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In calculations of absorbed doses from radioactive patients, the
activity distribution in such patients is generally assumed to be
an unattenuated point source and the dose to exposed individ-
uals at a given distance is therefore calculated using the inverse
square law. In many nuclear medicine patients, the activity
distribution is widely dispersed and does not simulate a point
source. In these cases, a line-source model is proposed to more
accurately reflect this extended activity distribution. Methods:
Calculations of dose rate per unit activity were performed for a
point source and for line sources of lengths of 20, 50, 70, 100,
and 174 cm, and the ratios of line-source values to point-source
values were calculated. In addition, radionuclide-independent
conversion factors, to convert exposure rate constants to dose
rates per unit activity, for these line-source lengths at various
distances were determined. Results: The calculated values,
substantiated by published data, indicate that the inverse
square law approximation is not valid for a line source until a
certain distance is reached, dependent on the length of the line
source. For the 20-, 50-, 70-, 100-, and 174-cm line sources, the
dose rate values estimated by the inverse square law approxi-
mation are within approximately 10% of the values estimated
using the line-source approach at distances of 20, 45, 60, 85,
and 145 cm, respectively. At closer distances, use of the point-
source model for a patient with an extended activity distribution
will overestimate the radiation absorbed dose to exposed indi-
viduals, sometimes by a very significant amount. Conclusion:
The line-source model is a more realistic and practical approach
than the traditional point-source model for determining the dose
to individuals exposed to radioactive patients with widespread
activity distributions.
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Rtients receiving radiopharmaceuticas are radioactive
sources, and calculating the radiation absorbed dose to nearby
individuals is frequently necessary, especialy for patients re-
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ceiving therapeutic radiopharmaceuticals. Although it is ex-
pected that radioactive patients are counseled to stay a reason-
able distance from others, there are often specific Stuations
that need to be addressed, such as doses to others while
deeping, using public or private transportation, or being in a
theater for a few hours. In addition, caculating radiation ab-
sorbed dose to individuals exposed to diagnostic nuclear med-
icine patients is often prudent, if only to reassure patients, their
families, and their caregivers. Patients who are mothers with
young children are especially apprehensive about radiation and
often want to know the potential dose to their children. In such
calculations, the activity distribution in the patient is usualy
assumed to be an unattenuated point source, and the dose to
exposed individuas at a given distance is therefore cal culated
under the assumption that the dose varies inversely as the
square of the distance from the patient. If appropriate patient
attenuation correction is performed, this inverse square rela
tionship is essentialy correct in the case of hyperthyroid pa
tients, for example, in whom significant radioiodine uptake and
prolonged retention is usudly limited to the thyroid gland.
However, this relationship is not valid and yields an overesti-
mate of the dose, in the generd case of patients receiving
radionuclide therapy, such as palliative treatment of bony me-
tastases or radioimmunotherapy. In such patients, the activity is
more widely distributed (1-3). In radioimmunotherapy, most
of the activity is located within the torso, and in radionuclide
therapy involving bone disease, the activity may be located
along the entire length of the patient. It is proposed that a
line-source model with attenuation correction, using the mea
sured dose rate, be used for these cases that involve more
widespread activity distributions. We realize that other models
may be even more accurate, but we are limiting this study to
the line-source approximation because it is more accurate than
the point-source model, is conservative, and can easily be
routinely implemented.

MATERIALS AND METHODS

The dose to an individual exposed to a radioactivity-containing
patient can be estimated using a point-source model by the fol-
lowing equation (1,4):

D(%,r) = (34.6I'Q,T,E)/r?, Eq. 1
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where D(,r) isthe total dose (actually, the total dose equivalent in
mSv or mrem) to others from exposure to the photon radiation at
adistance r (cm) from the patient, I" is the exposure rate constant
of the radionuclide (mSv cm?MBq h or mrem cm?/mCi h), Q, is
the administered activity (MBg or mCi), T, isthe physical half-life
of the radionuclide (d), and E is the occupancy factor. Equation 1
isapplicable only for the specific case of infinite decay and asingle
occupancy factor. When more genera conditions exist, such as
variable exposure times and occupancy factors, modifications must
be made. Equation 1 isusually solved for dose at adistance of 1 m,
although any distance can be used. If measurements of biologic
elimination of the radioactive material from the patient are made,
as they should be especialy if the radiopharmaceutical is signifi-
cantly eliminated from the body through biologic processes, the
effective half-life T, should be used in place of the physica
half-life T,. The exposure rate constant I' is strictly a measure of
exposure rate and not the total effective dose equivalent as spec-
ified in Regulatory Guide 8.39 (2) of the Nuclear Regulatory
Commission, because I' does not account for attenuation and
scatter in the patient or exposed individual. In addition, Equation
1 assumes than an exposure of 258 X 1074 C/kg (1 R) is an
effective dose equivalent of 1 cSv (1 rem). Estimates of attenuation
and tissue shielding by the patient may be accounted for through
theoretic calculation by multiplying I' by an appropriate factor to
correct for patient attenuation and scatter or by measurement of
actual patient dose rates. The dose rate at a given distance is
theoretically equal to the T' Qqy/r? term in Equation 1, and, if
measured, the measured dose rate should be used in place of this
term. Thereis no need to further correct the measured dose rate for
patient attenuation because the measurement incorporates patient
attenuation. Although the additional step of measuring the actual
doserate at a specified distance more accurately estimates the dose
to exposed individuals, the calculation of the dose at other than the
measurement distance still assumes an inverse sguare dose-dis-
tance relationship.

For aline-source model, the falloff in dose is more complicated
(5,6) than for a point source. It is afunction of the angle in radians
subtended by the length of the line source and the perpendicular
distance from the line to the target individual:

D(0,r) = [34.6I'Q,T,E tan™* (£/2r)]/(€r/2),

where ¢ is the length of the line source in centimeters.

As Equation 2 indicates, the distance-dependent dose rate for a
line source is dependent on the length of the source, and the
inverse square term, 1/r2, for the point-source model is replaced by
an arctangent term, tan—1 (€/2r)]/(€ r/2). Estimates of attenuation
and tissue shielding by the patient may be accounted for through
theoretic calculation by multiplying the exposure rate constant I
by [1 — $(TB<TB)], as described by Zanzonico et a. (7), or by
0.6 for the specific case of 13! (8) or by measurement of actual
patient dose rates. The dose rate is theoretically equal to the [I" Qg
tan=1 (€/2r)]/(€ r/2)] term in Equation 2, and, if measured, the
measured dose rate should be used in place of this term. In
radioimmunotherapy, most of the activity is located within the
torso, which, according to the mathematical phantom used in
MIRD Pamphlet No. 5, Revised (9), is 70 cm in length for a
standard adult. In radionuclide therapy involving bone disease, the
activity may be located along the entire length of the patient; the
standard adult height used in the MIRD mathematical phantom is
174 cm (9). Caculations of dose rate per unit activity were
therefore performed for a point source and for line sources of

Eq. 2
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lengths of 20, 50, 70, 100, and 174 cm (the 20-, 50-, and 100-cm
lengths were selected to add flexibility for the user) at various
distances up to 100 cm, and the ratios of line-source values to
point-source values were calculated. In addition, radionuclide-
independent conversion factors, to convert exposure rate constants
to dose rates per unit activity, for these line-source lengths at
various distances were determined.

RESULTS

The ratios of line-source values to point-source values as
a function of distance and line-source length are shown in
Table 1. These values are radionuclide independent; thus,
the ratios for each given line-source model directly indicate
the point-source model agreement at each distance for any
radionuclide. The valuesin Table 1 indicate that the inverse
square law approximation is not valid for a line source until
a certain distance is reached, dependent on the length of the
line source. For the 20-, 50-, 70-, 100-, and 174-cm line
sources shown in Table 1, the dose rate values estimated by
the inverse square law approximation are within approxi-
mately 10% of the values estimated using the line-source
approach at distances of 20, 45, 60, 85, and 145 cm (not
shown in Table 1), respectively. At closer distances, use of
the point-source model for a patient with an extended ac-
tivity distribution overestimates dose rate and, accordingly,
overestimates the radiation absorbed dose to exposed indi-
viduals, sometimes by a very significant amount.

Radionuclide-independent conversion factors (cm=32), to
convert exposure rate constants I' (mSv cm?MBq h or
mrem cm?mCi h) to dose rates per unit activity (mSv/MBq
h or mrem/mCi h) at a given distance for the various
line-source lengths, are given in Table 2. Dose rates per unit
activity at a given distance, for any radionuclide, can be
determined from Table 2 by simply multiplying the values
by the appropriate exposure rate constant. Of course, these
values are theoretic; they must be corrected for patient
attenuation and scatter. If patient dose rates at a given
distance are measured, then dose rate values at any other
distance can be obtained directly from Table 2 for the
appropriate line-source length by simply multiplying the
measured dose rate by the ratio of the value given in Table
2 for that measurement distance and the value for any other
distance desired. For example, suppose you measure the
dose rate at 1 m from a patient containing a source of
activity that is distributed in the patient’s torso and you
desire to estimate the dose rate at a distance of 10 cm from
the patient. In this case, you would multiply the measured
dose rate by 38.4 (using the 70-cm line-source column,
divide the 3.69 X 102 value at 10 cm by the 9.62 X 10-5
value at 100 cm). If the distance-dependent dose rate had
been calculated using the inverse square relationship, the
measured dose rate at 1 m would have been multiplied by
100 (100%/10%) to estimate the dose rate at 10 cm. In this
case, an unreasonably high dose estimate, unnecessarily
conservative by a factor of 2.6 (100/38.4), would result.
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TABLE 1
Ratios of Line-Source Values to Point-Source Values as Function of Line-Source Length and Distance

Ratio
Distance (cm) ¢ =20cm ¢ =50cm ¢ =70cm ¢ =100 cm ¢ =174 cm

1 0.147 0.061 0.044 0.031 0.018

5 0.554 0.275 0.204 0.147 0.087
10 0.785 0.476 0.369 0.275 0.167
15 0.882 0.618 0.500 0.384 0.241
20 0.927 0.717 0.601 0.476 0.309
25 0.951 0.785 0.679 0.554 0.371
30 0.965 0.834 0.739 0.618 0.427
35 0.974 0.868 0.785 0.672 0.478
40 0.980 0.894 0.822 0.717 0.524
45 0.984 0.913 0.850 0.754 0.566
50 0.987 0.927 0.872 0.785 0.603
55 0.989 0.939 0.891 0.812 0.637
60 0.991 0.947 0.905 0.834 0.667
65 0.992 0.955 0.917 0.852 0.694
70 0.993 0.960 0.927 0.868 0.719
75 0.994 0.965 0.936 0.882 0.741
80 0.995 0.969 0.943 0.894 0.761
85 0.995 0.973 0.949 0.904 0.779
90 0.996 0.975 0.954 0.913 0.795
95 0.996 0.978 0.958 0.921 0.810
100 0.997 0.980 0.962 0.927 0.823

DISCUSSION dose-distance approximation to estimate the dose rate at

Although it is common practice to measure the dose rate  other distances, this approach can lead to large dose over-
at 1 m from aradioactive patient (most commonly, aradio- estimates if the radioactivity is widely distributed in the
nuclide therapy patient) and then use the inverse square patient. A practical method for calculating the radiation

TABLE 2
Radionuclide-Independent Conversion Factors

Conversion factor (cm~2)

Distance (cm) ¢ =20cm ¢ =50cm ¢ =70cm ¢ =100 cm € =174 cm
1 1.47E-01 6.12E-02 4.41E-02 3.10E-02 1.79E-02
5 2.21E-02 1.10E-02 8.17E-03 5.88E-03 3.48E-03

10 7.85E-03 4.76E-03 3.69E-03 2.75E-03 1.67E-03
15 3.92E-03 2.75E-03 2.22E-03 1.71E-03 1.07E-03
20 2.32E-03 1.79E-03 1.50E-03 1.19E-03 7.73E-04
25 1.52E-03 1.26E-03 1.09E-03 8.86E-04 5.94E-04
30 1.07E-03 9.26E-04 8.21E-04 6.87E-04 4.75E-04
35 7.95E-04 7.09E-04 6.41E-04 5.49E-04 3.90E-04
40 6.12E-04 5.59E-04 5.13E-04 4.48E-04 3.28E-04
45 4.86E-04 4.51E-04 4.20E-04 3.72E-04 2.79E-04
50 3.95E-04 3.71E-04 3.49E-04 3.14E-04 2.41E-04
55 3.27E-04 3.10E-04 2.94E-04 2.68E-04 2.10E-04
60 2.75E-04 2.63E-04 2.51E-04 2.32E-04 1.85E-04
65 2.35E-04 2.26E-04 2.17E-04 2.02E-04 1.64E-04
70 2.03E-04 1.96E-04 1.89E-04 1.77E-04 1.47E-04
75 1.77E-04 1.72E-04 1.66E-04 1.57E-04 1.32E-04
80 1.55E-04 1.51E-04 1.47E-04 1.40E-04 1.19E-04
85 1.38E-04 1.35E-04 1.31E-04 1.25E-04 1.08E-04
90 1.23E-04 1.20E-04 1.18E-04 1.13E-04 9.81E-05
95 1.10E-04 1.08E-04 1.06E-04 1.02E-04 8.97E-05
100 9.97E-05 9.80E-05 9.62E-05 9.27E-05 8.23E-05

Multiplication of these factors by appropriate exposure rate constant will result in dose rate per unit activity at that distance, uncorrected
for patient attenuation and scatter.

ABSORBED Dost FROM RADIOACTIVE PATIENTS  Siegel et al. 1243



dose to exposed individuals based on modeling the patient
as aline source, with or without any measurement of patient
dose rate, has been described. A lookup table has been
provided as an essential tool for ease of implementation of
this calculational algorithm. When the distances of interest
are known, it may be preferable to obtain additional dose
rate measurements. However, many times these distances
are not known a priori and dose rate measurements are not
available, or if many distances are required it may not be
practical to obtain all the required dose rate measurements.

The line-source model is till conservative because of the
continued lack of attenuation correction in the exposed
individual. Anthropomorphic mathematical phantoms with
state-of-the-art Monte Carlo transport techniques have been
proposed for determining appropriate correction factors to
apply to dose rate measurements to account for attenuation
and scatter in the exposed individual (10). For example,
Monte Carlo simulations have indicated that for 3, the
measured dose rate at 1 m, which reflects only the surface
entrance dose rate to the exposed individual, should be
multiplied by 0.62 to correctly reflect the total-body dose
rate (10). A simpler technique would be to multiply the
measured dose rate by an attenuation factor for the exposed
individual, such as (1 — e*™2), where . is the linear
attenuation coefficient of the pertinent radionuclideand T is
the body thickness of the exposed individual. Ultimately,
the dose calculations should be performed using a modifi-
cation of the MIRD dosimetry schema (11), applying the
cumulated activity in the patient and an appropriate total
body—to-total body S value taking into account the patient
and the exposed individual. Mathematical phantoms now
exist not only for adults but also for both children and
pregnant women, thus allowing a more accurate dose cal-
culation scheme (12,13). Radionuclide total body-to-total
body S vaues (i.e, patient—to—exposed individual total
body—to-total body S values) should be developed for this
purpose, in an attempt to bring externa radiation dose
calculations into the same routine use as has been achieved
for internal radiation dose calculations.

CONCLUSION

Radiation dose estimates to individuals exposed to radio-
activity-containing patients are important for a variety of
dose reconstruction scenarios and also for determining the
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times necessary for the patient to avoid certain behaviors,
such as holding babies, approaching pregnant women, and
sleeping with a partner. Because each radionuclide therapy
patient who is released must be given written instructions to
maintain doses to members of the public as low as is
reasonably achievable, use of the line-source model to es-
timate absorbed dose to exposed individuals should lead to
amore rational formulation of postrelease precautions, po-
tentially resulting in the reduction of unnecessarily burden-
some radiation safety advice to the patient, unnecessary
concern for certain members of the public, and unnecessary
regulatory paperwork.
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