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Paper

The Nuclear Medicine Patient as a Line Source: The Source Length Is Certainly Not the
Patient Height, But It Is a Reasonable Approximation

David Broggio'

Abstract—Nuclear medicine patients are a source of exposure and
should receive instructions to restrict contact time with different
categories of people. The calculation of the restriction time re-
quires that the dose rate at a given distance, known from an initial
measurement and a whole-body retention function, can be extrap-
olated at other distances. As a basis for this extrapolation, it has
been suggested to consider the patient as a line source. However,
the validity of this suggestion is based on a few studies and limited
measurement distances. We collected from the literature dose
rates of nuclear medicine patients measured at different distances
and investigated the robustness of the line source model. The cases
of 8F-FDG exams, >™Tc bone scan exams, and '>'I for hyperthy-
roidism treatment and remnants ablation were considered. The
data were pooled, different cases of measurement time after ad-
ministration were considered, and the data were fitted according
to the line source model in which the half patient thickness was in-
troduced. It was found that the line source model fits well the data
put with a source length that is radionuclide-specific and signifi-
cantly different from the standard adult height. However, consid-
ering a standard source length of 176 cm and neglecting the pa-
tient thickness induced at maximum an overestimation by a factor
of 2.5 when extrapolating from 1 m to 10 cm. Such an overestima-
tion is not of considerable importance in the calculation of contact
restriction times.
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INTRODUCTION

NUCLEAR MEDICINE patients are a source of exposure for
members of the public, their relatives, and co-workers. In
Europe and in the United States, it is mandatory to deliver
instructions to those patients before their release in order
to limit the exposure of members of the public (Council of
the European Union 2014; US NRC 2021). These instruc-
tions usually prescribe avoiding contact with categories of
people such as co-workers, children, pregnant women, fam-
ily members, and co-travelers in public transport for a given
period. After this period, the exposure of the contact person
falls below a dose limit fixed by national regulations.

These instructions are necessarily based on exposure
scenarios that define the contact time and distance for each
category of contact person. Several scenarios differing by
the distance and contact time or dose constraint have been
proposed (O’Doherty et al. 1993; Zanzonico et al. 2000;
Carlier et al. 2004). Whatever the scenario, if the dose rate
of'the patient is known, the restriction time can be calculated
(Cormack and Shearer 1998; Zanzonico et al. 2000; Carlier
et al. 2004). General guidance giving the restriction time as
a function of measured dose rate or injected activity has been
issued (European Commission 1998; ICRP 2004; IAEA 2009).
As pointed out by several authors (Cormack and Shearer
1998; Zanzonico et al. 2000; Liu et al. 2015a; Han et al.
2021), it is better to base the instructions on the measured
patient’s dose rate; otherwise, one has to rely on default
dose rates that do not take into account the high interpatient
variability. Illustrative examples of inter-patient variability
of retention can be found in Berg et al. (1996), Hénscheid
et al. (2006), and Taprogge et al. (2021).

Usually the dose rate is measured at a fixed distance—
in many cases at 1 m (European Commission 1998; Al-Haj
et al. 2007; Dos Santos et al. 2015). To assess the exposure
rate at the other distances defined by the exposure scenario,
one thus needs a “scaling law” to compute the exposure at
these distances from the 1-m exposure. The scaling law,
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except at long distances or for very specific cases, is cer-
tainly not the inverse square law, as pointed out many times
(Chiesa et al. 1997; Cormack and Shearer 1998; Sparks et al.
1998). To compute the exposure rate correctly, particularly
for close contact distances, it has been suggested to consider
the patient as a line source (Castronovo et al. 1982; Siegel
et al. 2002). It should be acknowledged that despite this,
the approach is usually accepted (Matheoud et al. 2004;
De Carvalho et al. 2011; D'Alessio et al. 2015; Liu et al.
2015b). The experimental evidences for such an approach
are limited to a few studies (Willegaignon et al. 2007; Yi
et al. 2013; D'Alessio et al. 2015) and limited to a small
number of short distances or a single distance (Liu 2015b).

The aim of this work was to investigate further the ro-
bustness of the patient line source model. For that purpose,
we collected measured exposure rate data from the literature,
pooled them, and fitted the line source model to the exper-
imental data. In particular, the patient diameter was taken
into account through an additional fitting parameter, and
the source length that best fitted the data was obtained.
The consequences of using the standard adult height for
the source length rather than the best fitting length was then
investigated. The cases of '®F-FDG exams, **™Tc bone
scan exams, and "*'I for hyperthyroidism treatment and
remnants ablation were considered. This study aimed at in-
vestigating the trend of the dose rate variation with distance,
not its absolute value. As such, if it can be assumed that the
dose rate is known at a given distance, the relevant quantity
is the scaling factor enabling the prediction of the dose rate
at other distances.

MATERIALS AND METHODS

Line source model
The dose rate (D) due to a line source of length / at a

point situated at distance d from the line and at half the
source length is given by Siegel et al. (2002) and Cember
and Johnson (2009):
!
mwﬁﬁﬁﬁ. (1)
2

The k factor takes into account the source activity and the
gamma ray constant of the radionuclide (Cember and Johnson
2009), since hereafter we are interested in the dose rate trend
as a function of the distance and not its magnitude, so the
proportionality factor is not of importance.

Usually, the dose rates of patients are measured so that
the body surface is taken as the origin of distances. Thus, to
avoid divergence at the origin and to model the line source
at the center of the patient’s body, it is more suitable to con-
sider the following relationship:

atan (m)
(d+dy)l ' (2)

D(d) =k

The d, parameter thus accounts for the patient half-thickness
and d for the distance measured from the patient’s body.
Hereafter, d is taken as a free parameter that is fitted from
experimental data, as well as the source length.

Experimental data processing
The line source model is of interest since it enables one

to calculate the dose rate at a given distance from a reference
measurement. As explained in the introduction and evi-
denced from the collected experimental data (see below),
most measurements are usually taken at 1 m. We thus con-
sidered relative dose rates normalized at 100 cm. The rela-
tive dose rate (D,) was thus defined as:

byd) =29 3)

D(100)

The relative dose rate thus only depends on the distance d,
and source length.

Having relative dose rates obtained from measurement
(D;"em) at several distances (d;), one can find the source length
and d, that best describe the measurement data. For that pur-
pose, we minimized the chi-square (Wolberg 2006):

. - meas 2
=y (DA DI )" "

i g;

The chi-square minimization and calculation of the 1-sigma
uncertainty on fitted parameters were carried out with the
mpfit library (Markwardt 2009). The uncertainties o; on
measured data were fixed as explained below.

Collected data
We collected measured dose rate data of patients from

the literature and considered the cases of '*F-FDG exams,

99™T¢ bone scan exams, treatment of hyperthyroidism with

1317, and ablation treatment of thyroid remnants with '>'I.
The criteria for retaining the studies were as follows:

» At least two measurement distances were provided, with
one distance being 1 m;

* Measurements were performed at the thorax or abdomen level;

* The time of measurement was given;

» Language was English, French, German, or Spanish; and

* Full text was available.

As a consequence, some potentially interesting studies were
disregarded because the measurement position was not de-
scribed, because the reported measurement consisted of the
maximum dose rate obtained during vertical displacement
of the measurement device, or because the dose rates were
taken at the thyroid level. For '*'I treatment, we disregarded

www.health-physics.com


http://www.health-physics.com

210 Health Physics

measurement at the thyroid level to avoid a possible bias of
the final data set and because measurement at this position
does not comply with the recommendations of measuring
Hp(10) at the thorax level (ICRU 2020).

Data were processed as follows:

1. For each study, the reported dose rates were normalized
to obtained relative dose rates (eqn 3);

2. The uncertainty on the normalized dose rate was fixed:
from reported uncertainties, readings of error bars or recal-
culation from raw data. For data extraction from figures,
WebPlotDigitizer (Rohatgi 2020) was used. If none of
these methods were applicable, a default uncertainty of
25% was applied to measurements at a given distance,
thus 35% for the normalized value. Uncertainties could
be retrieved for 110 of 146 data points, and the 25%
corresponded to a typical value of quoted or reported
uncertainties even if uncertainties as large as 100% or
as low as 5% were sometimes reported;

3. Normalized dose rates were grouped according to a
measurement time category (for example “immediate”
or “24 h”); and

4. For each distance in a measurement time category, the
weighted mean and weighted standard deviations were
calculated, using the number of measured patients for
the sample size (Dunn and Clark 2009).

At this stage the chi-square minimization was per-
formed with the weighted means and standard deviations.

8E_FDG data set. We retrieved 15 studies (Chiesa et al.
1997; Cronin et al. 1999; Benatar et al. 2000; Pant and
Senthamizhchelvan 2006; Gomes et al. 2010; Demir et al.
2011; Sudbrock 2011; Quinn 2012; Kim 2013; Yi 2013;
Uhrhan 2014; Fayad et al. 2015; Choi et al. 2018; Al-
Aamria et al. 2019; Giines et al. 2019) providing the re-
quired data; the number of patients per study was between
6 and 152. We defined two categories of measurement time:
“immediate” and “1 h.” The first one is for measurements
taken immediately after injection or maximum 15 min after
injection, and the second one is for measurements taken be-
tween 50 min and 2 h after injection. In the “immediate” cat-
egory, eight measurement distances (excluding the 100 cm
case) were available, between 0 and 500 cm. Eight measure-
ment distances between 0 and 200 cm were available for the
“1 h” category.

The source of data, measurement times, number of pa-
tients, and normalized dose rates as a function of distance
are reported in Table 1. The average values and standard de-
viations used for fitting the source line model are also given
in Table 1 for each category of measurement time. The
values at 100 cm are reported for clarity in Table 1, but they
are not taken into account in fitting the source line model.

September 2022, Volume 123, Number 3

2MT¢ bone scan data set. We retrieved 16 studies
(Castronovo 1991; Mountford et al. 1991; Konishi et al.
1994; Havlik et al. 1996; Greaves and Tindale 1999;
Gomez-Palacios et al. 2005; Lemoine et al. 2011; Sudbrock
et al. 2011; Bartlett 2013; Kim et al. 2013; Stenstad et al.
2014; Fayad et al. 2015; Moran et al. 2016; Javed et al.
2017; Ohiduzzaman et al. 2019; Das and Mondal 2020)
providing the required data. The number of patients per
study was between 6 and 145. We defined three categories
of measurement time: “immediate”, “3 h” and ‘24 h.” The
first category was for measurements taken at maximum 30
min after injection, the second one for measurements be-
tween 2 and 4 h, the last one for measurements at 24 h.
The numbers of available measurement distances in these
categories are 6 (immediate), 8 (3 h) and 3 (24 h). Measure-
ment distances varied between 0 and 200 cm.

The source of data, measurement times, number of pa-
tients, normalized dose rates as a function of distance, aver-
age values, and standard deviations used for fitting are pro-
vided as Supplemental Digital Content (Table S1: http://
links.lww.com/HP/A218).

31T treatment of hyperthyroid patients. We retrieved
five studies (O'Doherty et al. 1993; Demir et al. 1996;
Muhammad et al. 2006; Sudbrock et al. 2009; Liu et al. 2015a)
providing the required data, and the number of patients per
study was between 7 and 72. We defined three categories
of measurement time: “day 0,” “day 3,” and “day 7.” The first
category (five studies) was for measurements taken immedi-
ately after injection or on the injection day, the second one for
measurements taken 3 d after injection (three studies), and
the last one for measurements taken 7 or 8 d after injection
(two studies). The numbers of available measurement dis-
tances in these categories are 8 (day 0), 5 (day 3), and 4 (day
7). Measurement distances varied between 0 and 500 cm.

The source of data, measurement times, number of pa-
tients, normalized dose rates as a function of distance, aver-
age values, and standard deviations used for fitting are pro-
vided as Supplemental Digital Content (Table S2: http://
links.lww.com/HP/A218).

IT treatment of thyroid remnants. We retrieved
seven studies (Barrington et al. 1996; Willegaignon et al.
2007; Sudbrock et al. 2009; Yi et al. 2013; Liu et al.
2014; Dehkordi et al. 2017; Mat Nawi et al. 2020) providing
the required data; the number of patients per study was be-
tween 3 and 231. We defined three categories of measure-
ment time: “day 0,” “day 1,” and “day 2.” The first category
(six studies) was for measurements taken immediately after
injection or on the injection day, the second and third cate-
gories each included data from three studies. The numbers
of available measurement distances in these categories are
13 (day 0), 4 (day 1), and 4 (day 2). Measurement distances
varied between 0 and 700 cm.
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Table 2. Summary of line source model fitted parameters, their uncertainties, and chi-square statistics.

Case Meas. Time [ (cm) dy (cm) [chi]¥/ndf p([chi]?)
SEEDG immediate 347 + 194 8.1+32 0.12 0.994
one hour 116 + 715 28.9 + 104 0.19 0.979
immediate 644 + 657 63+3.1 0.21 0.932
99mT¢ bone scan 3 hours 230 £216 128+13 0.25 0.959
24 hours 110 + 1957 22.8 +265 0.06 0.806
day 0 208 +78 3.6+1.1 0.32 0.929
31T hyperthyroidism treatment day 3 455 + 662 23+1.1 1.64 0.177
day 7 93 + 4806 20.6 +719 0.24 0.791
day 0 348 + 80 3+1 0.2 0.998
31T remnant ablation day 1 849 + 4184 32+10 0.3 0.748
day 2 820 + 3453 45+13 0.05 0.952

The source of data, measurement times, number of pa-
tients, normalized dose rates as a function of distance, aver-
age values, and standard deviations used for fitting are pro-
vided as Supplemental Digital Content (Table S3: http://
links.lww.com/HP/A218).

RESULTS AND DISCUSSION

Fitting of the line source model
The fitted parameters (i.e., the source length and pa-

tient half thickness, dy, and their 1-sigma uncertainty) are
reported in Table 2 for the four medical procedures and
the categories of measurement time defined above. As an
indicator of the goodness of fit, the ratio of the chi-square
to the number of degrees of freedom is also reported in
Table 2, as well as the chi-square probability.

In the case of the "®F-FDG exams, the source lengths
for the two measurement time categories were 347 cm (im-
mediate measurements) and 116 cm (measurements around
1 h); the d, parameters were 8§ cm (immediate measure-
ments) and 29 cm (measurements around 1 h). Even if the
p-values associated with the chi-square are statistically sig-
nificant in both cases, in the case of measurements around 1
h, the uncertainty on fitted parameters is greater than the pa-
rameters. Fig. 1 shows the result of the fitting for the catego-
ries of “immediate” measurements. Fitting results for the
measurements around 1 h are shown as Supplemental Dig-
ital Content (Fig. S1: http://links.lww.com/HP/A218).

In the case of *™Tc bone scan exams, the fitted source
lengths were 644 cm, 229 cm, and 110 cm for, respectively,
the time categories “immediate,” “3 h,” and “24 h.” The d,
parameters varied between 6 and 23 cm depending on the
measurement time. For the measurements around 24 h, the

best fit —

10

Normalized dose rate

Normalized dose rate

1 1

30

25
20"

10 20 30 40

Distance (cm)

50

1 1

0 100 200

300 400 500

Distance (cm)
Fig. 1. Experimental and fitted normalized dose rate as a function of distance for immediate measurements after 'F-FDG administration.
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Fig. 2. Experimental and fitted normalized dose rate as a function of distance for immediate measurements after administration of '*'I for hyper-

thyroidism treatment.

uncertainties on fitted parameters were greater than the pa-
rameters. For the two other categories, the uncertainty was
of the order of magnitude of the parameters. Fitting results
for the three measurement time categories are shown as
Supplemental Digital Content (Fig. S2: http://links.lww.
com/HP/A218).

In the case of hyperthyroidism treatment with '>', the
fitted source lengths varied between 92 and 454 cm, and d,
varied between 2.3 and 20 cm. Only in the case of measure-
ments at the treatment day, the fitted parameters had an un-
certainty smaller than their values. Fig. 2 shows the result of
the fitting for the categories of measurements on the treatment
day. Fitting results for the two other cases of measurement
time are shown as Supplemental Digital Content (Fig. S3:
http://links.Iww.com/HP/A218).

In the case of remnant ablation with 1311, the fitted
source lengths varied between 348 and 850 cm, and d,, var-
ied between 3 and 4.5 cm. Only in the case of measurements
at the treatment day, the fitted parameters had an uncertainty
smaller than their values. Fitting results for the three mea-
surement time categories are shown as Supplemental Digi-
tal Content (Fig. S4: http://links.lww.com/HP/A218).

Consequences of using a default line source model
If the fitted parameters of the line source model are un-

known, a reasonable choice is to consider a standard height
and disregard the parameter d,) (default model). Considering
that a dose rate measurement is carried out at 1 m, one can
compare the dose rate scaling factors to other distances

using the default model or the model including fitted pa-
rameters. Hereafter, we calculated the scaling factors for
the distances of 10 cm, 30 cm, and 200 cm. We selected
176 cm for the standard height, the / and d, parameters ob-
tained for immediate measurements (‘*F-FDG), 3 h (**™Tc
bone scan exam), and day 0 (**'I treatment of hyperthyroid-
ism and remnant ablation). These choices corresponded to
the most significant fits.

The resulting scaling factors are shown in Table 3 as
well as their ratios. The default model produced a scaling
factor greater than with the fitted model when extrapolating
from 100 cm to shorter distances. The overestimation factor
was between 1.4 (hyperthyroidism treatment) and 2.4
(**™Tc) when going from 100 to 10 cm. When going from
100 to 30 cm, the overestimation factor was between 1.2
and 1.5. In the case of extrapolation from 100 to 200 cm,
the default model gave an underestimation of the dose rate;
the factor was between 0.8 and 0.9.

Fig. 3 shows the ratio of scaling factors (default model
over fitted model) for distances between 10 and 250 cm.
The relative difference between the default and fitted model
was within 25% for distances between 20 and 250 cm (hyper-
thyroidism treatment) or between 50 and 250 cm ( BE_FDG).
The relative difference was less than 50% for distances as
short as 10 cm (hyperthyroidism treatment) or 20 cm.

One can also consider a scaling factor based on the in-
verse square law. The ratio of the scaling factors for the
fitted model and inverse square law model is also plotted
on Fig. 3. The inverse square law was within 25% of the
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Table 3. Comparison of dose rate scaling factors from 100 cm to other distances when default or fitted model parameters are used.

Scaling factor : 100 to 10 cm Scaling factor : 100 to 30 cm Scaling factor : 100 to 200 cm

Default with fitted parameters Default/Fitted Default with fitted parameters Default/Fitted

Default/Fitted

with fitted parameters

Default

0.81
0.87
0.94

0.36
0.33
0.31

0.29
0.29
0.29

1.5
14
1.2

3.8
4.0

5.7
5.7
5.7

23

8.6
8.6
139

20.2

BEFDG

99mTc

24

20.2

49

14

20.2

BT Hyperthyrodism

l}lI

0.83

0.35

0.29

14

4.2

5.7

1.8

114

20.2

Remnant ablation

Health Physics
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fitted model for distance between 70-160 cm ('*F-FDG) or
between 60-250 cm (hyperthyroidism treatment). The in-
verse square law was within 50% of the fitted model for dis-
tances between 50 and 250 cm.

DISCUSSION

As evidenced by the fit results, the trend of the dose
rate variation with distance from nuclear medicine patients
is well described by the line source model. However, the
source length that best describes the data is certainly not
the patient height. For some measurement times, the fitted
source length is associated with a large uncertainty, but
when the uncertainty is smaller, the source length remains
greater than the standard adult height. The d,, that was intro-
duced in the line source model is of the order of 5 cm. Even
if an order of magnitude of 10 cm would have been ex-
pected, one can consider the result as consistent with the
half thickness of patients. The large uncertainties on fitted
parameters, especially the source length, have two origins.
First, the relatively large error bars on data points are dom-
inated by the inter-study variations rather than by the uncer-
tainty from a given study. Consequently, having affected a
typical uncertainty of 25% to data that were published with-
out uncertainty, even if disputable, is certainly of minor con-
cern. Second, large variations on the source length parameter
do not produce large variation on the dose rate. This last ef-
fect is illustrated by the ratio of scaling factors in Table 3
and Fig. 3. When the source length is decreased from around
350 cm to 176 cm, the dose rate is modified to less than 25%,
except for distances shorter than 30-50 cm.

This study does not pretend to be exhaustive even if ef-
forts have been made to retrieve as many data as possible.
Measurement distances have been collected from contact
to several meters and the fit performed over considerably
more distances than previously; therefore, the patient line
source model validity is reinforced. Radiopharmaceuticals
used for diagnostics are, of course, not a big issue in terms
of public exposure by patients, but they enable testing of
the validity of the model.

If radionuclide-specific or measurement-time specific
parameters are not available, it has been shown that using
default parameters does not induce errors that are too large
in the calculation of dose rate scaling factor. Of course, for
short contact distances, the default parameter can lead to
an overestimation of the dose rate by a factor of 2. However,
the dose rate is ultimately used for the calculation of a re-
striction time, which is a logarithm function of the dose rate
(see Carlier et al. 2004, for example). As a consequence,
overestimation of the restriction time should be minimal.

A robust scaling factor is needed to calculate meaning-
ful restriction times, but it is not the sole parameter that
affects the relevance of calculations. The biokinetic
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Fig. 3. Ratio of scaling factors as a function of distances for the four medical procedures considered. The scaling factors considered are based on
the line source model with fitted parameters, the line source model with default parameters, and the point source approximation.

parameters describing the whole-body retention (Liu et al. CONCLUSION
2014) are also of importance and should be chosen with
care. In Liu et al. (2015b), mathematical phantoms and a
static activity distribution have been used to calculate dose
rate at 30 and 100 cm by Monte Carlo simulations. It was
concluded that the line source model is a good approxima-
tion for *™Tc, '®F, and '*'I used for remnant ablations. In
Han et al. (2013), more realistic adult and child phantoms
were used to compute dose rates with static activity distribu-
tion for hyperthyroid patients and patients with differenti-
ated thyroid cancer. This study confirmed that the point
source approximation is too conservative but also that the
activity distribution inside the patient strongly affected the
calculation results. Further investigation by Monte Carlo
calculations might be of interest, for example, by carrying
out dose rate calculations at several time points according
to the radiopharmaceutical biokinetic model (Lamart et al.
2009; Chen et al. 2016); however, the confidence in the cal-
culation would not be stronger than the confidence in the

Collecting data from the literature enabled us to show
that the patient line source model correctly describes the
trend of the dose rate variation with distance of nuclear
medicine patients. Model fitting has been carried out over
many distances and for four treatment cases, improving
the confidence in the model. Even if the source length that
best described the data did not correspond to the standard
adult height, using a standard height induced acceptable ap-
proximation, especially if the goal is to calculate contact
restriction times.

The conclusion of this study cannot strictly apply to ra-
dionuclides that have not been studied, but it is difficult to
imagine a radiopharmaceutical distribution so particular
that it would imply that the patient line source model would
become inapplicable.
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