standard model can be scaled to
account for differences in mass according to Equation 3 (4).

Sh)hðpatÞ 5 Sh)hðstdÞ ·
mhðstdÞ
mhðpatÞ: Eq. 3

In Equation 3, Sh)hðpatÞ and Sh)hðstdÞ are the self S
factors for the patient and the standard model, respectively,
and mhðpatÞand mhðstdÞ are the organ masses for the
patient and the standard model, respectively. The impor-
tance of this 1/mh correction has been discussed in the past
(5); 1/mh corrects for the electron energy deposition under
the assumption that no electron escapes from the source.
The proposed correction factor from the g-rays if the source
and the target are the same is 1/mh

2/3 (4); however, this
factor is negligible as a first-order correction as most of the
g-rays escape the source. S factors representing cross-
irradiation mainly account for g-irradiation of targets dis-
tant from the source, and correcting them is a complex
problem related largely to the geometry. At present, there is
no solution to the problem, as has been discussed by
Petoussi-Hens et al. (6).

The software OLINDA/EXM (7) is often used for dosi-
metric calculations. OLINDA/EXM provides S factors for
over 800 radioelements calculated via the Monte Carlo
method, using standard models for 10 whole-body phan-
toms representing reference adults, children, and pregnant
women. The Oak Ridge National Laboratories (ORNL)
mathematic phantom shown in Figure 1 is the model for the
adult man used by OLINDA/EXM. The 1/mh and 1/mh

2/3

corrections have been implemented in OLINDA/EXM. For
tumor dosimetry, a sphere model is used by OLINDA/
EXM, which assumes that tumors are isolated unit-density
spheres and have a uniform activity distribution. Any cross

dose from a tumor to an organ or from an organ to a tumor
is not provided by OLINDA/EXM. The precalculated S
factors incorporated into OLINDA/EXM are accurate, but
the models they refer to are simplistic. Furthermore, patient
morphology varies substantially, and the application of
reference S factors can potentially be a source of large
error (8). These concerns were the motivation of this work.

An alternative approach to dosimetric calculations is to
use convolution of the cumulated activity distribution with
a dose point kernel (DPK). DPKs correspond to the energy
deposited at a distance from a point source in spheric shells
(9) and can be calculated analytically or more often using
Monte Carlo methods (10). The convolution approach is
fast and takes into account the geometry of a given patient
(11–13). However, this approach is prone to errors if
applied to varying tissue densities, as DPKs are calculated
for particles propagating in uniform medium, usually
assumed to be water or soft tissue. A quantitative analysis
of the impact of this assumption remains to be performed.

Patient-specific Monte Carlo–based dosimetric method-
ologies have been investigated by several groups (14–17).
These methods have been proposed as being the most
accurate, incorporating minimal assumptions because S
factors can be calculated for each patient, taking into
account both the morphology of the radionuclide and its
physical properties. The anatomy, composition, and density
of tissues can be obtained by CT; 1 or more sources can be
defined; and the energy deposited in a volume can be
recorded by simulating interactions of all emitted particles
with matter using Monte Carlo techniques (18). However,
Monte Carlo–based dosimetry is still limited to the research
domain because of the high burden in computational power,
time, and human resources required. For this reason, opti-
mization of the use of these techniques is desirable.

FIGURE 1. ORNL refer-
ence adult male mathe-
matic phantom. Image
was obtained from http://
www.doseinfo-radar.com/
RADARphan.html (ac-
cessed July 8, 2008).
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A user-friendly interface tool called OEDIPE, dedicated
to patient-specific dosimetry with the Monte Carlo method,
has been developed and evaluated by our group (19,20).
OEDIPE segments CT scans, assigns density values to
the identified organs, and creates input files for the
MCNPX2.5.0 code (21). After the calculations, OEDIPE
recovers the output files and produces tables of mean ab-
sorbed doses in the defined organs. OEDIPE can also cal-
culate absorbed doses at the voxel level, but this feature was
beyond the scope of the current study. The Monte Carlo
approach is especially relevant when studying radioisotopes
that emit penetrating radiation, which travel through a
medium and deposit energy at a distance from the source
targets. Such is the case with 131I, a commonly used radio-
isotope in TRT that emits a significant amount of g-rays
(primary photopeak at 364 keV, with 81% abundance).

Standard S factors for 131I obtained with OLINDA/EXM
were compared against patient-specific S factors obtained
with OEDIPE for 9 patients. Furthermore, realistic cumu-
lated activity values were considered, and mean organ- and
tumor-absorbed doses calculated with OEDIPE and with
OLINDA/EXM were compared. The significance of cross-
irradiation to the liver was studied by altering the cumu-
lated activity to the lungs and the pulmonary tumor. Finally,
possible errors from compromising the density but not the
geometry were addressed.

MATERIALS AND METHODS

Patient Data
The CT images of 9 patients (P1–P9) used in this study were

obtained with the Discovery LS PET/CT scanner (GE Healthcare).
The CT scans were obtained with the standard protocol of
operating this dual scanner for attenuation-correction purposes
and were chosen from the available database (i.e., were not
obtained specifically for this study). All subjects were men
selected according to their height and weight, to cover a range
of sizes (from 162 to 180 cm in height and from 59 to 90 kg in
mass); the patient characteristics are listed in Table 1. The CT
scans were segmented automatically by OEDIPE on the basis of
the Hounsfield units for air, lung, and bone; manual segmentation
was performed for the liver, kidneys, and spleen on the basis of
external contours. The resulting images were 128 · 128 in the
transaxial plane, with a voxel size of 3.9 · 3.9 · 5 mm.
Additionally, 2 spheric tumors (mass, 7 g each) were artificially
placed in the liver and the lower part of the left lung of each
patient. Figure 2A shows coronal slices of the geometric repre-
sentation of the 9 patients.

S Factor Calculations
Input files for the MCNPX2.5.0 Monte Carlo code were created

with OEDIPE for all patients. Tissue densities were assigned
according to the International Commission on Radiation Units and
Measurements (ICRU) report 44 (22) (1.92 g cm23 for bone, 0.26
g cm23 for lung, 1.06 g cm23 for liver and spleen, and 1.05 g cm23

for soft tissue, kidneys, and tumors). Each organ and tumor was
considered in turn as a source of homogeneously distributed activity
of 131I. All radiation emissions for 131I (g, e2, and b) as listed in
International Commission on Radiological Protection publication

38 (23) were included, and the energy deposited in each organ was
recorded. The statistical uncertainty of the results was below 8% for
all cases.

Standard S factors for 131I were obtained from OLINDA/EXM
for the adult male model. The self S factors were adjusted for each
patient to account for differences in organ mass between the
model and the patient by invoking the mass-correction algorithm
provided by OLINDA/EXM.

Mean Absorbed Doses Based on Realistic Cumulated
Activity Values

The impact of S factors on the total absorbed dose was put in
perspective by considering a biodistribution of the radiopharma-
ceutical. As the patients chosen for this study were selected
according to their height and weight and were not undergoing 131I
therapy, published biodistribution data were obtained on the basis
of a 131I-labeled antibody for the treatment of non-Hodgkin
lymphoma (24). Cumulated activity concentrations were derived

TABLE 1. Details of 9 Patients and Mathematic
Phantom ORNL

Subject

Age

(y)

Weight

(kg)

Height

(m)

Organ mass (g)

Lungs Spleen Kidneys Liver

ORNL NA 70 1.74 1,000 183 299 1,910

P1 45 68 1.75 1,540 465 611 2,408

P2 54 90 1.75 1,815 438 697 3,104

P3 52 63 1.76 1,600 774 530 1,809
P4 66 66 1.63 1,226 145 421 1,319

P5 76 90 1.62 1,080 442 528 1,707

P6 57 61 1.62 755 261 596 1659
P7 41 70 1.80 1,230 350 713 2,685

P8 43 87 1.78 1067 214 746 2361

P9 38 59 1.80 1,520 180 564 2,700

Mean* 52.4 72.7 1.72 1,314.8 363.2 600.7 2,194.7
SD* 12.5 12.7 0.1 329.6 195.3 104.3 595.4

*Mean and SD values exclude ORNL phantom.
NA 5 not applicable.

FIGURE 2. (A) Coronal slices through segmented images
for 9 patients studied shown in order of increasing height
and weight. (B) Coronal slice through patient indicating 2
spheric lesions. Position of lesions was kept as close as
possible for all patients.
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from the reported doses to lungs, kidneys, liver, spleen, and
tumors and used to assign cumulated activities to the organs and
tumors of each patient. This study was used only to derive the
biodistributions, and the results presented here do not relate to the
findings of Rizziery et al. (24).

Organ and tumor doses were calculated in the following 3
ways: by using the patient-specific S factors calculated with
OEDIPE, using the standard self and cross S factors obtained by
OLINDA/EXM, and using the latter with mass correction for the
self S factors.

To study the cross-irradiation to the liver, 5 more hypothetical
biodistributions were generated by gradually increasing the cu-
mulated activity concentration in the lungs and in the hepatic
tumor (by factors of 2, 4, 8, 16, and 32). Table 2 lists the
cumulated activity concentrations for the source organs and
tumors considered. Biodistribution A was derived from Rizzieri
et al. (24), and B–F were obtained by the multiplication of the
lung and hepatic tumor cumulated activity concentrations as
explained above.

For patient P1, absorbed doses were calculated using OEDIPE by
assuming a density of water for all tissues and were compared with
absorbed doses obtained with OEDIPE with the realistic density of
the tissues. Because geometry and calculation methods were kept
identical, any differences would reflect the impact of the homoge-
neous medium hypothesis used implicitly in DPK convolution.

In all cases, the doses calculated by OLINDA/EXM were com-
pared against the patient-specific doses obtained with OEDIPE,
and the percentage difference was calculated as ((DOEDIPE 2

DOLINDA/EXM)/DOEDIPE) · 100%.

RESULTS

Patient Morphology

Table 1 lists the patient characteristics and the organ
masses as calculated from the CT images for the 9 patients
and the ORNL phantom. The table shows that the organ
masses vary greatly among patients and phantom, with no
correlation to height or weight. For example, the height and
weight for patient P1 were close to those for the ORNL
phantom, but the organ masses were different. This result is
obvious but is often ignored when dosimetric results,
especially for radiation-protection studies, are obtained
using directly the reference man.

Comparison of S Factors

The ratio of the standard self S factors over the patient-
specific values ranged from 0.45 up to 2.47. The same ratio
ranged from 1.00 to 1.06 when the standard S factors were
corrected for mass.

The ratio of the standard over the patient-specific cross S
factors was between 0.49 and 1.84. Figure 3 shows a plot of
the ratio of standard over patient-specific S factors with the
source being the kidneys and the target the liver, spleen,
and lungs. These ratios show that the difference of standard
versus patient-specific values can be large, demonstrating
interpatient variation for a given source–target pair and
variation for different source–target combinations for any
given patient.

Table 3 lists standard and patient-specific S factors for
patient P1 when the self S factors have been mass-
corrected. The contributions of cross-irradiation to the total
dose per unit cumulated activity for patient P1 were 0.2%
for the hepatic and lung tumors and were 18%, 6%, 8%,
and 31% for the lungs, spleen, kidneys, and liver, respec-
tively. These figures were obtained with the Monte Carlo
calculations and indicate that the dominant contribution to
the total dose per unit cumulated activity is the self-
irradiation.

Mean Absorbed Doses Based on Realistic Cumulated
Activity Values

Table 4 lists differences in the calculated organ doses by
OLINDA/EXM against the patient-specific doses when no
mass correction was applied and when mass correction was
performed to self-irradiating organs.

Differences between tumor doses calculated using the
sphere model, which takes into account only the self-
irradiation, and those calculated using OEDIPE, which
takes into account both self- and cross-irradiation, were
between 1.4% and 4.4%.

Table 5 shows the percentage contribution to the liver
dose from the lungs and from the hepatic tumor for all 6
biodistributions studied for patient P1. In the same table,
the total dose to the liver for the 6 biodistributions for
patient P1 as calculated using OEDIPE and OLINDA/EXM
is shown. The OLINDA/EXM calculations incorporate the

TABLE 2. Cumulated Activity Concentrations

Activity concentration (MBq�s�mL21)

Area A* B C D E F

Lungs 2.01 · 104 4.02 · 104 8.04 · 104 1.61 · 105 3.22 · 105 6.43 · 105

Kidneys 5.92 · 104 5.92 · 104 5.92 · 104 5.92 · 104 5.92 · 104 5.92 · 104

Liver 4.20 · 104 4.20 · 104 4.20 · 104 4.20 · 104 4.20 · 104 4.20 · 104

Spleen 1.26 · 105 1.26 · 105 1.26 · 105 1.26 · 105 1.26 · 105 1.26 · 105

Tumor in liver 3.09 · 105 6.19 · 105 1.24 · 106 2.48 · 106 4.95 · 106 9.90 · 106

Tumor in lung 3.34 · 105 3.34 · 105 3.34 · 105 3.34 · 105 3.34 · 105 3.34 · 105

*Distribution A was derived from Rizzieri et al. (24).
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mass correction for the self-irradiation of the liver, but for
the cross-irradiation the standard cross S factors for the
reference man were used. The percentage differences be-
tween the liver doses calculated using OLINDA/EXM and
OEDIPE for all 6 biodistributions studied and for all
patients are shown in Table 6.

Figure 4 shows the difference in the dose to organs and
tumors when adopting soft-tissue densities as given in
ICRU report 44 (22), compared with the assumption that
all soft tissue has a density equal to water. Biodistributions
A–F were investigated for patient P1. The differences did
not change significantly between biodistributions, and there

was approximately a 60% error in the dose to the lungs and
less than 20% error to the other organs.

DISCUSSION

The objective of this study was to compare patient-
specific dosimetric results with results obtained using
precalculated S factors based on standard models. The mo-
tivation behind the study was that the mathematic models are
simplistic but also that patients vary significantly. The CT
scans of 9 patients, covering a wide range of height and
weight, were used. As shown in Table 1 and Figure 2, the
segmented CT scans exhibited wide variations in the patient
morphology.

At first, the comparison was performed on the S factors
and then on the absorbed dose, using cumulated activity
values to address both parts of Equation 1. The large
differences observed between the patient-specific and stan-
dard self S factors were minimized with mass corrections.
The self-irradiation is mainly attributed to local absorption
of the energy deposited by the b-particles. The 1/mh scaling
for the differences in mass between the organs of the
standard model and of the patient was adequate, but the
1/mh

2/3 correction was also included in our calculations
for completion as both corrections are implemented in
OLINDA/EXM automatically.

However, significant differences between the patient-
specific and the standard cross S factors cannot be

FIGURE 3. Ratio (SOLINDA/EXM/SOEDIPE) of cross S factors
from source kidneys to targets (liver, spleen, and lungs).

TABLE 3. OLINDA/EXM and Patient-Specific 131I S Factors (mGy�MBq21�s21) Calculated with MCNPX2.5.0
for Patient P1

Source

Target Lungs Spleen Kidneys Liver Tumor in lung Tumor in liver

Lungs

OLINDA/EXM 2.19 · 1025 4.55 · 1027 1.97 · 1027 5.49 · 1027 NA NA
OEDIPE 2.14 · 1025 7.26 · 1027 1.68 · 1027 6.00 · 1027 2.28 · 1027 2.88 · 1026

Ratio 1.02 0.63 1.17 0.92 NA NA

Spleen

OLINDA/EXM 4.54 · 1027 8.09 · 1025 1.87 · 1026 2.16 · 1027 NA NA
OEDIPE 7.29 · 1027 7.93 · 1025 1.30 · 1026 3.84 · 1027 2.30 · 1027 2.65 · 1026

Ratio 0.62 1.02 1.44 0.56 NA NA

Kidneys
OLINDA/EXM 1.97 · 1027 1.87 · 1026 5.99 · 1025 8.19 · 1027 NA NA

OEDIPE 1.72 · 1027 1.30 · 1026 5.91 · 1025 9.07 · 1027 2.22 · 1026 3.57 · 1027

Ratio 1.15 1.44 1.01 0.90 NA NA

Liver
OLINDA/EXM 5.48 · 1027 2.16 · 1027 8.19 · 1027 1.74 · 1025 NA NA

OEDIPE 5.94 · 1027 3.80 · 1027 9.06 · 1027 1.73 · 1025 5.21 · 1026 5.95 · 1027

Ratio 0.92 0.56 0.90 1.01 NA NA

Tumor in lung
OLINDA/EXM NA NA NA NA 4.51 · 1023 NA

OEDIPE 2.29 · 1027 2.15 · 1026 2.18 · 1026 5.06 · 1026 4.41 · 1023 2.23 · 1027

Tumor in liver
OLINDA/EXM NA NA NA NA NA 4.53 · 1023

OEDIPE 2.96 · 1026 2.72 · 1026 3.57 · 1027 5.95 · 1027 2.20 · 1027 4.41 · 1023

OLINDA/EXM self values have been corrected for mass.

NA 5 not applicable.
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accounted for. Table 3 shows an example of the patient-
specific and standard S factors for patient P1. This patient
was of particular interest, because his height and weight
were close to those of the ORNL phantom; however, the
cross S factors vary greatly between the patient and the
model. Figure 3 plots ratios of standard to patient-specific
cross S factors for all 9 patients. These ratios vary between
patients and between different source–target pairs for a
given patient. However, self-irradiation is the dominant
contribution to the total dose per unit of cumulated activity.
For patient P1, as shown from the Monte Carlo study, the
only organ that received significant cross-irradiation per
unit of cumulated activity was the liver, with 31% contri-
bution from distant sources. This cross dose originated
mainly from the hepatic tumor (21%), with only a 2%
contribution from the lungs.

Cumulated activity values were used to investigate how
differences in S factors would be reflected in absorbed
doses to organs. Table 4 shows large differences between
calculated doses with OLINDA/EXM and with OEDIPE
when mass correction was omitted. These differences
decreased dramatically with mass correction of the self-
irradiation despite cross-irradiation calculations being
based on substantially different dose conversion factors
between the 2 calculation methods. The main contribution
to the dose comes from the self-irradiation, and because
mass correction is adequate for OLINDA/EXM self S
factors, the resulting doses were at an acceptable level of
accuracy as compared with the patient-specific doses cal-
culated with OEDIPE. The differences between tumor
doses calculated using the sphere model with OLINDA/
EXM and tumor doses calculated with OEDIPE (account-

TABLE 4. Percentage Difference in Organ Doses Calculated with OLINDA/EXM from Doses Calculated with OEDIPE

Patient no.

Organ P1 P2 P3 P4 P5 P6 P7 P8 P9

Lungs

No correction 255.2 281.7 262.6 226.0 211.4 20.3 227.9 211.9 254.9
Mass corrected 23.3 23.7 24.0 22.7 23.7 24.0 25.2 25.2 24.3

Spleen

No correction 2140.9 2128.6 54.4 17.4 2131.7 241.8 288.0 218.3 20.2

Mass corrected 21.2 22.0 20.2 25.3 21.8 20.3 25.0 22.4 21.7
Kidneys

No correction 292.2 2116.4 264.4 236.2 273.1 290.1 2116.7 2130.7 275.8

Mass corrected 22.0 22.5 2.6 22.8 24.1 1.8 0.5 20.7 0.7

Liver
No correction 221.0 255.4 3.5 28.6 9.7 13.3 235.2 219.3 237.4

Mass corrected 1.0 22.1 21.2 0.2 0.5 1.2 20.8 0.9 21.8

Tumor in lung

No correction NA NA NA NA NA NA NA NA NA
Mass corrected 3.4 4.1 2.1 2.0 3.3 2.2 2.5 1.4 1.9

Tumor in liver

No correction NA NA NA NA NA NA NA NA NA
Mass corrected 4.0 4.1 2.8 3.4 2.7 3.1 4.4 3.5 4.5

Table refers to biodistribution A (Table 2).
NA 5 not applicable.

TABLE 5. Cross-Irradiation Contribution from Lungs and Hepatic Tumor to Total Liver Dose for 6 Biodistributions
Studied for Patient P1

Biodistribution

% Contribution to

total liver dose

from lungs

% Contribution to

total liver dose from

hepatic tumor

Total liver dose as

calculated by

OEDIPE (Gy)

Total liver dose as

calculated by

OLINDA/EXM* (Gy)

A 4.0 0.6 1.78 1.76

B 7.6 1.2 1.86 1.79
C 14.0 2.1 2.03 1.92

D 24.1 3.7 2.35 2.18

E 37.7 5.7 3.00 2.70

F 52.6 8.0 4.31 3.73

*Self-irradiation was corrected by OLINDA/EXM mass-correction algorithm, and cross-irradiation for reference man was used.
Distribution A was derived from Rizzieri et al. (24).
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ing for all sources simultaneously) were less than 5%,
indicating that the sphere model could lead to accurate
results for tumor dosimetry. However, this result is related
to the small volumes of the spheric tumors studied; larger
tumors would have a larger probability of receiving cross-
irradiation, and the sphere model does not take cross-
irradiation into account (which could underestimate the
tumor doses). The accuracy of the sphere model for tumor
dosimetry as a function of tumor size, shape, density, and
location should be studied in detail as part of future work.

When cumulated activity values were used, the hepatic
tumor itself was a negligible source of cross dose to the
liver. The lungs, however, were a significant source as
shown in Table 5. In the same table, it is shown that the
liver dose as calculated by OLINDA/EXM was under-
estimated for patient P1, but overestimation was observed
for other patients. Table 6 shows the comparison results for
all patients. The possible biodistributions that can be
observed among patients in general are broad. Still, our
results give an indication of the magnitude of the errors to
be expected, and it was shown that these errors were less
than 26% in all cases studied. If one considers that the

uncertainty in the calculation of the cumulated activity has
been estimated to be much greater than 26% (8) and that
the produced biodistribution F (which indicated this large
error) is an extreme case of cross-irradiation, the level of
accuracy obtained with OLINDA/EXM can be considered
acceptable.

The effect of considering the morphology of the patient
but not the realistic tissue density was studied by calculat-
ing doses for patient P1 for the 6 biodistributions, assuming
the density of all organs and tumors to be equal to water.
The errors to the doses to all organs except for the lungs
were less than 20% and were not sensitive to the change in
biodistributions (Fig. 4). Lung dose errors were between
59% and 62% because of their significantly lower density
than that of water. The results of this study are relevant to
convolution-based methods that use the actual patient
morphology but are performed with point kernels calcu-
lated in water. Results from convolution methods would be
relatively accurate for the abdominal region but prone to
large errors for the thoracic area.

This study was based on 131I, but the results would ap-
ply to TRT with b-emitters of similar maximum energy
(Ebmax 5 0.6 MeV) that also emit g-rays. For pure b-emitters,
the cross-irradiation to distant targets is negligible; for exam-
ple, for the pure b-emitter 90Y (Ebmax 5 2.2 MeV) there
would be no irradiation (e.g., from the liver to the kidneys).
Liu et al. (25) compared MIRD and patient-specific organ
doses based on convolution for 90Y for several organs and
reported agreement within 15% if adjustment for mass was
used. The energy of the emitted b-particles from 90Y is
significantly higher than that from 131I, and the b-particles
can travel through greater distances in matter. A cross dose
from, for example, a pulmonary tumor to the lung or a
hepatic tumor to the liver can be significant, and it is
ignored in the sphere model.

In this work, the activity uptake was assumed uniform;
however, heterogeneous uptake is often observed. Patient-
specific dosimetry would be the only way to derive spatial
dose distributions and to take into account heterogeneous
uptake of activity in an organ or tumor. The conclusions
drawn in this work refer to mean absorbed doses to normal
organs or tumors from uniform activity distributions.

TABLE 6. Percentage Difference of Liver Doses Calculated Using OLINDA/EXM* and OEDIPE for Biodistributions A–F

Patient no.

Biodistribution P1 P2 P3 P4 P5 P6 P7 P8 P9

A 21.0 2.1 1.2 21.6 20.5 21.8 0.8 20.9 1.8

B 23.9 2.3 0.6 24.0 22.3 23.0 0.4 21.9 1.7
C 25.3 2.6 0.5 27.4 25.5 25.3 20.2 23.8 2.3

D 27.4 3.2 0.3 212.6 210.6 29.2 21.3 26.6 3.2

E 210.3 4.0 0.1 219.4 217.3 214.8 22.9 210.6 4.5

F 213.4 4.8 20.1 226.5 224.7 221.8 24.9 215.4 6.0

*Self-irradiation was corrected by OLINDA/EXM mass-correction algorithm, and cross-irradiation for reference man was used.

Distribution A was derived from Rizzieri et al. (24).

FIGURE 4. For patient P1 and for 6 biodistributions studied
(A–F; Table 2), error to doses when density of 1 g cm23 was
used for all tissues, compared with doses obtained with
densities from ICRU report 44.
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CONCLUSION

When the mean absorbed dose to a normal organ or
tumor is of interest, reference S factors can lead to accurate
results within 26% for the cases studied, if mass scaling is
performed, compared with patient-specific results obtained
with the Monte Carlo method. The realistic tissue density, if
ignored, can lead to errors greater than 60% for the thorax
but to less than 20% for the other regions.
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