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The aim of this work is to use Monte Carlo simulations and VOXEL phantoms to estimate the absorbed dose in paediatric
patients (aged from 2 weeks to 16 y), with normal renal function, to whom technetium-99m-dimercaptosuccinic acid (**™Tc-
DMSA) was administered, for diagnostic renal scintigraphy purposes; and compare them with values obtained using the
International Commission on Radiological Protection (ICRP) methodology. In the ICRP methodology, the cumulated
absorbed dose in the kidneys is estimated by multiplying the administered activity with the corresponding given dose coeffi-
cients. The other methods were based on Monte Carlo simulations performed on two paediatric voxel phantoms (CHILD and
BABY), and another three phantoms, which were modified to suit the mass of the patients’ kidneys, and other anatomical fac-
tors. Different S-values were estimated using this methodology, which together with solving the ICRP biokinetic model to
determine the cumulated activities, allowed for the estimation of absorbed doses different from those obtained with the ICRP
method, together with new dose coefficients. The obtained values were then compared. The deviations suggest that the
S-values are strongly dependent on the patient’s total body weight, which could be in contrast with the ICRP data, which is

provided by age, regardless of other anatomical parameters.

INTRODUCTION

The growing use of ionising radiation in medicine
has improved overall diagnosis and prognosis for
many diseases. However, the population dose due to
medical exposures has also increased significantly ",
including in nuclear medicine procedures. This is
particularly worrisome for paediatric patients®. In
the USA, the total number of nuclear medicine pro-
cedures has increased almost 3-fold from 6.3 to 18.1
million procedures from 1984 to 2006, with approxi-
mately 1% of these being performed on children® .
According to a new UNSCEAR Committee report®™,
babies, children and adolescents are at a consider-
ably higher risk of radiation-induced cancer than
adults. The Committee reviewed 23 different types of
cancer, and for about 25% of them (including
leukaemia, thyroid, skin, breast and brain cancer)
children were clearly more radiosensitive. In the case
of solid tumours, for a fixed radiation dose, a
10-year-old person is at about twice the risk, and
a newborn at about three times the risk, than a
40-year-old person®. In the more specific case of
nuclear medicine, given the significant amount of
examinations, and despite the fact that administered

activities are low, it is necessary to properly quanti-
fy the potential risks associated with the use of
radiopharmaceuticals, from a radiological protec-
tion viewpoint. In fact, a correct dosimetric assess-
ment of radiopharmaceutical intake associated with
a nuclear medicine procedure can significantly lead
to the optimisation of the absorbed dose, improve-
ment of the guidelines, and therefore, lead to mini-
mising risk. Although there is no straightforward
way to determine the ‘actual’ absorbed dose inside
the human body, the formalism of the Medical
Internal Radiation Dose (MIRD) Committee of
the Society of Nuclear Medicine has been adopted
as the International Commission on Radiological
Protection (ICRP) calculation method for estimat-
ing radiation doses to organs from radionuclides
distributed inside the body'”. In the MIRD formalism,
the time-integrated activity in each source region
and the mean absorbed dose to the target organ per
unit of nuclear transition are used to determine the
absorbed dose to a target organ. The time-integrated
activity may be obtained by solving biokinetic models.
Biokinetic data for a large number of radionuclides
were published by the ICRP in ICRP Publication 53®,
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and updated in the ICRP Publication 128®. MIRD
pamphlet 21 deals with the nomenclature standardisa-
tion between ICRP and MIRD"?. However, despite
this, and given the continuous advances in nuclear
medicine, the biokinetic data, for many nuclear medi-
cine procedures, more specifically in the case of chil-
dren, can be and have been challenged. In fact, most
of the research in this topic indicates that uncertain-
ties are deemed very high'V.

Leggett er al.'? argue that the uncertainties asso-
ciated with biokinetic models are the largest sources
of error in calculating the dose per unit of incorpo-
rated activity in nuclear medicine, not quantifying
them. Further uncertainties are introduced by the
anatomical differences between patients and the sty-
lised models of the human body used for the deter-
mination of ICRP’s internal organ dose coefficients
up to now. Zankl et al."® report that, when com-
paring calculations using voxel phantoms with cal-
culations using stylised (‘MIRD-type’) phantoms,
deviations between 50 and 100% can be obtained.
And finally, Hadid et al."* ' and Parach et al.!®
reach similar conclusions, showing that when cal-
culating dose coefficients with voxel phantoms and
comparing them with a MIRD phantom, signifi-
cant variations (up to few hundred percent) were
obtained.

Therefore, there is a considerable interest in investi-
gating the radiation dose and its effects!” '® in
paediatric nuclear medicine patients. New dosimetric
data in paediatric patients can be obtained with state-
of-the-art techniques. Gathering a great collection of
such data can then potentiate a better understanding
of the biokinetics of different radiopharmaceuticals,
and eventually lead to the optimisation of clinical

protocols, and perhaps even contribute to reducing
the dose to which paediatric patients are exposed,
without affecting diagnostic outcomes.

This work aims at contributing to improve and
complement such studies. The absorbed dose in
17 paediatric patients of different ages administered
with technetium-99m-dimercaptosuccinic acid (**™Tec-
DMSA), used in routine paediatric nuclear medicine
for kidney disorder diagnostics, is estimated by means
of biokinetic models and MC simulations using voxel
phantoms. The obtained S-values were compared
with values obtained from the available ICRP models
and deviations were determined. Dose coefficients
were also determined and compared with those avail-
able in the literature.

MATERIALS AND METHODS
Patient data

Seventeen paediatric patients with normal renal
function were injected with a radiopharmaceutical
containing **™Tc-DMSA at the Hospital Garcia de
Orta (HGO) in Almada, Portugal. Information
about the patients can be found in Table 1.

Biokinetic model

The activity curves as functions of time in the kid-
neys and other organs of interest were built using the
available *™Tc-DMSA biokinetic data from ICRP
Publications 53® and 128® (The biokinetic data
from ICRP Publications 53 and 128 will be referred
as ICRP model from now on. The models in

Table 1. Description of the 17 paediatric patients administered with *™Tc-DMSA.

Patient Sex Age Weight (kg) Administered activity
(MBq)
1 M 2 months 34 25.16
2 M 8 months 10.0 38.85
3 M 10 months 9.0 37.00
4 M 10 months 11.0 37.00
5 M 12 months 13.0 48.10
6 M 13 months 10.0 39.96
7 F 16 months 10.0 42.92
8 F 17 months 11.0 41.81
9 F 2y 13.5 41.81
10 F 2y 12.0 38.48
11 F 3y 17.6 58.09
12 M 4y 15.0 44.40
13 F 11y 40.0 70.30
14 F 11y 43.5 77.33
15 M 15y 50.0 85.10
16 M 15y 78.0 129.50
17 F 16y 62.0 92.50
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Publications 53 and 128 are identical) and ICRP
Publication 106"°

Assuming 1mmed1ate uptake of the administered
activity Ao, the activity as a function of time A(%), in
the source organ S, with an effective half-life 7,
can be expressed as

M—FZae(ll:fzf), (H

where Fg is the fraction of the administered radio-
pharmaceutical incorporated by the organ S; «; is
the fraction of Fg eliminated with a biological half-
life T; and n is the number of elimination compo-
nents. The effective half-life, Ty is given by
Equation 2, where 7T; and T, are the biological and
physical half-life, respectlvely

1
E,eff T;

+ 2

§ﬂ|'_‘

The cumulated activity, Ag, is given by
Equation 3, which is the quantity that is used to
determine the absorbed dose, by making use of the
ICRP dose coefficients.

__qu zeff (3)

The ICRP biokinetic model states that, after
9mTc.DMSA is intravenously injected on a subject,
it is distributed in the extracellular fluid. Once inside
the extracellular fluid, half is deposited in the renal
cortex (hence F, = 0.5 in the kidneys), where it is
retained for a long period of time. Also, and as
shown in Table 2, a further fraction is temporarily
retained in the liver and spleen. Hereupon, when
referring to the ICRP model, a fraction of 0.5 is
taken up in the renal cortex, with an uptake half-
time of 1h, and it is assumed to be retained perma-
nently. Fractions of 0.1 and 0.01 are taken up in the
liver and spleen with a half-time of 1 h and cleared
with half-times of 2h (0.5) and 1.8d (0.5). This
radiopharmaceutical is excreted exclusively via the
kidneys, which makes them an important source
region for the radiation dosimetry of this substance.
The biokinetic model is constructed for adults, and
it is possible that physiological and biokinetic values
are different in children and adolescents, however
this is beyond the scope of this work, which intends
to look at dosimetric data. Finally, it should be
noted that, in this study, no blood data was taken.

Monte Carlo simulations
Software and paediatric voxel phantoms

The simulations were performed using the state-
of-art MCNPX 2.7.0 computer program developed
by the Los Alamos National Laboratory (LANL)?”
and two paediatric voxel phantoms BABY (8 weeks)
and CHILD (7 y) that are shown in Figure 1.
These phantoms were developed at the Helmholtz

Table 2. Biokinetic data of **"Tc-DMSA from ICRP
Publications 53 and 128 for the organs of interest in body
biodistribution of the radiopharmaceutical®,

Organ F; T; (h) a; AJAy (h)
Total body® 1.0 2.0 0.25 6.8
43 0.25
00 0.5
Kidneys 0.5 1.0 -1 3.7
00 1
Liver 0.1 1.0 -1 0.42
2.0 0.5
43 0.5
Spleen 0.01 1.0 -1 0.042
2.0 0.5
43 0.5
Urinary bladder 0.50 0.40
contents

It excludes urinary bladder content. ‘Total Body’ is called
‘other’ in this work.

Figure 1. Paediatric voxel phantoms BABY (left) and
CHILD (right).
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Table 3. Main features of the voxel phantoms BABY and CHILD.

BABY CHILD
Gender F F
Age 8 weeks 7y
Height (cm) 57 115
Weight (kg) 42 21.7
Kidney mass (g) 30.3 188.8

Matrix dimension 267 x 138 x 142

Original dimensions of the voxels

(0.085 x 0.085 x 0.4 = 0.00289) cm®

256 % 256 x 144
(0.154 x 0.154 x 0.8 = 0.01897) cm®

Zentrum Miinchen—German Research Center for
Environmental Health (HMGU)®". Table 3 reports
the main features of these two phantoms.

Considering the large variability of the patients
(weight and age), in order to obtain more accurate
results, the voxel dimensions of the phantoms
(BABY and CHILD) were modified to fit the anato-
my of the patients more accurately. Therefore,
besides the aforementioned BABY and CHILD phan-
toms, another four voxel phantoms (Baby_9.5kg,
Child_13.2 kg, Child 21.5kg and Child_30kg) were
created by scaling the voxels of the two original phan-
toms. The ICRP anatomical information to create
these new voxel phantoms, that is, the body height
and kidney mass for 1-, 5-, 10- and 15-year-old chil-
dren, was taken from ICRP Publication 89@%.

The parameters by which the new voxel phantoms
were scaled were:

(a) The ICRP kidney mass from ICRP 89, by
knowing the number of voxels that correspond
to the two kidneys, and knowing that the kidney
density does not change, a new volume can be
determined for a different mass by simple
proportionality.

(b) The body height values. The z dimension of the
voxels was scaled so the condition for the new
volume determined in item (a) could be
satisfied.

Subsequently, the x- and y-dimensions were scaled
accordingly, preserving the proportionality of item (a).
The rest of the anatomical data can then be esti-
mated from this. Although this is a practical method
to match the kidney mass and the height to the
ICRP value, there are still significant deviations in
the masses of the other organs and the scaling of
the phantoms introduces another source of uncer-
tainty, as the distances between organs’ centres of
mass will also vary, and this can have influence in
the cross-fire S-values. For instance the chord
length (defined as the distance between the organs’
centres of mass) between the liver and the right kid-
ney varies in the CHILD phantom, as it is scaled,
from 5.84cm to 7.68 cm. However, since, in the

Figure 2. Implemented voxel phantoms Baby_4.2 kg (ori-

ginal Baby phantom) (left), Baby 9.5 kg, Child_13.2 kg,

Child_21.7 kg (original child phantom), Child_21.5 kg and

Child_30 kg (right), all at the same YZ cut. The kidneys

(region where energy deposition was calculated) are marked
with a red circle.

case of this study, the main influence in the
absorbed dose will be the self-absorption S-value,
the geometric variations will have a minor impact,
and it is beyond the scope of this work to determine
their influence.

Although the weight of patient 1 is closer to that
of a newborn, the ICRP dose conversion coefficient
for the 1 year old had to be used, since ICRP does
not provide dose coefficients for newborns.

The new voxel phantoms were named according
to their weight:

e Baby_4.2 kg, the original BABY phantom, with
51 cm height and 30 g kidney mass,

e Baby_9.5 kg with 76 cm height and 70 g kidney
mass, the same values as for I[CRP 89 1 year old,

o Child_13.2 kg with 109 cm height and 104.8 kid-
ney mass, the same values as for the ICRP 89
S years old,

o Child_21.5 kg with 138 cm height and 180 g kid-
ney mass, the same values as for the ICRP 89
10 years old,

e Child_21.7 kg, the original CHILD phantom,
with 115 cm height and 188.8 g kidney mass,
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Table 4. Comparison between organ masses and height from ICRP Publication 89 and the four voxel phantoms used in this study.

This paper’s nomenclature ICRP 89 Organ mass (g) Dimensions (cm)
correspondence
Kidneys (2) Liver Spleen  Body weight (kg) X y z z (ICRP height)
ICRP 25 130 9.5 3.5
Voxel phantom 30.3 182 15 4.2
Baby_4.2 kg Newborn Dev (%) 212 40 579 166 22770 11.73  56.8 51
Ratio 0.8 0.7 0.6
ICRP 70 330 29 10
Voxel phantom 70 421 34 9.5
Baby_9.5kg 1 year old Dev (%) 00 275 16.7 52 29.90 15.45 76 76
Ratio 1.0 0.8 0.9
ICRP 110 570 50 19
. Voxel phantom 110 429 89 13.2
Child_13.2kg 5 years old Dev (%) 0.0 317 60.6 439 3098  30.98 109 109
ratio 1.0 1.3 0.6
ICRP 180 830 80 32
. Voxel phantom 180 702 145 21.5
Child_21.5 kg 10 years old Dev (%) 00 154 311 _433 35.07  35.07 138 138
ratio 1.0 1.2 0.6
ICRP 180 830 80 32
. Voxel phantom 188 733 151 21.7
Child_21.7kg 10 years old Dev (%) 44 17 38.8 474 39.42 39.42 115 138
ratio 1.0 1.1 0.5
ICRP 250 1300 130 56
. Voxel phantom 250 975 201 30
Child_30kg 15 years old Dev (%) 0.0 950 547 _36.7 37.63  37.63 167 167
ratio 1.0 1.3 0.6
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e Child_30 kg, with 167 cm height and 250 g kid-
ney mass, respectively, the same values as for the
ICRP 89 15-year male child, because the patients
aged 15 or more in this study were mostly male.

A depiction of the VOXEL phantoms obtained
with this method is shown in Figure 2. Table 4 shows
the organ masses for the ICRP kidneys, liver and
spleen, total height, from ICRP 89 and from the
voxel phantoms and the respective deviations (%),
and ratios, between them.

As can be seen in Table 4, there are significant
variations between the liver and spleen mass for the
five phantoms relative to the ICRP 89 values.

For Baby_9.5 kg, the liver and spleen are larger
than the ICRP values. For Child 21.5kg and
Child_30 kg the spleen is significantly larger than
ICRP, while the liver is smaller. It is also impor-
tant to notice that the full body weight of the
voxel phantoms is always smaller than the ICRP
values, decreasing with age, leading to almost half
the weight value than the body weights of the
patients within the age range of 15 y. In this case,
the adult GSF voxel phantom"'® could have been
scaled to match the kidney mass and the height of
the 15-year-old child, but this would be beyond
the scope of this work (which is to use child voxel
phantoms to estimate absorbed dose). Also, it would
have led to values with no significant variation to
absorbed dose determined with ICRP since that is,
overall, the ICRP methodology (scaling adult voxel
phantoms to fit the anatomical parameters of children
of different ages). In fact, in the age-sgeciﬁc MIRD-
type phantoms (Cristy and Eckerman®?), considera-
tions on human anatomical growth with age
have been taken into account, but these differences
will be very small for the 15-year-old child. It should

be noted, however, that in this study a voxel phantom
of a 7-year-old child is used to determine the S-values
for 15-year-old children.

In order to determine the dose and other para-
meters, each patient was ascribed with one of the
voxel phantoms, which was its closest ICRP match
(defined as age) or by total weight®.

In cases where the closest matches by weight, and by
age, were different, both phantoms were used for
absorbed dose calculations, and the resulting values
were compared with ICRP values, as shown in Table 5.

S-value estimations using M C simulations

99mTe sources were simulated separately in the kid-
neys, liver, spleen and total body of the paediatric
voxel phantoms. Photons and betas were considered
as emitted particles®”. In order to have low statistical
errors (1o < 3%), 10° particles were simulated. Tally
F6 (deposited energy per mass in a cell per emitted
particle of the source in MeV/g) was used to obtain
the absorbed dose in the kidneys. One can clearly see
that this is, in fact, in the MIRD formalism, the same
as determining the S-value. Multiplying this S-value
for each phantom ascribed to a patient by the cumu-
lated activity values, the absorbed dose in the kidneys
can be determined, using the phantom closest to the
patient both by total body weight or by age (method 1
or method 2).

The kidney mass and the distances between the
kidneys and the various source organs, that is, the
anatomy of the phantom, will have an impact in
the energy deposited in the kidneys MC simulations.
In fact, the distance between source and target
region is a parameter that influences the specific
absorbed fractions in internal dosimetry®>, which is
not taken into account in this study.

Table 5. Description of the 17 paediatric patients administered with *™Tc-DMSA.

Patient Sex Age Weight (kg) Closest match to ICRP Closest match by weight
1 M 2 months 34 Baby_9.5kg Baby_4.3kg
2 M 8 months 10.0 Baby_9.5kg Baby_9.5kg
3 M 10 months 9.0 Baby_9.5kg Baby_9.5kg
4 M 10 months 11.0 Baby_9.5kg Child_13.2kg
5 M 12 months 13.0 Baby_9.5kg Child_13.2 kg
6 M 13 months 10.0 Baby_9.5kg Baby_9.5kg
7 F 16 months 10.0 Baby_9.5kg Baby_9.5kg
8 F 17 months 11.0 Baby_9.5kg Child_13.2kg
9 F 2y 13.5 Baby_9.5kg Child_13.2 kg
10 F 2y 12.0 Baby_9.5kg Child_13.2 kg
11 F 3y 17.6 Child_13.2kg Child 21.5kg
12 M 4y 15.0 Child_21.5kg Child_13.2 kg
13 F 11y 40.0 Child_21.5kg Child_30kg
14 F 11y 43.5 Child_21.5kg Child_30kg
15 M 15y 50.0 Child_30kg Child_30kg
16 M 15y 78.0 Child_30kg Child_30kg
17 F 16y 62.0 Child_30kg Child_30kg
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RESULTS AND DISCUSSION
Biokinetic model activity curves

The ICRP model® ? is used to build the activity
curves as a function of time for each source region,
following Equation 1. The administered activity A
is decided at the Nuclear Medicine Service of HGO,
according to protocol and adopted guidelines®®.
Figure 3 shows the percentage activity per injected
activity curves for all affected organs.

Also, for each patient the cumulated activity (4) is
determined (estimated by the biokinetic model from
ICRP 128 through Equation 3), which is shown in
Table 6.

These values can be used to estimate the absorbed
dose, by multiplying them with either the ICRP dose
coefficients or, alternatively, the values estimated
using MC simulations, using methods 1,2 or 3.

Monte Carlo results and absorbed dose estimation

Table 7 shows the Monte Carlo estimations of the
S-values for the kidneys when a source of **™Tc
is simulated in different organs, for the five used
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Figure 3. Percentage of activity in affected organs (MBq)

per injected activity as a function of time (h) according to

the biokinetic model from ICRP Publication 53, in log

scale. Percentage activity in the kidney reaches a max of
~30% approximately 2 h after injection.

Table 6. Cumulated activities in all important organs and regions, using the biokinetic model from ICRP Publication 53.

Patient Kidneys (MBq) Other (MBq) Liver (MBq) Spleen (MBq) Bladder content (MBq)
1 3.37 x 10° 6.15 x 10° 3.31 x 10* 3.31 x 10° 3.62 x 10*
2 521 % 10° 9.50 x 10° 5.11 x 10* 5.11 x 10° 5.59 x 10*
3 4.96 x 10° 9.04 x 10° 4.87 x 10* 4.87 % 103 5.33 x 10*
4 4.96 x 10° 9.04 x 10° 4.87 x 10* 4.87 % 10° 5.33 x 10*
5 6.45 % 10° 1.18 x 10° 6.33 x 10* 6.33 x 10° 6.93 x 10*
6 5.36 x 10° 9.77 x 10° 5.26 x 10* 5.26 x 10° 5.75 x 10*
7 5.75 % 10° 1.05 x 10° 5.65 x 10* 5.65x 10° 6.18 x 10*
8 5.61 x 10° 1.02 x 10° 5.50 x 10* 5.50 x 10° 6.02 x 10*
9 5.61 x 10° 1.02 x 10° 5.50 x 10* 5.50 x 10° 6.02 x 10*
10 5.16 x 10° 9.41 x 10° 5.07 x 10* 5.07 x 10° 5.54 x 10*
11 7.79 x 103 1.42 x 10° 7.65 x 10* 7.65 x 10° 8.36 x 10*
12 5.95 x 10° 1.09 x 10° 5.85 x 10* 5.85x 10° 6.39 x 10*
13 9.42 x 10° 1.72 x 10° 9.26 x 10* 9.26 x 10° 1.01 x 10°
14 1.04 x 10° 1.89 x 10° 1.02 x 10° 1.02 x 10* 1.11 x 10°
15 1.14 x 10° 2.08 x 10° 1.12 x 10° 1.12 x 10* 1.23 x 10°
16 1.74 x 10° 3.17 x 10° 1.70 x 10° 1.70 x 10* 1.86 x 10°
17 1.24 x 10° 2.26 x 10° 1.22 x 10° 1.22 x 10* 1.33 x 10°

Table 7. S-values in the kidneys for different source organs for the five voxel phantoms.

Source organ

Baby 42kg  Baby 9.5kg  Child_I32keg  Child 21.5kg  Child_21.7kg  Child_30ke

mGy/MBq
Kidney 1.12x 107 520 % 107° 3.44 x 107° 2.20 x 107° 2.13x107° 1.64 x 107
Liver 2.00x 107° 1.16 x 107° 1.13%x 107° 7.80 x 1077 8.47 x 1077 5.96 x 1077
Spleen 3.36x 107° 1.92x107° 1.52 % 107° 1.08 x 107° 1.08 x 107° 8.52 % 1077
Other 7.98 x 1077 447 % 1077 2.96 x 1077 2.00 x 1077 2.17 % 1077 1.50 x 1077
Bladder content 8.09 x 1077 4.47 % 1077 1.73 x 1077 1.45% 1077 8.85x 1078 4.90 x 1078

9702 ‘sg |1Udy uo uopuo ‘Aisieaiun A1 e /Biosfeulnolpioixo-pdi//:dny wouy papeojumoq


http://rpd.oxfordjournals.org/

P. TELES ET AL.

1.00E-06 1.20E-04
*
T 800607 | ¢ g Looes
= =
3 = . S = 1E-4e0071m
&g \ 2 8.00E-05 K R?=0.9279
E sooe07 § = 9E-07¢005m T
E k R*=0.9493 2 :
g - 2 6.00E-05 "
] *. g P
2 4.00E-07 £ k] .
v - = -
E P ¥ 4.00E-05 Ly
s 3 2 :
3 . 5 .
& 2.00E-07 ¥ = -
o w  2.00E-05
._ <
0.00E+00 0.00E+00
0 10 20 30 40 0 10 20 30 40
Phantom body weight (kg) Phantom body weight (kg)
£50E-06 4.00E-06
T 200E06 @+ g *
= 5
5 _;; 3.00E-06 S = 4F-0Ge 005
E 3 S = 2E-0Be-004m E R?=0.9403
g 1.50E-06 R? = 0.0300 e
2 2 .
3 3 ;
> © s,
c o S 2.00£-06 e
1] 2 =
& 1.00E-06 s *.
] g 9
v G, v
B e S 1.00E-06 L
=~ 5.00E-07 = R
w w
0.00E+00 0.00E+00
0 10 20 30 40 0 10 20 30 40
Phantom body weight (kg) Phantom body weight (kg)
1.00E-06
T
=7}
=
=
@ 8.00E-07
E
o
2
o
2 6.00E-07
5 S = 2E-06e 00%m
5 5 R?=0.9309
8 g
5 4.00E-07 y
=]
o
= \
2
5 .
¥ 2.00E-07
-E * *
i *
0.00E+00
0 10 20 30 40

Phantom body weight (kg)

Figure 4. S-values as a function of the phantom body weight used to compute them. The lines represent the fit to an expo-
nential function, the values of which are presented on top of the graphs.

phantoms. All values have less than 3% (1o) statisti- trendline. By fitting the MC S-value results with an

cal uncertainty. exponential trendline, following the phenomenologi-
The S-values for each organ of interest can be cal Equation 4:

plotted as a function of the full body weight of the

patient. The S-values seem to follow an exponential S = Spe~km, “)
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where Sy in units of mGy/MBq is the theoretical
S-value where the total body mass m<k, and k is a
‘mass constant’ with units of kg™!, the S-values for
the real weight of the patient can be computed and
used to determine the absorbed dose. This will be
called method 3. The obtained functions are shown
in Figure 4.

The S-values for each organ obtained in this way,
take into account the real value of the patient’s
body, and giving a more direct correlation to weight,
are presented in Table 8.

The ICRP model predicts values for the absorbed
dose, by multiplying the administered activity of
each patient (4,) by the corresponding dose coeffi-
cients available on ICRP Publication 80 (the ICRP
Publication 80 is an addendum to ICRP Publication
53)@7, obtaining a dose value called DR in this
work. This is called the ICRP method in this study,
and will be considered the reference to which the
other methods will be compared.

The other methods are:

(a) Method 1: This consists of multiplying the cumu-
lated activity of each patient estimated by the
ICRP model by the S-values of the most compa-
tible voxel phantom estimated with MC simula-
tions. This value is obtained using Equation 5,
where A'kdns AlvrsA‘spla Aother and Abldrcnt are the
cumulated activities (MBq) in the kidney, liver,
spleen, bladder contents and other (see ICRP for
definition, which does not include liver, spleen,
kidneys and bladder, as they would count twice),
respectively, estimated by the ICRP 128 bio-
kinetic model; and Sidn<—kdn» Skan<—lvrs Skdn<—spls
Skdn<—olher and Skdn<—bldrcnl are the depOSited

Table 8. S-values obtained for each patient by fitting

energies (mGy/MBq) in the kidneys by simulating
a source in the kidneys, liver, spleen, bladder con-
tents and other, respectively. The dose estimation
with this method was called D'.

1 ~ ~
D' (mGy) = Aygn X Skdn<—kdn + Anr
X Skdn<—1vr + Aspl X Skdn <—spl

+ Aother X Skdn<—0ther
+ Apidrent X Skdn<—bldrent %)

(b) Method 2: In those cases where the phantoms
with closest match to the patient by weight
and by age were different, the alternative phan-
tom to that chosen for method 1 was used for
method 2. The dose estimation with this meth-
od was called D

(c) Method 3: Equal to methods 1 and 2, but using
the S-values obtained with the fitting exponen-
tial function as given by Equation 4. This gives
S-values matching the exact weight of the
patient. As no voxel phantoms used in this study
weigh more than 30 kg the validity of this model
is limited to this weight value. The value of dose
obtained with this method was called D*. The
values are presented in Table 9.

Given that the Child_21.7 kg (the original CHILD
phantom) and the Child_21.5 kg phantoms provide
very similar S-values, resulting in deviations in
absorbed dose estimation that is less than ~5%, the
Child_21.7 kg phantom was not used altogether, and
the Child 21.5kg used instead, although the
Child_21.7 kg was used for the calculations of the

an exponential function to the values obtained with MC.

Patient Skidneys<-kidneys Skidneys<-1iver Skidneys<-spleen Skidneys<other Skidneys<-bludderc0ntem
(mGy/MBq) (mGy/MBq) (mGy/MBq) (mGy/MBq) (mGy/MBq)
1 7.86 x 107° 7.26 x 1077 1.72 % 107° 336 x 107° 6.97 x 1077
2 492 %1073 4.79 x 1077 1.29 x 107° 2.40% 107° 3.46 x 1077
3 528 x 107> 5.11 x 1077 1.35% 107° 2.53%x 107° 3.85% 1077
4 4.58 x 1073 4.50 x 1077 1.23 % 107° 228 % 107° 3.12 % 1077
5 3.97x107° 3.97 x 1077 1.13x 107° 2.06 x 107° 2.52 % 1077
6 492 %1073 4.79 x 1077 1.29 x 107° 2.40% 107° 3.46 x 1077
7 4.92x107° 4.79 x 1077 1.29 x 107° 2.40 % 107° 3.46 x 1077
8 4.58 x 1073 4.50 x 1077 1.23 % 107° 228 % 107° 3.12x 1077
9 3.83%x107° 3.84 x 1077 1.10x 107° 2.01 x 107° 2.39 x 1077
10 427 %1073 4.23 % 1077 1.18 x 107° 2.17%x107° 2.80 x 1077
11 287 % 107° 2.97 x 1077 9.22 x 1077 1.63x 107° 1.55%x 1077
12 345%x107° 3.50 x 1077 1.03 x 107° 1.86 x 107° 2.04 % 1077
13 5.84 x 107° 7.24 % 1078 3.44 x 1077 5.20 x 1077 1.44 x 1078
14 4.56 x 107° 581 x 1078 2.95% 1077 435% 1077 9.94 x 107°
15 287 x 107° 3.86 x 107% 227 % 1077 3.12x 1077 4.99 x 107°
16 3.97 x 1077 6.61 x 107° 6.46 x 107° 7.49 x 1078 2.57%x 10710
17 1.23%x 107° 1.81 x 1078 1.31 x 1077 1.69 x 1077 1.40 x 107°
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Table 9. Absorbed dose in the kidneys (mGy) calculated using the four different methods (D'“®*, D', D? and D?) for the 17 patients, divided into the five groups.

Absorbed dose in the kidneys (mGy)

Patient Patient’s  Patient’s Closest ICRP age Alternative [D'RP) D D% D3] D'- (D*- (D- Weight Weight
weight age match correspondence phantom (method A) (method B)  Alternative Using DICRPy DICRPy D'CRPy deviation deviation
to ICRP of closest match phantom fitted D'CRP DICRP DICRP between between
phantom (method C) S-factors (%) (%) (%) alternative patient’s
to patient’s phantom and ~ weight and ref
weight ref phantom phantom
(%) (%)
1 34 2 months Baby_9.5kg ly Baby_4.3 kg 19.12 17.63 37.80 28.22 -7.8 97.6 47.6 —54.7 —-64.21
2 10.0 8 months ly — 29.53 27.22 — 27.54 -7.8 — -6.8 — 53
3 9.0 10 months 28.12 2593 28.12 -7.8 0.0 =53
4 11.0 10 months Child_13.2kg 28.12 25.93 17.16 24.48 -7.8 -39.0 -13.0 39.0 15.8
5 13.0 12 months Baby 9.5 ke Child_13.2kg 36.56 33.70 2231 27.70 -7.8 -39.0 -24.2 39.0 36.8
6 10.0 13 months - — 30.37 28.00 — 28.33 -7.8 — —-6.7 — 53
7 10.0 16 months 32.62 30.07 30.43 -7.8 -6.7 53
8 11.0 17 months Child_13.2kg 31.78 29.30 19.39 27.66 -7.8 -39.0 -129 39.0 15.8
9 135 2y — 31.78 29.30 — 23.26 -7.8 — -26.8 — 42.1
10 120 2y Child_13.2kg 29.24 26.97 17.85 23.75 -7.8 -39.0 —-18.8 39.0 26.3
11 176 3y Child_13.2 ke Sy Child_21.5kg 24.98 26.94 17.23 27.65 7.9 -31.0 10.7 62.9 333
12 150 4y - Child_21.5kg 19.09 20.59 13.17 24.55 7.9 -31.0 26.5 62.9 13.6
13 40.0 11y Child_21.5kg 10y Child_30 kg 21.09 20.85 15.53 6.32 -1.1 -26.4 -70.0 39.6 86.05
14 435 11y - Child_30kg 23.20 22.93 17.08 5.48 -1.1 -26.4 -76.4 39.6 102.3
15 500 15y 15y — 18.72 18.80 — 3.88 0.4 — -79.3 — 66.7
16 780 15y Child_30 kg — 28.49 28.61 — 0.91 0.4 — -96.8 — 160.0
17 620 16y — 20.35 20.44 — 1.88 0.4 — -90.8 — 106.7
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Figure 5. (a) Absorbed dose in the kidneys calculated by different methods (D'RP, D!, D? and D?) for Group 1.

(b) Absorbed dose in the kidneys calculated by different methods (D'RP, D!, D? and D) for Group 2. (¢) Absorbed dose

in the kidneys calculated by different methods (D'“RP, D!, D? and D?) for Group 3. (d) Absorbed dose in the kidneys cal-

culated by different methods (D'“RF, D!, D? and D) for Group 4. (e) Absorbed dose in the kidneys calculated by different
methods (D'“RP, D! and D?) for Group 5.
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Figure 5. Continued

fitting exponential. The obtained results can be sum-
marised as follows:

(a) For Group 1 (patient 1), as shown in Figure Sa,
the method to which deviations to the ICRP
values are minimal (—7.8%) is method D', using
Baby_9.5 kg. Method D? would have used the
Baby_4.3 kg, which leads to an absorbed dose
value that deviates from the ICRP by ~97%.
The difference in mass is very significant. Given
that this patient’s mass is 3.4 kg, this would in
fact mean that realistically, in terms of weight,
the Baby_4.3 kg phantom is more suited for
dose calculations, as is shown by the use of
method D3, which fits the S-values to the real
weight of the patient and estimates a dose much
closer to that of method D?. This in turn means
that if one used the ICRP method the dose
would have been underestimated by a factor of
50%. Finally it should be noted, again, that
ICRP does not provide dose conversion coeffi-
cient data for newborns.

For Group 2 (patients 2-10), as shown in
Fiigure 5b, the mean value obtained for D'RP,
D', D? and D* was 30.90(+2.67) mGy, 28.49
(£2.46) mGy, 19.18(x2.29)mGy and 26.81
(£2.41) mGy, respectively. The deviation between
the kidney doses obtained with D' and D'“RF is
constant at —7.8%. In this case both the ICRP
phantom and the Baby_9.5 kg are very similar to
the patient’s weight, which explains the small
deviation in the values. In any case where there
could be an alternative phantom used, the values
obtained (D?) are always smaller than those
obtained usin% the closest match phantom. For
method 3, D° values are always close to the
ICRP values, although they decrease significantly
when the weight of the patients is higher.

(b)

12

(c) For Group 3 (patients 11 and 12), as shown
in Figure 5c, the values obtained for D'“®F were
2498 mGy and 19.09 mGy respectively, whereas
for D! the values were 26.94 mGy and 20.59 mGy,
using the phantom Child_13.2 kg’s obtained
S-values. Considering that both patients’ body
mass is closer to that of phantom Child 21.5 kg,
methods 2 and 3, using weight only as a para-
meter, would be more appropriate. However, the
dose values D? are smaller whereas the dose
values D? are bigger than the ICRP value.
For Group 4 (patients 13 and 14), as shown in
Figure 5d, the values obtained for D'®P were
21.09 mGy and 23.20 mGy respectively, whereas
for D! the values were 20.85 mGy and 22.93 mGy,
using the phantom Child 21.5kg’s obtained
S-values. Considering that both patients’ body
mass is closer to that of phantom Child_30 kg,
methods 2 and 3, using weight only as a para-
meter, would be more ap}propriate. In this case
both the values D? and D? are significantly smal-
ler than the ICRP value. The values for D* devi-
ate quite significantly (are ~70% smaller) from
the ICRP ones. This is indicative that the pheno-
menological equation is inadequate to estimate
doses for patients with a total body weight higher
than 30 kg.

(e) For Group 5 (patients 15-17), as shown in
Figure 5e, the mean value obtained for DRP D!
and D? was 22.52(+5.23) mGy, 22.62(+5.25) mGy
and 2.22(+1.51) mGy, respectively. The deviation
between the kidney doses obtained with D' and
D'“RP is very small. However, unlike in Group 2,
the ICRP phantom and the Child 30 kg are very
different from the actual patient’s weight, which
explains the huge disparity found between the
values of D'RF and D' with the values of D>,
This is again due to the fact that the phenomeno-
logical equation is inadequate to estimate doses
for patients with a total body weight higher than
30 kg.

(d)

Estimation of dose coefficients to the kidney

The dose coefficients are established for the organs
involved in the biodistribution of radiopharma-
ceuticals, and are based on the MIRD system(zg).
These coefficients represent absorbed dose per unit
of administered activity (mGy/MBq), and are used
clinically for absorbed dose estimation to the
organs, in this case, to the kidney. Based on the dif-
ferent methods used to estimate absorbed doses
besides the ICRP 80 in this study, new dose coeffi-
cients have been computed for the kidneys and com-
pared with those from the ICRP model, as shown in
Table 10.

Figure 6 shows the dose coefficients variation with
the different methodologies.

970z ‘sz |1dy uo uopuo ‘A1sieAlun AlD e /Bio'sjeulnolpioxo pdiy/:diy woly papeojumoq


http://rpd.oxfordjournals.org/

ASSESSMENT OF THE ABSORBED DOSE IN THE KIDNEY OF PAEDIATRIC PATIENTS

Table 10. Dose conversion factors for the kidneys.

(Group) ICRP age Method 1 Method 2 Method 3 ICRP 80
match

Patients 1-10 ly 70x107' £43%x107° 72x 107 £51x1070 701x107'£68%x 1072 7.6x 107!

Patients 11—12 5y 46x107"+1.7%107° 30x107'+92%x107° 51x107'+54%x102 43x107!

Patients 13—14 10y 30107 £4.6x107° 22x 1071 +£27x107° 8.0x102£14%x107> 3.0x107!

Patients 15—17 15y 22x107"+32x%x107° — 14%x102+£94%x107% 22x107!

9:00E:01 individual S-values in the kidneys using MC simula-

tions, using two possible alternative voxel phantoms

SHoEGl (methods 1 and 2) and finally by fitting the previously

- MC obtained S-values as a function of the patients’

g, P S— % sl body weight to a phenomenplogical function used for

7.00E-01 * the purpose (method 3). This allowed for the estima-

= -5 year old tion of dose coefficients using four different methodol-

E 6.00E-01 Loyearold  Ogi€s and to a comparison of these values.

g‘ MC simulations can be used to compute the dose

T , T*owsveared o coefficients, and provide a complementary methodol-

g 300801 7 ogy to be compared with the established ICRP models.

g ,_.»""\\ / By scaling the two available voxel phantoms with spe-

5 400801 cific ages (2 months and 7 y) to match the ICRP

§ \\ 5 i values for kidney mass and height for 1 year, 5 year,

8 m— \1"/ 10 year and 15. year olds, by changing lvoxel yolumes,
g7 . a valid comparison to the ICRP values is possible.

° - " ) As the dose to the kidney in the case of renal scinti-

2.00£-01 s graphies using 99m-TC-DMSA is mostly due to self-

& irradiation (where the beta particles play an important

b6 A part) as well as irradiation from the rest of the body

R, (the liver and the spleen account for a very low per-

\-\’ centage of the total dose to the kidney), the kidney

0.00E+00
ICRP 80 method 1  method2 method 3

Figure 6. Dose conversion coefficients (mGy/MBq) for the

four different methodologies. The error bars correspond to

standard deviations. For the value for the dose coefficient
for 1 year old, method 1, the error bar is not drawn.

The four different methods do not yield significant
variations, with the notable exception of method 3,
which gives dose conversion coefficient values that
are much smaller for the groups of patients 13-14
and 15-17. This method is inadequate to estimate
dose in this case, as no voxel phantom used in this
study has a body weight higher than 30 kg, and all
the aforementioned patients have a total body weight
far exceeding this value.

CONCLUSIONS

Absorbed dose in the kidneys of 17 paediatric patients
undergoing renal scintigraphies was estimated by
means of biokinetic models, and dose coefficients
from reference ICRP data (method ICRP). The
absorbed dose was also assessed by calculating the

13

mass of the used phantoms will play a strong role in
the dose assessment. This is visible in the different
results, obtained for each group, as the kidney size
and mass change in the phantoms used for the calcu-
lations, suggesting that a more convenient parameter
for providing ICRP values is mass, rather than age.
ICRP seems to have followed a similar approach used
in pharmacokinetics to determine the correct dosage
to paediatric patients from drugs, by age, although
this seems to be an open issue, as the weight—age var-
iation is not linear®. Also, the given values in the
models tend to be the average for a ‘typical’ child or
baby with a specific age, when in clinical practice
there can be huge disparities between the patient’s
characteristics and those of the models (as can be
noticed in this study).

Because of this, the dose coefficients established
by ICRP can be either underestimating the absorbed
dose (such as in the case of patient 1, where the
body weight is closer to the value provided to a new-
born), or overestimating it, such as in the case of
patients 13-17, where the body mass of the patients
far exceeds the body weight of the voxel phantoms,
although it is close to the ICRP data provided for 10
and 15 years olds. In fact the voxel phantoms used
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in this study do not have the same body weight as
the ICRP phantoms, for any age, and the weight dif-
ference between the total body weight of the used
voxel phantoms and the ICRP values increases with
age, being higher for 10 and 15 years old.

Since it is contra-indicated to expect a clinical
implementation of CT scans to construct individual
voxel phantoms of each patient, the most accurate
methodology would perhaps be to build a variety of
phantoms at different ages and adjust them only
within a much smaller weight and height variety.
With this, one could construct S-value curves for dif-
ferent anatomical parameters (age, height and girth).
Clinicians and medical physicists could estimate a
more accurate value of dose by correlating one of
these phantoms with their patient. Perhaps they can
even test two different values (if the values for the
patients are closer in mass to one but in height to
the other and vice-versa) and obtain two different
values of dose, which could give them an idea of the
uncertainty of their estimation. This could clearly
lead to dose optimisation, which is a fundamental
pillar of radiation protection. This is especially valid
for paediatric patients as they are known to be more
radiosensitive than adults. It is not unfair to assume
that such methods are within practical reach of
clinicians/medical physicists, or other workers.
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