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Introduction: This study aims to address the radiation exposure incurred by lung scintigraphy in pregnant
patients suspected of pulmonary embolism and to investigate the dose variations due to different body
habitus of the fetus.

Material and Methods: In this respect, seven computational models of pregnant women and fetus in three
trimesters of pregnancy were used and Monte Carlo calculations were performed using Monte Carlo n-
particle —extended (MCNPX) code version 2.6.0 to assess absorbed dose coefficients. Time-integrated
activities for three radiopharmaceuticals considered in this study were also extracted from the available
reference biokinetic data.

Results: Fetal dose coefficients (mGy/MBq) for three radiopharmaceuticals labeled with 99mTc were
estimated for reference pregnant phantoms at three trimesters of gestation and 10th, and 90th fetal growth
percentiles were also considered during the last two trimesters. The results show that the fetal dose
coefficients were 2.09 x 102, 5.71 x 103, and 4.44 x 10° mGy/MBq for ®*"Tc MAA, 8.31 x 10*, 8.68 x 10,
and 1.27 x 10" mGy/MBq for ®"Tc Technegas, and 7.85 x 107, 2.42 x 10, and 2.66 x 10° mGy/MBq for
®mTc DTPA aerosol, respectively. According to the results the factor of fetal body habitus adds variation to
the fetal dose within +15%.

Conclusion: Considering one of the uncertainty components of fetal dose, that is the fetal body habitus, the
dose variations were well below the safety threshold for the fetus (the threshold from ICRP Publication 84
for fetal cancer risk). Therefore, to check the safety of the diagnostic examination in terms of radiation dose

to the fetus, it is sufficient to take into account the reference dose values in clinical practice.
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Introduction

Pulmonary embolism (PE) in pregnant patients is
potentially fatal and is still one of the leading causes of
maternal mortality worldwide even in developed
countries [1]. Over 1 death per 100,000 deliveries are
related to pregnancy-associated PE, which accounts
for a reported range of 10%-20% of maternal deaths.
According to literature, the risk of PE in pregnant
women is 6 times greater than that for nonpregnant
women [1, 2]. Mismanagement of PE can lead to
higher mortality rates, while early and accurate
diagnosis and appropriate management subsequently
can result in reduced mortality [3-6]. Moreover, the
first 30 minutes after the sentinel event is crucial for
saving the pregnant patient and this short period
makes it more difficult for clinicians to intervene in
a timely and accurate fashion [7].

Lung scintigraphy is a key component of diagnostic
clinical pathway recommended by seven international
guidelines for investigation of suspected PE in
pregnant patients [8-13]. However, it is not always the
primary advanced imaging test, but often suggests
when the result of chest radiograph is negative. Lung
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scintigraphy is typically performed as ventilation and
perfusion scans. In case of pregnancy, perfusion scan
is typically the only performed test because of
radiation exposure concerns for the fetus, except
those with abnormal perfusion scan. Dealing with
diagnostic examinations using ionizing radiation, such
as perfusion/ventilation scans, one of the major
concerns for the physician is radiation exposure to
both the pregnant woman and fetus. In particular,
many authors addressed the amount of radiation dose
incurred by lung scintigraphy in the past two decades
[7, 14-19]. However, the amount of radiation dose is
dependent on many factors such as anatomical and
physiological parameters of both pregnant woman
and the fetus, the uncertainty components were not
fully investigated yet.

Therefore, in this study we aimed to investigate
the effect of different fetal body habitus subgroups on
fetal dose. Furthermore, we aimed to investigate
whether the dose variation is clinically relevant. The
answer of this question determines if we have to
assess the fetal doses separately for each fetal growth
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percentile. In fact, this study intends to
computationally specify the dose variations due to one
of the uncertainty components (i.e, geometrical
different size of the fetus).

Materials and Methods

Phantom

The phantoms used in this study were 3-, 6-, and 9-
month pregnant models (Figure 1). The 3-month
pregnant phantom only contains the fetus at 50%
percentile, while, the 6- and 9- month pregnant models
include fetal models at 10", 50" and 90" statistical
percentiles. The fetal models at 10" and 90" percentiles
were constructed based on the rescaled 50" model using
biometry data tables (more details about construction of
fetal models were given by reference [20].

The mass of the fetal and maternal organs and
tissues correspond to the reference masses reported by
the International Committee for Radiation Protection
[21]. The total weight of the pregnant models was 60.8,
65.5, and 68.1 kg for 3-, 6-, and 9-month gestational
ages, respectively. The voxel dimensions of 6- and 9-
month phantoms are (1.775 x 1.775 x 4.84 mm?3),
whereas the voxel dimensions of the 3-month pregnant
phantom are (0.8875 x 0.8875 x 1.21 mm3). The total
masses of fetal models at 50" percentile were 0.097,
0.995, and 3.47 kg for 3-, 6-, and 9-month, respectively.
The used fetal models contain 20 different organs and
tissues [20, 22, 23].

Internal dose calculation
The absorbed dose coefficient to target organ d (rr)
in mGy/MBq is calculated as:

d(rr) = 555280 < 1) 1)

Where S factor, S(r; « ), is the mean absorbed
dose to the target region r per unit of nuclear transition
of the relevant radionuclide in the source region rg in
unit (mGy MBq™* h'%). Ag (MBq h) is the time-integrated
activity or the activity accumulated in the source organ
or tissue, S, and A, (MBq) is the administered activity to
the patient. Figure 2 indicates a flowchart including all
the steps to be followed for internal dose calculations.

S factors. In order to calculate the S factor, S(ry «
15), @ computational phantom, i.e., a virtual simulation
of human body with its organs and tissues is needed.
The incorporation of computational phantom into the
Monte Carlo code enables us to calculate the quantity
named S factor. The MCNPX code version 2.6.0 was
used [24] to estimate S(r; « 15) for several pairs of
source-target organs in this study. The CEL keyword
was used in the source definition (SDEF) card to define
the specified source organs. The method of defining the
source was previously described by Taranenko et al.
[25] in detail. Source organs were defined as maternal
bladder contents, kidneys, liver, esophagus, oral
mucosa, salivary glands, small intestine contents, colon
contents, stomach wall and contents, thyroid, uterus,
other tissues, placenta, amniotic fluid, and fetal ossified
bones, other tissues, and thyroid. The number of particle
histories was selected to be 10° and absorbed dose was
scored by tally F6: p when source particles are photons
and +F6 when source particles are electrons. By using
*F8 tally and dividing the results by the mass of the
organ, similar values would be obtained, as previously
mentioned by other authors [26]. The statistical errors
for tally values were less than 3%.

Biokinetic data. The time-integrated activity for
each source organ, S, is defined as:

Ag = [ A,(Ddt )

Where t is the time after radionuclide administration,
and A,(t) is the activity of source organ at time t. The
amount of A (t) is determined by mathematical models
called biokinetic models. The biokinetic models are
reference models, which are determined by (1)
physiology of patient's body, and (2) the chemical
properties of radiopharmaceutical. In this study, three
types of scans were assumed: (1) perfusion scan with
9mTc-MAA, (2) perfusion/ventilation scan with %™Tc-
MAA/**"Tc-technegas, and (3) perfusion/ventilation
scan with ®"Tc-MAA/®™Tc- DTPA. The biokinetic
data for *"Tc-MAA and *™Tc- DTPA were extracted
from [27]. In case of Tc-99m-technegas, the same
assumption as was considered [18].

10 50% 90™

Figure 1. (a) A view of series of pregnant woman computational phantoms developed by Rafat-Motavalli et al. [21-23], (b) The biparietal diameters
(BPD) and femur lengths (FL) of the 6-month models for different percentiles.
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Figure 2. The followed steps for internal dose calculations in this
study.

Since the available biokinetic data in the literature is
for reference phantoms, therefore, in case of 10" and
90t fetal growth percentiles, two additional assumptions
were made. Firstly, for a given gestational age, the time-
integrated activity was assumed the same for all
percentile groups. This approach called "constant time-
integrated activity", because a constant value of time-
integrated activity was assumed for 10%, 50" and 90%"
fetal models. Secondly, the time-integrated activity was
assumed to be scaled according to the volume of fetal
organs and tissues with respect to the 50™ percentile.
This approach was called the "volume-based time-
integrated activity" all along the manuscript.

Dose-point kernel (DPK)

In this study, a computational estimate (DPK) dose
has been used to validate the process of S factor through
using Monte Carlo calculations and to justify the
differences of the S factors obtained for various
statistical percentiles. This quantity gives a simple
estimation of the dose to water from both scattered
photons and secondary electrons set in motion by
primary photon interactions at one particular point.

DPK o “= x B(ux) ®)

The dependence of the function (DPK) on the
distance x is obtained by the product of an exponential
attenuation term e™"*, the inverse of the square of the
distance term (x~2), and a buildup term (B(ux)). Where
u is the attenuation coefficient, x is the distance between

points either within source or target organs, and B is the
buildup factor, and is a function of px.
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In order to calculate x in function (3), 10* points
were randomly sampled in either the source and target
organs, and the chord length between them was
calculated. The buildup factor B is a function depending
on px which was interpolated between data reported by
Martin [28]. Attenuation coefficient u for soft tissue
material and emitted photons from 99mTc were
available from XCOM database [29].

Results
Dose coefficients

Fetal dose coefficients (mGy/MBq) for three
radiopharmaceuticals labeled with *™Tc were estimated
using seven pregnant phantoms at three gestational ages
(ie., one 3-month pregnant phantom at 50" fetal
percentile, three 6-month pregnant phantoms at 10, 50"
and 90" fetal percentiles, and three 9-month pregnant
phantoms at 10", 50" and 90™ fetal percentiles). The
entire data for fetal dose coefficients are presented in
supplementary data tables, however, the summarized
information is also provided in figure 3, and table 1.
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Figure 3. (a) Fetal dose coefficients to total body of the fetus and
several fetal organs are included together with the differences (%)
between two extreme percentiles (10th and 90th) and the reference
fetal percentile (50th) for MAA administration. The statistical error
bars for Monte Carlo based data in figure 3 are too small to be visible.
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Figure 3. (c) Fetal dose coefficients to total body of the fetus and

several fetal organs are included together with the differences (%)

bars for Monte Carlo based data in figure 3 are too small to be visible.

between two extreme percentiles (10th and 90th) and the reference fetal
percentile (50th) for DTPA — aerosol administration. The statistical
error bars for Monte Carlo based data in figure 3 are too small to be
visible.

Table 1. The summary of dose coefficients and their differences (%) with respect to 50th percentile.

Dose coefficient (mGy/MBq)

3-month 6-month 9-month

P-50 P-10 P-50 P-90 P-10 P-50 P-90
MAA:
Fetus 2.09E-02 6.49E-03 5.71E-03 5.50E-03 4.72E-03 4.44E-03 4.17E-03
Fetal ossified bones 2.88E-02 1.25E-02 1.11E-02 1.09E-02 8.99E-03 8.40E-03 7.84E-03
Technegas:
Fetus 8.31E-04 8.82E-04 8.68E-04 8.51E-04 1.22E-03 1.27E-03 1.27E-03
Fetal ossified bones 1.26E-03 2.03E-03 2.01E-03 1.98E-03 2.30E-03 2.36E-03 2.32E-03
DTPA aerosol:
Fetus 7.85E-03 2.46E-03 2.42E-03 2.35E-03 2.92E-03 2.66E-03 2.47E-03
Fetal ossified bones 1.21E-02 5.09E-03 5.07E-03 4.98E-03 5.31E-03 4.86E-03 4.,55E-03
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Table 1. Continued.

Difference (%) with respect to 50™

percentile
6-month 9-month
P-10 P-90 P-10 P-90

MAA:
Fetus 13.6% 3.6%- 6.3% -6.0%
Fetal ossified bones 12.0% -2.3% 7.0% -6.6%
Technegas:
Fetus 1.6% -1.9% -3.9% 0%
Fetal ossified bones 1.0% -1.7% -2.5% -1.7%
DTPA aerosol:
Fetus 1.6% -2.7% 9.8% -7.1%
Fetal ossified bones 0.3% -1.8% 9.2% 6.4%-

The results show that the fetal dose coefficients were
2.09 x 102, 5.71 x 107%, and 4.44 x 10° mGy/MBq for
9mTc MAA and for reference phantoms (50 percentile)
at 3-, 6-, and 9-month gestational ages, respectively.
Those for ®™Tc¢ Technegas were 8.31 x 104, 8.68 x 10,
and 1.27 x 10° mGy/MBq, and for %™ Tc DTPA aerosol
were 7.85 x 10%, 242 x 10% and 266 x 10°%
mGy/MBq, respectively. A comparison between the
data obtained for 50" percentile and those reported by
other investigators were presented in supplementary
figures S1 and S2. It should be noted that the others
investigators used the mathematical pregnant phantoms
for dose calculations. This issue is the reason that
similar dose values are reported by all of them. The
important difference between this study and previous
studies was observed for 3-month pregnant phantom
which will be discussed in the next section, other dose
coefficient values have the same order of magnitude.

In figure 3, dose coefficients to total body of the
fetus and several fetal organs are included together with
the differences (%) between two extreme percentiles
(10" and 90™) and the reference fetal percentile (50™). It
was shown that the dose coefficients decrease with
increasing fetal percentile for ®™Tc-MAA and aerosol
9mTc-DTPA, however, an obvious increasing or
decreasing trend was not observed for **"Tc-Technegas.
This issue will be discussed in the next section. The
differences between the two extreme percentiles and the
reference fetal percentile were up to (-8%, +15%) for 6
months and up to (-10%, +11%) for 9 months. In
summary, it could be concluded that according to the
results the factor of fetal body habitus adds variation to
the fetal dose within +15%.

The fetal dose coefficients for different fetal
percentiles are estimated with a critical assumption
about fetal time-integrated activities, and that is using a
constant time-integrated activity for all percentiles at the
same age. Additionally, a reasonable assumption would
be a volume-based time-integrated activity varying with
respect to the 50" percentile. The fetal dose coefficients
using these two assumptions were also estimated and
presented in figure 4. This figure shows that the volume-
based time-integrated activities lead to up to about 40%

Iran J Med Phys, Vol. 20, No. 3, May 2023

less dose coefficients for approximately all considered
phantoms and radiopharmaceuticals.
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Figure 4. The fetal dose coefficients for different fetal percentiles are
estimated with constant time-integrated activity and volume-based
time-integrated activities. The statistical error bars for Monte Carlo
based data in figure 3 are too small to be visible.
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Figure 5. The dose data estimated, and 10" and 90" percentile was included to produce confidence and prediction bands with using constant time-integrated activity and volume-based time-integrated activities
for administration of (a) MAA, (b) MAA and Technegas, and (c) MAA and DTPA-aerosol.
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Absorbed doses

Considering the typical administered activities for
each radiopharmaceutical, the absorbed doses were
obtained. Figure 5 shows all the estimated dose data,
and 10™ and 90" percentile was included to produce
confidence and prediction bands. This figure also shows
the estimated data assuming volume-based time-
integrated activities. It was shown that only the (**"Tc-
MAA) dose to 3-month fetus is greater than 1mGy and
other gestational ages and fetal percentiles are well
below the safe threshold of <ImGy. In addition, if we
consider a ventilation-perfusion scan using both aerosol
9MTc-DTPA and *™Tc-MAA radiopharmaceuticals, the
dose to ossified bones of 6-month fetus would also be
higher than 1mGy.

Discussion

Firstly, we consider the 50™ percentile phantoms and
make a comparison between the corresponding data with
literature. Considering the comparison between dose
coefficients presented by this study and those reported
by other investigators, a large difference was observed

for 3-month pregnant phantom. Other dose coefficient
values have the same order of magnitude and therefore
they are in agreement with each other (supplementary
figures S1 and S2). This difference highlights the
importance of fetal body geometry with respect to
maternal source organs and tissues. This issue is the
reason that the dose coefficients for the 3-month fetus is
about 5-times larger than that reported by Russell et al.
and other investigators [14-16, 27, 31-32]. One of the
source regions that was not included in mathematical
version of 3-month pregnant phantom is the placenta,
which is included in the current phantom series used in
this study (see figure 1). In addition, according to
supplementary figure S3, the contribution of placenta as
source region to fetal dose coefficients (**™Tc MAA) is
particularly large (for example, 63% for 3-month fetus).
Without considering the placenta, the assigned activity
would be distributed in other organs, which leads to
reduction of the fetal dose coefficient up to 54%. This is
the major reason that led to underestimation of
previously reported fetal dose coefficients. Further
discussion on this issue could be find in Rafat et al. [18].
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Figure S1. The fetal dose coefficients from literature in comparison with this study (50" percentile) for administration of *"Tc MAA. ICRP
Publication 84, Nijkeuter et al. and Hurwitz et al. reported a range of data which was shown by error bars.
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Figure S3. The percentage of dose contributions to the fetus from various source organs for administration of *™Tc MAA.

Secondly, we aimed to discuss the difference that fetal percentile. To address this issue, the contribution of
fetal body habitus could impose to the problem. In case source organs to fetal dose coefficients should be
of ®*™Tc-MAA and aerosol ™ Tc-DTPA administration, determined. As an example, figure 6 shows the
the fetal dose coefficients decreased with increasing contribution of source organs to fetal dose coefficients
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for administration of ®™Tc-DTPA (aerosol) to pregnant
women at the third trimester of gestation (with fetuses at
10t™, 50" and 90" percentile). According to this figure,
the maternal lung is the major contributor (~80%) to
fetal dose and therefore, the distance between the fetus
and maternal lung plays an important role in
determining the amounts of fetal dose coefficients. To
obtain the distances between the fetus and maternal
lung, the chord length distributions between these two
organs were obtained to be used in the estimation of
dose point kernel values. By using dose-point kernel
values, the differences between dose values for each
fetal percentile could be analytically described. As
shown in figure 6, the DPK ratios (with respect to 50™
percentile) confirmed the ratios between corresponding
Monte Carlo-based estimations. Furthermore, an
obvious increasing or decreasing trend was not observed
for ®MTc-Technegas because the role of self-dose is
predominantly canceling the effect of cross dose
variations.

Another essential point is the determination of
absorbed dose (Gy) using dose coefficients (Gy/MBQ)
and administered activity (MBQq). In this respect, the
typical administered activities of 60, 80, and 40 MBq
were assumed for ®*"Tc-MAA, aerosol ®"Tc-DTPA and
%mTc-Technegas, respectively and  corresponding
absorbed doses were used to verify two important
issues. Firstly, it was pursuing that if any of dose points
exceeds the threshold of 1 mGy for which a risk of
secondary childhood cancer was reported. Secondly, to
explore whether consideration of fetal percentiles in the
calculation of absorbed doses is dosimetrically relevant.
To answer these questions, dose points were plotted in
figure 5 together with 95% confidence and prediction
intervals.

This figure shows that for the typical administered
activities of 60, 80, and 40 MBq for *"Tc-MAA,
aerosol #®*MTc-DTPA and *™Tc-Technegas, respectively,
dose values are well below the dose threshold (i.e., 10
mGy) above which there is increased risk of childhood
cancer for the unborn child. At diagnostic level, the
primary concern for the fetus is an increased risk (0.06%
per mGy) of leukemia or childhood cancer following in-
utero exposure, which is reported for doses above 10
mGy [30]. Therefore, there should be no concern about
the fetal body habitus and reference values for the 50"
percentile could be safely used in the case of
administration of the three considered
radiopharmaceuticals in this study.

Conclusion

Fetal dose coefficients are dependent on many
factors such as anatomical and physiological parameters
of both pregnant woman and the fetus. The effect of
these uncertainty components was not yet fully
investigated. This study aimed to investigate the effect
of different fetal body habitus subgroups on the
variation of fetal dose. Furthermore, we aimed to
investigate whether the dose variation is clinically
relevant or not. The results showed that the dose

Iran J Med Phys, Vol. 20, No. 3, May 2023

variations were well below the safety threshold for the
fetus (i.e., 10 mGy), at which the risk of fetal cancer is
not statistically negligible. Therefore, to check the safety
of the test in terms of radiation dose to the fetus, it is
sufficient to take into account the reference dose values
in clinical practice and there should be no concern about
the fetal body habitus. The reference values for the fetus
at 50" percentile could be safely used in the case of
administration of the three considered
radiopharmaceuticals in this study.
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