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ABSTRACT

Background: 18-F fluoro-2-deoxy-D-glucose (*®F-FDG) is the most common tracer in
whole-body positron emission tomography (PET) imaging for cancer. The diagnostic
information gained from a 18F-FDG is beneficial, but the administration of radioactive
material always comes with an increased risk of secondary cancer. The objective of
this paper was to calculate the effective dose for *®F-FDG injected patients considering
the specific contribution from positron slowing down, positron annihilation, and
electron capture mechanisms. Materials and Methods: The dose for various organs
was estimated by using the Monte Carlo (MC) method. The Medical Internal Radiation
Dose (MIRD) female phantom was used for the simulations and the effective doses to
various organs from internal exposure from a **F-FDG injection were calculated using a
biokinetic model and International Commission on Radiological Protection (ICRP)
publication 128 provided data. Calculated doses were compared with measured doses
found in published studies. Results: The dose for each organ is dependent on the “*F
decay mode. The total effective dose is 6.73 mSv when the administered activity is 185
MBq. Positron annihilation leads to the highest average effective dose at 3.57 mSv.
The effective doses for positron slowing and electron capture gammas are 2.99 and
0.17 mSy, respectively. The urinary bladder, followed by the brain and heart, have the
highest absorbed doses. The calculated doses for a female patient are in good
agreement with published measured data. Conclusions: The results presented here
can be used to scale the dose measured by a dosimeter to estimate the patient’s
absorbed dose. Tracking the cumulative effective dose from medical procedures is an
important aspect of managing the care of cancer patients to ensure regulatory limits
are not exceeded.

INTRODUCTION

Positron emission tomography (PET) has become
an important imaging modality globally for many
patients. The major advantage of PET imaging is the
non-invasive quantification of biochemical and
functional processes rather than simple anatomical
imaging (1. The most common tracer used in PET
imaging is 18-F fluoro-2-deoxy-D-glucose (18F-FDG).
18F-FDG PET is a sensitive medical imaging modality
that can be used for the detection, staging, re-staging,
and therapy response evaluation in treating various
cancers (1-3),

PET scanners are typically merged with a
computed tomography (CT) scanner and the resulting
PET/CT has the advantage of providing both
anatomical and functional information. The downside
is the increased radiation dose when compared to
other imaging modalities, since patients are exposed
both internally and externally (2-9. Patient doses must
be monitored, especially with repeat scanning, to
balance the benefits of radiation exposure risk versus

the diagnostic information gained. Periodic dose
monitoring is critical as it allows the nuclear imaging
staff to track the patient and alert if the cumulative
radiation dose exceeds action levels (5.
Unfortunately, the current data on the radiation
doses, especially the effective dose to oncology
patients who received PET imaging, is limited. One
major issue is the uncertainty in dose calculation
from internally administered radiotracers. Without
more exact dosimetry, the only means of limiting
radiation dose is by following the appropriate use
criteria (AUC) (©.

Measuring internal radiation dose is difficult as
dosimeters cannot be placed into the various organs
without  surgical complications. Simulation
techniques such as the Monte Carlo (MC) method,
allow for dose calculation by tracking millions of
particles as they traverse the patient and deposit
dose. Monte Carlo N-particle transport (MCNP, Los
Alamos National Laboratory, USA) 6 is a
multi-purpose radiation particle transport code for
modeling the radiation interaction with matter,
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including powerful three-dimensional geometry and
source modeling capabilities that could be used in
medical physics and nuclear medicine (7). Recently,
papers have reviewed the principles of using MC
simulations in single photon emission computed
tomography (SPECT) and PET imaging systems (& 8
11), In this work, we will focus on MC simulation of
PET to estimate the effective dose for a patient based
on the different mechanisms found in the positron
decay process. An adult female Medical Internal
Radiation Dose (MIRD) phantom was used to
measure absorbed dose in selected organs. In
addition, the absorbed doses for positron slowing
down, positron annihilation, and electron capture
were calculated for different organs providing a
comprehensive approach to calculating the effective
dose for whole-body PET imaging. This study
provides valuable insights into the potential risks and
safety considerations associated with this imaging
technique for female patients, contributing to
improved patient safety and dosimetry in nuclear
medicine.

The results of this study will provide important
scaling factors that can be used to improve the
accuracy of dosimetry for patients undergoing PET
imaging procedures. Accurate dosimetry is essential
for ensuring the safety and effectiveness of these
procedures for patients, especially cancer patients
who receive multiple imaging examinations. By
obtaining more precise scaling factors, healthcare
providers can assess the appropriate imaging studies
to maximize the therapeutic benefit while reducing
the potential risk of secondary cancer from radiation
exposure.

MATERIALS AND METHODS

Biokinetic modeling

The female MIRD phantom (figure 1) was used in
this study to simulate the human body and the
various organs (Oak Ridge National Laboratory, USA)
(12), The details regarding the dimensions and
composition of the phantom can be found in the
literature (1213),

The simulated 18F-FDG activity was determined
from the European Association of Nuclear Medicine/
Society of Nuclear Medicine and Molecular Imaging
protocol (EANM/SNMMI), version 2.0 (1617), There is a
relationship between the administered activity of
18F-FDG, weight, and duration of emission acquisition
(14, For the 78.65 kg simulated in this work, the
minimum and maximum activities are 185 MBq and
462.3 MBq, respectively (14,

The 18F-FDG distribution was calculated according
to the biokinetic equations accounting for both
physical and biological half-lives inside the human
body (table 1) (8. Following intravenous
administration of a radiotracer, most of the

compound is cleared rapidly from the blood
circulation where it accumulates within the larger
organs. From there, it decays with the physical and
biological half-lives described in table 1 (18). It is
assumed that all activity is excreted through the
urinary system and that retention in the specific
source organs is infinite (without consideration of a
delayed uptake).

Figure 1. Female MIRD phantom showing the locations of the
TLD in both the measurements and simulations a) In the XZ
plane, the TLDs were positioned as follows: (1) 0.3 m superior
to the head, (2) 0.3 m lateral to the head, (3) 0.3 m lateral to
the chest, and (4) 0.3 m lateral to the feet. b) in the YZ plane,
the TLDs were situated as follows: (5) 0.3 m anterior to the
chest c) in the YZ plane, the TLDs were placed at (6) 1 m
anterior to the head, (7) 1 m anterior to the chest, and (8) 1 m
anterior to the feet.

Table 1. The biokinetic data for **F-FDG 9,

organ | [Tulh) Toer| @ [A/Ath)| /B
Brain 0.08] - |1.83] 1.0 | 0.21 0.211
Heartwall |0.04] - [1.83] 1.0 | 0.11 0.105
Lungs 003 - [1.83] 1.0 | 0.079 | 0.0792
Liver 005 - |1.83] 1.0 | 0.13 0.132
Urinary bladder |, )| , 0.25| 0.26 0.255
contents
- |15 075| - -
Other organs | 0| 15 |0.18l0.075| 1.7 1.707
and tissues
- |15 [0.82]0.225] - -
- | - [183[070] - -
Total - - [ - [ - [ 2489 | 24892

*Abbreviations: Fy: fractional distribution of ®F-FDG to source
organ or tissue S, T;: biological half-life , T;, eff: effective half-life for
elimination component i, a;: fraction of F, eliminated with a biological
half-life T, Ay/Ao: accumulated activity in the organ or tissue S per unit
of administered activity.

18F-FDG source:

MCNPX v2.7 was used to simulate a continuous
positron spectrum with a maximum range of 2.4 mm
and maximum energy of 0.64 MeV (15, The 18F
positron energy distribution was obtained via
equations (1) and (2).

N(E) =€ [(E? + 2Em,c%) (Q — ED*(E + m.c®) (1)
E 1

= _I]F..,- (E2+2Emgc?) (g—EI[(E+mgc?) (2)

In equations (1) and (2), m.c? is the electron rest
mass, E is the kinetic energy of the positron, Q is the
maximum energy of the positron and N is the relative
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number of the emitted positrons.

To perform radiation decay analysis calculations,
we considered two particles: the 1.6559 MeV
electron capture photon (with 0.0314 probability)
and the positron emission (with 0.9686 probability).
The activity was calculated using the biokinetic
model with 1x109 histories. Each organ in the MIRD
phantom was considered as a single compartment
and the energy deposited in MeV (E) was calculated
using a type 8 tally. The cumulated activity of the
whole body (A) was calculated by integrating the
individual organ activity (Ai(t)) over all time
(equation 3).

A=y LA de (3)

Dose Calculation:
Equation (4) was used to convert the deposited
energy in each organ to dose.

= ifr ) —13 _J _
Drotar —JEWEF}xm(KHJxl 6 x 10 ==
AE/m x 1.6 x10 26y (4)

In equation (4), m is the mass of the organ and E
deposited energy per decay. To calculate the
absorbed dose due to each specific decay mechanism,
the input file was written to include only the emitted
particle as a source. This allowed the calculation of
the energy deposition in each organ due to electron
capture (Egc), positron annihilation (Epa) and
positron slowing down (Eps). We used an electron
spectrum with the same energy distribution as the
positron to obtain Eps. Epa was calculated by
subtracting the Eps from the energy deposited in the
organ due to position emission. The absorbed dose
was then calculated using equations (5-7).

— LN S ; -1z _J
Dye = A Epc(MeV) x = (Kg) x1-6x107% L
0.0314 = AE;c/mx 16X 1077 x 0.0314Gy (5

1.1 _ i
Dps = A Eps (MeV) x w G X 1-6%10 X
0.9686 = A Epo/mx 1.6 x 107 x 0.9686Gy  (6)

— iy ; -1z I
Dy = AEp, (MeV) x = (ny x1-6x107% L
0.9686 = A E, /m x 1.6 x 10713 x 0.9686Gy  (7)

Effective Dose

In addition to calculating the effecvtive dose to the
organs noted in table 1, we found a high level of
accumulation in bone. The bone model in the MIRD
phantom does not differentiate between red and
yellow marrow so we scaled the doses by the
percentage of each component (16). The whole-body
effective dose was determined using Equation (8):

He=)r WrHr (8)

where Wr is the organ or tissue weighting factor
based on ICRP 128 recommendations, and Hr is the

equivalent tissue dose (16) .

Simulation validation

To validate our simulations, the measurement
setups of Quinn et al. 17 were replicated in MCNPX.
Eight thermo luminescent dosimeters (TLDs) were
simulated around the patient after 77 min of tracer
injection. As shown in figure 1, absorbed doses were
calculated at three locations around the head (0.3 m
superior/0.3 m lateral/1 m anterior), chest (0.3 m
anterior/0.3 m lateral/1 m anterior) and feet (0.3 m
lateral/1 m anterior). We simulated administered
activities of 300 and 490 MBq to match the method
from (17). We used biokinetic model based activity
distribution to determine the dose rate at 1 m from
the chest anterior at 60 min post-injection (uSv/
MBq.h) for normalization purposes (17).

We ran 8x108 histories using the same source
distribution in the MIRD phantom as described
above. The energy deposited (E) in each TLD was
calculated using type 8 tallies. The energy deposited
was converted to dose via equation (9):

Dryp (5v) = A(£) x E(MeV) x
Z(yx1-6x1072 L
m Ky

(9)

MV

The accumulated activity A(t) after injection was cal-
culated using equation (10) (18):

A® = [J3; A; () du (10)

A(u) represents the activity in the source organ at
time u while t is the time post-injection of 8F-FDG
(4620 seconds):

To convert Drip to unit uSv/h, equation (11) was
used:

Derr = Drup x 106/1.2895 h (11)

The effective dose rate, represented by Dr.p, refers
to the absorbed dose of the patient within a specific
timeframe. It considers factors such as the type and
energy of the radiation, as well as the varying
sensitivity of organs and tissues to radiation.

RESULTS

Figure 2 shows the 18F-FDG source distribution in
the MIRD female phantom. Table 2 shows the organs
and tissues absorbed doses of the patient after
injection of 185 MBq 18F-FDG. Also, the contribution
of each decay particle of 18F is expressed. The
effective dose of positron annihilation is 3.57 mSy,
which is higher than the other modes. Also, 2.99 mSv
is associated with the positron slowing down dose
and 0.17 mSv to the electron capture gammas. These
results agree with the total effective dose
calculations. The highest absorbed dose of electron
capture, positron annihilation, and positron slowing
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down was observed in the urinary bladder, followed
by the brain and heart. The urinary bladder's
absorbed dose by positron slowing down is
approximately 2.27-fold higher than those for the
positron annihilation. The brain has the next highest
dose for all emitted particles, which are 1.26E-04,
2.76E-03, and 3.44E-03 Gy, for electron capture,
positron annihilation, positron slowing down,
respectively. The absorbed dose of the heart by
different decay modes are 1.27E-04, 2.77E-03, and
3.35E-03 Gy for electron capture, positron
annihilation and positron slowing down,
respectively. The adrenal and arm bone has the
lowest absorbed dose. The lung’s absorbed dose is
higher in positron slowing down, but the uterus
absorbed dose is higher for other modes. The

absorbed dose from positron decay in the lungs was
approximately 1.4-fold higher than the absorbed dose
from positron annihilation. The total effective dose
was calculated as 6.73 mSv, using the female refer-
ence phantoms combined with the tissue-specific
weighting factors relative to ICRP 128.

The normalized dose rate at 1 m from the chest
anterior, 60 min post-injection was found to be 0.063
uSv/MBq h. This value is in good agreement with the
effective dose rate value measured by Quinn et al. (20
which was 0.067+0.022 uSv/MBq h. table 3 displays
the calculated dose rates for Quinn et al. (20
measurement setups, including the measured dose
rates for comparison. The simulations conducted in
this study and measurements taken by Quinn et al
are in good agreement.

Table 2. The absorbed dose (in Gy) and effective dose (in mSv) of all organs in the patient

after the injection of 185MBq “*F-FDG.

Electron Positron Positron
Organs capture dose |annihilation dose | slowing down TOt;I absgrbed
(Gy) (Gy) dose (Gy) ose (Gy)
trunk 6.20E-05 1.28E-03 5.43E-04 1.88E-03
head 3.04E-05 6.31E-04 5.36E-04 1.19E-03
adrenals 2.71E-05 2.63E-05 2.65E-04 8.64E-04
uterus 1.14E-04 2.43E-03 5.37E-04 3.10E-03
thymus 5.99E-05 1.23E-03 5.55E-04 1.92E-03
spleen 5.08E-05 1.04E-03 5.40E-04 1.63E-03
pancreas 6.49E-05 1.38E-03 5.38E-04 1.95E-03
kidney 5.32E-05 1.09E-03 5.38E-04 1.65E-03
heart 1.27E-04 2.77E-03 3.35E-03 6.26E-03
gall bladder 7.06E-05 1.49E-03 5.39E-04 2.06E-03
stomach 5.61E-05 1.15E-03 5.38E-04 1.75E-03
lung 6.05E-05 1.31E-03 1.84E-03 3.22E-03
large intestine, colon 6.87E-05 1.44E-03 5.37E-04 2.05E-03
small intestine 6.53E-05 1.37E-03 5.41E-04 1.98E-03
breasts 4.31E-05 8.47E-04 5.32E-04 1.42E-03
ovaries 7.37E-05 1.71E-03 5.58E-04 2.43E-03
urinary bladder & contents| 4.56E-04 1.03E-02 2.34E-02 3.41E-02
esophagus 6.98E-05 1.49E-03 5.55E-04 2.14E-03
Figure 2. The distribution of 18F liver 8.52E-05 1.82E-03 1.60E-03 3.50E-03
-FDG source in a female MIRD thyroid 5.39E-05 1.10E-03 5.38E-04 1.60E-03
phantom, plotted using VISED. brai T36E04 | 276E03 | 344E03 | 631603
. rain .26E- .76E- A4E- .31E-
The red points represent salivary glands 6.85E-05 1.44E-03 5.53£-04 2.09E-03
electrons, while the blue points arm bones up 4.14E-05 8.24E-04 4.06E-04 1.28E-03
represent photons. arm bones down 2.42E-05 4.79E-04 4.00E-04 9.01E-04
spine 5.60E-05 1.21E-03 4.04E-04 1.67E-03
cranium, facial skeleton 6.54E-05 1.40E-03 4.26E-04 1.87E-03
pelvis 5.65E-05 1.23E-03 4.02E-04 1.69E-03
legs up 3.82E-05 7.78E-04 5.37E-04 1.36E-03
legs down 2.18E-05 4.48E-04 5.36E-04 1.01E-03
rib cage, clavicles, scapulae| 4.05E-05 8.37E-04 4.04E-04 1.28E-03
leg bones up 5.08E-05 1.08E-03 4.03E-04 1.53E-03
leg bones down 3.73E-05 7.78E-04 4.06E-04 1.21E-03
Effective dose (mSv) 0.17 3.57 2.99 6.73

Table 3. The effective dose rates (uSv/h) calculated and measured during a 77-minute period after the injection of ®F-FDG. The
measurements were taken at various distances from the head, chest, and feet of the patient.

Dose rate (uSv h™)
Measurement " (Min-Max) Simulation
Activity (MBq) | 0.3msup | 0.3m lat | 0.3 mant 1m ant 0.3 mup 0.3m lat | 0.3 mant 1m ant

Head 490 (40-80) (62-108) - - 59.92 60.92 - -

300 - - - (7-22) - - - 14.52
Chest 490 - (48-120) | (69-151) - - 76.50 128.15 -

300 - - - (10-26) - - - 16.61
Feet 490 - (12.1-21.9) - - - 25.33 - -

300 - - - (5-16) - - - 11.15

*Abbreviations: sup: superior, lat: lateral, ant: anterior.
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DISCUSSION

With improved treatment techniques, cancer
patients have increased survival necessitating repeat
oncologic imaging such as PET. It is essential to have
a comprehensive understanding and consideration of
the variability and uncertainty in dose estimation for
these studies so the cumulative dose can be tracked
over time. Numerous factors contribute to the
uncertainty in calculating the absorbed dose of
organs. These factors include energy deposition
through MC calculation, distribution and biokinetics
of radiopharmaceuticals at the organ level, variations
in body morphometry between the patient and the
phantom representing the patient, tumor type and
location, and uncertainties in the physical decay data
of radionuclides (19.22),

The current literature on PET dosimetry focuses
on total effective dose, not on the specific
components. The total effective dose encompasses
the cumulative impact of radiation exposure on the
body's organs, while specific components of radiation
refer to the affected organ or tissue. Our research is
centered on examining the effects of radiation on
both individual organs and the body as a whole. In
fact, our study specifically looks at the overall impact
of radiation on the entire body, providing a
comprehensive and specific view of radiation
exposure in PET imaging. Khamwan et al. determined
the effective dose for 35 oncology Thai patients with
the age range of 28-60 y from PET/CT scan using
18F-FDG. The average whole-body effective doses
were 4.40+0.61 and 14.45+2.82 mSy, for PET and CT
respectively. They reported that the total patient
dose was 18.85 mSv which could be used as the
reference dose in Thai patients (23 Said et al.
estimated the total effective dose of 8F-FDG
examination as a function of the mean value of the
patient’s weight, height, and patient body mass index
(BMI). A total of 82 oncology patients (44 males and
38 females) were considered. The total effective dose
of 18F-FDG PET/CT for male patients was 20.2 * 8.6
mSv and for female patients was 19.0 + 8.2 mSv. The
mean values of weight, height and interval were 66.9
+ 17.5 kg, 160.1 + 18.4 cm, and 29.7 + 4.9 kg/m?2,
respectively. In PET dosimetry, when the patient’s
administered activity was 424.8 + 1259 (205.7 -
675.9) MBq, PET effective dose is 8.1 + 2.4 (3.9 -
12.8) mSv (. In another studies (2 24), patients with
weights between 31-50 kg and 50-70 kg were
selected for dose estimation and PET effective doses
were within the range of 5 mSv and 6-10 mSv.
Patients with weight more than 70 kg receive effec-
tive doses within 11-15 mSv. By increasing the
patient’s weight, his/her absorbed dose increased
because the administered activity of 18F-FDG was set
to 5 MBq/kg of the patient's body weight. While our
overall results are comparable to these studies, our
work delves deeper into the specific components of

PET dosimetry. We provide detailed calculations for
organ and tissue doses, emphasizing the significance
of considering individual patient characteristics.

Additionally, we found that the effective dose of
the oncology patients who undergo whole body
18F-FDG PET/CT imaging was 11.5 * 5.0 mSv, which
was less than the previously reported values ranging
from 21.46 to 25 mSv. Thus, the patients' weight is a
crucial factor in PET dosimetry for 18F-FDG (25). In our
study, we observed that a female patient who
received an injection of 185 MBq of 18F-FDG was
exposed to a total effective dose of 6.73 mSv during
PET imaging. This value falls within the range of 6.5
to 16.5, as reported by Kaushik et al. which confirms
the accuracy of our results. It has been proven that
the effective absorbed doses for PET/CT procedures
have variations ranging from 8.0 to 80.0 mSv, when
370 MBq of 8F-FDG was administered (26). Also, the
effective dose in each method, calculated the use of
Organ Level Internal Dose assessment (OLINDA)
software, was up to 17.7% higher than the effective
dose estimation using IDAC2.1 software (0.016 mSv/
MBq effective dose per administered activity for
18F-FDQ) (27.28), The variation in patient effective dose
is nearly certainly because of variation in the
administered activity, based on patient mass, an
estimate of post-injection waiting time, and type of
pathology (2. We used the MCNP code to determine
the effective dose per administered activity for
18F-FDG (0.036 mSv/MBq) which is up to 55.6%
higher than the effective dose estimate obtained from
IDAC2.1 software. This finding is in line with results
from experimental studies.

CONCLUSION

In this study, we calculated the effective dose of
PET imaging for female oncology patients using
18F-FDG. Through radiation decay analysis, we found
that the effective dose from PET, using the MIRD
phantom as a patient, was determined to be 6.73
mSv. The urinary bladder, brain, and heart were
found to have the highest absorbed doses. It is
important to note that not all organs absorb the same
dose due to variations in constituent materials and
organ metabolism. These factors should be taken into
consideration to reduce radiation exposure, and
mitigate population cancer risk.
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