M. Z. Jeremié, et al.: Calculation of Absorbed Dose due to the **Y-DOTATOC ...

380

Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 4, pp. 380-385

CALCULATION OF ABSORBED DOSE DUE TO THE °°Y-DOTATOC
PEPTIDE RECEPTOR RADIONUCLIDE THERAPY BY MCNP5/X

by

Marija Z. JEREMIC ', Milovan D. MATOVIC %, Suzana B. PANTOVIC®,
Dragoslav R. NIKEZIC Y and Dragana Z. KRSTIC 4

' Department of Nuclear Medicine, Clinical Centre Kragujevac, Kragujevac, Serbia
2 Department of Nuclear Medicine, Faculty of Medical Sciences, University of Kragujevac, Kragujevac, Serbia
* Department of Physiology, Faculty of Medical Sciences, University of Kragujevac, Kragujevac, Serbia
* Department of Physics, Faculty of Science, University of Kragujevac, Kragujevac, Serbia

Scientific paper
http://doi.org/10.2298/NTRP180411006J

Strong beta emitters, like °°Y, 177Lu labelled peptide, are used for treatment of neuroendocrine
tumours where there is a good expression of somatostatin receptors. In this work, MCNP5/X
computer software and ORNL human phantoms were used to calculate absorbed dose due to *°Y
labelled DOTATOC in the peptide receptor radionuclide therapy. Tumour was considered as a
sources of beta radiation and represented as a sphere with diameter of 1-4 cm and 5 cm in liver,
pancreas, and lungs. Results are expressed as absorbed dose per unit of cumulated activity, S -
value in units mGy*(MBq-s)~1. The far largest dose is in tumour itself, then in organ which con-
tains the tumour. Doses in other organs, where the metastasis are the most frequent, due to the
bremsstrahlung radiation, are much smaller and could be neglected. The largest dose, 8.66-10-3
mGy:(MBq-s)-! was obtained for tumour with size of 3 cm.
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INTRODUCTION

Peptide receptor radionuclide therapy (PRRT)
with radioactive somatostatin analogues was devel-
oped recently [1, 2]. It is a targeted molecular therapy
based on somatostatin analogues which uses short-
lived strong beta emitters like °°Y, !7’Lu, or their com-
bination labelled peptide molecules as DOTA-TOC,
DOTA-TATE, DOTA-NOC, DOTABOC-ATE etc.,
[3-9]. It has been recommended to use *°Y for tumours
larger than 2 cm, and '7’Lu for the treatment of smaller
ones, both labelled peptide [10]. This recommenda-
tion is based on physical characteristics of *°Y, which
emits beta particles with the maximal energy of 2.28
MeV, with the range of 11.3 mm in soft tissue. On the
other side, '"’Lu emits gamma radiation and beta parti-
cles with maximal energy of 0.497 MeV, whose range
is below 2 mm in tissue [11]. This kind of therapy is
standard nowa days in nuclear medicine practice for
curing of the neuroendocrine tumours (NET).

The NET do not have specific symptoms, and
mainly are diagnosed by the case in later phases of the
illness (median, 9.2 years) [12], when numerous me-
tastasis were already spread out through the body.
Usually NET appear in gastrointestinal tract, although
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they can be found at in other organs in human body
[13].

The PRRT is applied intravenously and patients
spend relatively short period in hospital, up to 3 days.
Therapy is usually divided in several portions, where
each one is with activity of about 5.5 GBq. Peptide mole-
cules are nephrotoxic [14-16] and relatively large; they
could be absorbed in proximal tubules, being retained for
long time in renal interstitium [17, 18]. In order to pre-
vent re-absorption of PRRT drugs, positively charged
amino acids (like L-Lysine and L-Arginine), which com-
pete for drug transporters, are administered simulta-
neously [19, 20]. As a consequence, dose delivered to
kidney could be large and kidney functions could deteri-
orate seriously [21]. Some authors proposed to limit the
dose in kidney down to 23 Gy [20]. Due to this, it is very
important to optimize the dose in pre therapeutic
dosimetric study [22-25].

The *°Y is very convenient for this kind of therapy
because it is a pure beta emitters with maximal energy
of 2.28 MeV, the average energy of beta particles is
0.934 MeV and half-life is 64 h. Maximal range of these
beta particles in tissue is 11.3 mm [11]. On the other
side, it is difficult to detect and measure *°Y distribution
in human body. This can be done by measuring of
bremsstrahlung radiation emitted by beta particles.

The objective of this work is to calculate ab-
sorbed dose per one emitted beta particle from °°Y, in
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different organs of human body, for various locations
and sizes of tumour.

MATERIAL AND METHODS

To perform dose calculation, well known com-
puter software, MCNP5/X [26] was used. Human
body is represented with ORNL phantom [27] where
organs are given as geometrical bodies filled with vari-
ous materials. Dose calculations was performed as-
suming that tumour is spherical in shape with diameter
of 1-4 cm and 5 cm, localized in liver, pancreas and
lungs, where NET tumours appear most frequently.
Tumour was considered as a source of beta particles
since up to 30 % of applied activity is deposited and re-
tained in tumour tissue. Such choice of tumour loca-
tions was made after 10 years of experience in applica-
tion of PRRT therapy in Department of Nuclear
Medicine in Kragujevac Clinical Centre. The results
obtained from MCNP are expressed in MeV g! per
one emitted particle. Results are later recalculated in
mGy/(MBqgs).

Tumour locations in patients were determined
based on diagnostic OCTREO scan, which was done
using Dual Head gamma camera (SIEMENS,
HOFFMAN ESTATES, ILLINOIS, USA), with low
energy — high resolution collimators, in matrix
256-1024 pixels, with the table speed 5 cm/min. This is
the standard procedure for patients with NET illness.
Totally 740 MBq of **™Tc-Tectrodyd produced by
POLATOM, Poland, was applied intravenously in a
single dose.

Figure 1 shows images of human body obtained
by gamma camera and longitudinal cross-section view
of corresponding ORNL phantoms (on the left side of
gamma camera images).

Monte Carlo simulations were carried out for the
following organs: liver, pancreas and lungs, as well as
the central area of the abdomen, where the tumour was
assumed:

The liver (volume is 1830 cm?®) is given as an el-

liptical cylinder
)2 ) 2
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intersected with a plane
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Parameters a and b are 16.50 and 8, respectively.
Values for x,,, y,,,, and z, are: 35, 45, and 43, respec-
tively (all in cm).

The pancreas is an ellipsoid with a section re-
moved and defined by
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Figure 1. The images of whole body scintigraphy in AP,
and PA projection, of three patients with NET tumours in
(a) liver, (b) pancreas, and (c) right lung lobe. Left of
scintillation images, the graphical output from MCNP
code with ORNL phantom are shown, with the tumour
locations used in calculations



M. Z. Jeremié, et al.: Calculation of Absorbed Dose due to the **Y-DOTATOC ...
382 Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 4, pp. 380-385

where parameters x, zg, X1, 4, b, and care: —1,37, 3, 16,
1.20, and 3.30 (in cm), respectively.

Each lungs lobe is represented as a halfellipsoid,
where upper part is removed. The lungs (volume is
1810 cm? for right, and 1560 cm? for left lung) are de-
fined as

xtx : : z—z 2
( - 0] +(x] +( Oj <land z>z, (4)
a y c

If zip, Sz2<zpp; and y<yp . x<xg .
The letters R and L refer to the right and left lungs. The
appropriate values (in cm) for x, zo, Xr, X1, Yir> ViLs
Z1rs Zars Za1s @, b, and c are: 8.50,43.50,-5.40, 8, 1.50,
1,46, 54, 55, 5, 7.50, and 24, respectively.

According to ORNL, human phantom consists of
three types of tissues, skeletal, lung and soft, with dif-
ferent densities and elemental compositions. All equa-
tions for organs of ORNL phantom, with other relevant
information (chemical compositions, volumes, masses
etc.), were programmed in input files for MCNP code
[28]. By combining surfaces through Bull algebra,
MCNP forms cells, representing various organs.

To calculate the mean absorbed doses in other
organs, when the source of radiation is located in the
tumour, ORNL phantom of human body was also
used. This model does not give details of human kid-
neys, liver and tumour. In addition, uniform distribu-
tion of activity in these organs is assumed. The dose in
other organs originated from bremsstrahlung radia-
tion, emitted by beta particles in tumour.

Since the kidneys appear in pair, they are pre-
sented in MCNP as the union of regions which contain
left and right kidney. The number on histories must be
increased to ensure low statistical error. As the calcu-
lation time in this case would be enormous, calcula-
tions were done separately.

For the calculations, a spectrum of electrons
emitted by °°Y is needed. Continuous spectrum of beta
(B) radiation emitted by *°Y was taken from reference
[29]. Particle energy was sampled according to yields
using random method incorporated in MCNP soft-
ware. In order to simulate emission of whole spectrum
of f~ radiation, large number of histories was created
(10%), to ensure uncertainty lower than few percent. As
a result of computation, the F6 MCNP tally produces
the output in MeVg™! per particle, which was recalcu-
lated in the absorbed dose in Gy in targeted organs, per
one emitted (f3) particle of radiation from the source, i.
e. from the tumour in this case.

Since the yields for beta emission of *°Y is equal
to 0.9982 ~ 1, results obtained by MCNP calculations
can be expressed as absorbed dose per unit cumulated
activity, S — value (mGy(MBgs)™") [30], which is the
most often used units in literature in this field

S(k < h)=%A; @k < h) )

where k is a target organ and /4 is asource organ, A=
= n;E; and E; is the energy emitted for radiation type i

with probability 7;, a ®(k < h) is specific absorbed
fraction (SAF) defined as the ratio of the absorbed
fraction divided by the mass of target organ my

_plk<h)

D(k < h) (6)
my
¢(k < h) is the absorbed fraction (AF) given as
E
k<«h)=— 7
9( ) z (7)

0

the ratio of the energy, £, absorbed in target region £, to
the energy E, emitted in source region 4.

RESULTS AND DISCUSSION

Results are presented in tabs. 1-3. The S-values
in organs of human body, assuming that source is in
liver, pancreas and lung, respectively. As it was previ-
ously written, calculation was performed for the beta
spectrum of *°Y. Dependence of S-value on tumour
size is also shown in fig. 2.

Location of the tumour/source was chosen to fit
the images obtained from the real patients who were
treated with this therapy (see fig. 1). Post therapeutic
scintigraphy is not performed in practice because *°Y
is almost pure beta emitter. It is possible to obtain
bremsstrahlung scintigraphy, but it does not satisfy
criteria for quantitative estimation of distribution of
0Y-DOTATOC [31]. Due to this reason, pre therapeu-
tic prediction of °°Y distribution in human body is of-
ten conducted with radiopharmaceutical with similar
bio kinetic [32]. Nevertheless, in some publications
bremsstrahlung scintigraphy was used to measure *°Y
distribution [33].

By inspection of tabs. 1-3 it is seen that doses are
dependent on the tumour diameter. Doses in tumour
decreases with its size. This is due to the increasing of
tumour volume and mass with the 72, while the tumour
surface increases with 72, where r is the tumour radius.
In this way, fraction of beta particles which escape
from the tumour decreases with the tumour size, but
the mass of the tumour increases with 7.

In tab. 1 doses are given when the tumour is in
liver. The largest doses are in gall bladder and adre-
nals.

In tab. 2 doses are given for the tumour in pan-
creas. Again, doses are larger in pancreas and adrenals
than in other organs.

In tab. 3 results are given for the tumour in lung.
Here doses in adrenals are much smaller, while the
thyroid and stomach are larger than in previous cases.

However, doses in tumour do not depend on dis-
tribution of °°Y within the tumour. Similar finding was
observed in ref. [34].

In organs where the tumour is located, dose is
larger 4 to 5 order of magnitude than in other organs.
As it was expected, doses are larger in organs closer to
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Table 1. The S-values in mGy/(MBqs) to the target k per unit cumulated activity in the source region / for
different tumour size when the tumour is in the liver. Comparison with Stabin ef al. [35]

Organs Diameter 1 cm Sftabm etal. [35] Diameter 2 cm | Diameter 3 cm | Diameter 4 cm | Diameter 5 cm
or point source

Adrenals 0.20-1077 0.28:107 0.20-107 0.20-1077 0.21-107 0.21-107
Bladder 0.45-107 0.95:107 0.49-107 0.49-107 0.49-107 0.48-107°
Bone surface 0.29-10°° 0.66:107° 0.29-10° 0.29-107° 0.3-10°% 0310
Stomach 0.42:1078 0.91-1078 0.42-107 0.42:1078 0.43-1078 0.42-107
Small intestine 0.39-10°* 0.71-10°* 0.38-107° 0.38-10°* 0.39-10°* 0.39-10°*
Colon 0.36:107° - 036107 0.36:107° 0.36:107° 0.37-10°°
Gall bladder 0.35-107 0.58-107 035107 0.35-107 0.35:107 036107
Kidneys 0.18-1077 0.18-1077 0.18-1077 0.18-1077 0.18-1077 0.18-1077
Liver 0.32:107* 0.17-10°° 0.17-107* 0.11-10* 0.87-107 0.67-107°
Lungs 0.64-10°° 0.13-10” 0.64-10°" 0.64-10°° 0.65-10°° 0.65-10°°
Pancreas 0.14-107 0.23-1077 0.14-107 0.14-107 0.14-1077 0.14:1077
Spleen 0.25-10°* 0.44-10°° 0.25-10°° 0.24-10°* 0.25-10°% 0.25-10°°
Thyroid 0.07-10” 0.66:10” 0.1510” 0.12:10” 0.14:10” 0.17-107°
Tumour 0.16 - 2.68:1072 8.66:107° 3.81-107° 2.0-10°

Table 2. The S — values in mGy/(MBqs) to the target k per unit cumulated activity in the source region / for

different tumour size when the tumour is in the pancreas

Organs Diameter | cm Diameter 2 cm Diameter 3 cm Diameter 4 cm Diameter 5 cm
Adrenals 0.47-1077 0.46:1077 0.47-107 0.48:1077 0.49-107
Bladder 0.58:107° 0.56:107 0.55:107 0.61-107° 0.60-107
Bone surface 0.44-10°° 0.45-10°° 0.45:10°° 0.45:10°° 0.47-10°
Stomach 0.29:1077 0.29-1077 0.29:1077 0.29:1077 0.30-1077
Small intestine 0.51-107° 0.51-107 0.51-1078 0.51-107° 0.51-107
Colon 0.43-10°° 0.43-10° 0.44:107° 0.42:10°° 0.43-10°
Gall bladder 0.36:1077 0.34:107 0.37-107 0.36:1077 038107
Kidneys 0.19-1077 0.18-1077 0.19-1077 0.19-1077 0.19-1077
Liver 0.18:1077 0.18:1077 0.19-1077 0.19-1077 0.19-107
Lungs 0.52:10°" 0.53-10°" 0.53-10°° 0.52:10° 0.53-10°°
Pancreas 0.65:107° 03310 0.16:10° 0.79-107* 0.33-107*
Spleen 0.16-1077 0.16:1077 0.16:1077 0.16-1077 0.16:1077
Thyroid 0.12:10°° 0.14-10”° 0.12:10°° 0.02:10”° 0.08:10"°
Tumour 0.16 2.68:107 8.66:10° 3.81-10° 2.0-10°

Table 3. The S — values in mGy/(MBgs) to the target £ per unit cumulated activity in the source region / for
different tumour sizes when the tumour is at the lung

Organs Diameter 1 cm Diameter 2 cm Diameter 3 cm Diameter 4 cm Diameter 5 cm
Adrenals 0.47-10°° 0.45-10°" 0.47-10°° 0.45-10°° 0.43-10°"
Bladder 0.70-10°"° 0.75-10™"° 0.82:10"° 0.86:10°"° 0.68-10™"°
Bone surface 0.41-10°® 0.41:10°" 0.40-10° 0.40-10°® 0.39:10°"
Stomach 0.12:10°® 0.12:10°" 0.12:10°" 0.12:10°* 0.12:10°"
Small intestine 0.41-107 0.40-10°° 0.41-10” 0.39:10”° 0.39:10”°
Colon 0.36:10° 0.35-10”° 0.35-10°° 0.34:10°° 0.35-10"°
Gall bladder 0.20-10° 0.18:10°" 0.20-10° 0.19-10° 0.19-10°"
Kidneys 0.15-10°° 0.15-10°* 0.15-10°° 0.15-10°° 0.15-10°°
Liver 0.60-10°* 0.59-10°" 0.58:10°" 0.58:10°° 0.57:10°"
Lungs 0.63-10 0.33-10" 0.22:10* 0.17-10™* 0.13-10*
Pancreas 0.25-10°" 0.27:10°" 0.25-10°" 0.25-10°° 0.26:10°"
Spleen 0.11-10° 0.11-10°* 0.11-10°8 0.10-10°* 0.11-10°*
Thyroid 0.12-10°° 0.12:10°* 0.98-107° 0.11-10° 0.11-107®
Tumour 0.16 2.66-107 8.62:10° 3.80-10° 1.99-10°°
the tumour than in other distal organs. Similar values work value 8.66-103 mGy(MBgs)!, was found.
were published in [35]. Stabin ef al. [35] calculated However, in this work calculation was performed for
absorbed dose from point like *°Y source at the dis- spherical source while Stabin et al. [35] used point
tance of 3 cm as 1.61:10* GyMBq!, while in this source, so, the results are not directly comparable.
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Nevertheless, comparison with Stabin et al. [35] is
given in third column in tab. 1. Comparison shows that
the same order of magnitude is in all organs, but the
difference is smaller for distal organs, and larger for
organs closer to the source. Ahangari ef al. [36], also
calculated dose from various sizes of spherical sources
but, the results again are not directly comparable.
Calculations performed here — were done with
10® simulations in order to obtain results with statisti-
cal uncertainty smaller than 1 %. Other uncertainties
are possible due to variability of size of human body,
tissue density and its chemical composition, efc.

CONCLUSION

Absorbed dose per unit exposure, i. e., S-value in
mGy/(MBgs) from %Y, in different organs of human
body, were calculated in this work. As expectable,
doses are largest in tumour and in organ where the tu-
mour is situated. In addition, doses are larger in organs
near the tumour and much smaller in distant organs
where they could be neglected. In addition, doses in
organs out of tumour weakly depend on tumour size.

According to European directive 2013/59/, there
is a need for estimation of absorbed doses in all medi-
cal exposure of ionizing radiation [37]. Since there is
no bio kinetic model for *°Y recommended by the
ICRP, it is necessary to develop such model where the
previously given results of S-values could be used for
dose assessment.
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PAYYHAIE ATICOPBOBAHE TO3E MPU ?Y-DOTATOC NMENTUTHOJ
PATNOHYKINIHOJ TEPAIIUIHU, IOMOKY MCNP5/X

[Mentumu (DOTATOC, DOTATATE) o6enexenn jakum GeTa emuTepuma, kao mro cy Y u'7’Lu,
KOPHUCTE c€ y Tepaluju HEYPOCHIOKPUHHUX TYMOPa KOjU MMajy jaK aMHUTET 3a COMAaTOCTATUHCKE
penenrope. Y osoM pafy kopuithenu cy MCNP5/X copTteep u ORNL anTOMU JBYACKOr TEna, 3a
padyHame ancopOoBanux fo3a yciey npumene *’Y-DOTATOC. Tymopu cy pasMaTpaHu Kao u3Bop OeTa
3pavera M MpefiCTaBIbeHN Cy Y 00INKY cepa fujamerapa 1-4 cmu S cmy jeTpu, maHkpeacy u muryhuma.
PesynTaTu cy uzpaxkeHn y 00/1uKy ancopOoBaHe 103€ 110 jeJUHALM KyMyJIaTUBHE aKTUBHOCTH, S- BpPEJTHOCT
yjemuannama (mGy-(MBgs)™!). Hajseha 103aje y camoM TyMOpy, Mama je y Opraty y KOMe ce TYMOp Halla3u
aJy HYje 3aHeMapIibuBa. [lo3e y OCTanuM oraHuMa, Koje HOTHUY Off 3aKOYHOT 3padeHha Cy AaleKo Mame U
MOTY ce 3aHeMapuTH. MakcuMalHa 03a je fo0ujeHa 3a IPeYHuK TyMopa of1 3 cm, 8.66-10~ mGy-(MBgs) ™,
JIOK j€ 3a ocTalle IPEeYHNKe TyMOpa J0O0HUjeHa Makba BPEHOCT.

Kayune peuu: Monitie Kapao cumyaayuja, “>Y-DOTATOC, itiepaiiuja paouorykauouma, 0o3umeiipuja



