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Abstract

Background: Accurate estimation of fetal radiation dose is crucial for risk-
benefit analysis of radiological imaging, while the radiation dosimetry studies
based on individual pregnant patient are highly desired.

Purpose: To use Monte Carlo calculations for estimation of fetal radiation dose
from abdominal and pelvic computed tomography (CT) examinations for a pop-
ulation of patients with a range of variations in patients’ anatomy, abdominal
circumference, gestational age (GA), fetal depth (FD), and fetal development.
Methods: Forty-four patient-specific pregnant female models were constructed
based on CT imaging data of pregnant patients, with gestational ages rang-
ing from 8 to 35 weeks. The simulation of abdominal and pelvic helical CT
examinations was performed on three validated commercial scanner systems
to calculate organ-level fetal radiation dose.

Results: The absorbed radiation dose to the fetus ranged between 0.97 and
2.24 mGy, with an average of 1.63 + 0.33 mGy. The CTDI,-normalized fetal
dose ranged between 0.56 and 1.30, with an average of 0.94 + 0.25. The nor-
malized fetal organ dose showed significant correlations with gestational age,
maternal abdominal circumference (MAC), and fetal depth. The use of ATCM
technique increased the fetal radiation dose in some patients.

Conclusion: A technique enabling the calculation of organ-level radiation dose
to the fetus was developed from models of actual anatomy representing a range
of gestational age, maternal size,and fetal position. The developed maternal and
fetal models provide a basis for reliable and accurate radiation dose estimation
to fetal organs.
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effects to the fetus, such as malformation, death, and
mental retardation? In addition, the ICRP publication

Pregnant females might be exposed to ionizing radi-
ation during radiological procedures performed for
clinical diagnosis of acute abdominal pain, trauma can-
cer and a number of other clinical indications. As
the embryo/fetus presents significantly higher radio-
sensitivity than adults,’ the International Commission
on Radiological Protection (ICRP) reported that radia-
tion doses above 100 mGy may lead to deterministic
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103 suggested that fetal radiation doses lower than
100 mGy cannot be used as an argument to stop
pregnancy, a decision that should be carefully studied
from different perspectives? It is important to esti-
mate fetal organ doses from diagnostic radiological
examinations to understand the risks to the devel-
oping fetus from ionizing radiation. Due to ethical
concerns, the fetal radiation dose can hardly be directly
measured and has become a challenge for medical
physicists.
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CT images of a pregnant female patient at 35 weeks of gestation showing the segmented organs and measurements of

maternal abdominal circumference, fetal skin depth (FDgi,), and fetal skull depth (FDgy) distances.

A number of studies have reported on the use of
Monte Carlo (MC) simulations to estimate fetal radiation
dose,* "9 where fetal dosimetry was performed using
a reference model or a maternal-size-adjusted refer-
ence model without including the individual anatomical
characteristics of the fetus, hence introducing an extra
error in radiation dosimetry* For example, Maynard
et al.!" constructed eight reference models for pregnant
women. The ICRP Publication 145" also published a
series of mesh-type reference computational phantoms.
With the increasing interest in personalized radiation
dosimetry among the scientific community, the con-
struction of personalized computational models has
become popular.'®'* Angel et al.'® constructed patient-

specific voxel models for 24 pregnant patients for fetal
dose calculation in abdominal CT examinations, but
the fetal organ-level radiation dose was immeasurable
because of the limited number of identified fetal organs.
Since the radiosensitivity and radiation risks of devel-
oping fetal organs vary across the different gestational
ages, organ-scale radiation dosimetry for the fetus is
crucial and highly desired for epidemiological studies
aiming to correlate between conceptus radiation expo-
sure and organ-specific childhood cancer after birth.
In addition, most of the aforementioned previous work
was performed using fixed tube current (FTC) acqui-
sition protocols. As automatic tube current-modulated
(ATCM) CT scanning becomes popular, it is important to
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Geometry of three validated commercial CT scanner models: (a) GE Discovery CT 750 HD scanner, (b) Siemens SOMATOM

Definition Edge scanner, and (c) United Imaging Healthcare uCT 760 128-slice CT scanner.

estimate fetal dose from different scanning protocols
across a variety of CT scanners.

In this work, we constructed a series of pregnant
female models at different gestational ages based on
CT images of real patients and performed MC simu-
lations to calculate the radiation dose delivered to the
fetus. Three previously validated CT scanner systems,
including the GE Discovery CT 750 HD, the Siemens
SOMATOM Definition Edge, and the United Imaging
Healthcare uCT 760 128-slice CT, were incorporated
into the MC simulations. The fetal radiation dose from
abdominal/pelvic CT examinations on five scanners,
including the Siemens SOMATOM Force, the Philips Bril-
liance 40, the Siemens Definition AS, the GE LightSpeed
VCT, and the GE Discovery CT750 HD, were calculated
and compared. The correlations between fetal organ
dose from CT examinations and various attributes such
as scanning protocols, individual anatomical character-
istics, gestational age, intra-uterine position, and fetal
size were investigated.

2 | MATERIALS AND METHODS
2.1 | Patient-specific computational
models

A total of 44 patient-specific computational models were
constructed based on clinical CT images of pregnant
patients acquired at Geneva University Hospital (HUG),
Switzerland. These patients were initially admitted to
the emergency department of HUG because of acute
abdominal pain and underwent ultrasound examinations
upon admission, which however did not yield an etiology
or conclusive diagnosis. MRI examination was not pos-
sible either owing to lack of slots or patients presenting
very late in the evening. Hence, the patients under-

went abdominal and pelvic low-dose CT examinations.
CT images of pregnant patients were segmented using
Photoshop software (San Jose, California, USA), while
the NURBS-based organ surfaces were reconstructed
using Rhinoceros software (Seattle, Washington, USA).
The construction of patient-specific computational mod-
els for pregnant females based on clinical CT images
has been described in detail in the prior article.'® This
prior article dealt with development of digital fetus
library and the measurement of anatomical parameters,
whereas in this manuscript, we report on the radia-
tion dosimetry study for fetus and pregnant patient in
abdominal and pelvic CT examinations. The measured
anatomical parameters include femoral length (FL),
humerus length (HL), biparietal diameter (BPD), head
circumference (HC), abdominal circumference (FAC),
fetal skin depth (FDgin), and fetal skull depth (FDgyyn)-
The constructed abdominal models of pregnant female
subjects were named Maternal_Abdominal_Model-X
(MAM-X) where X refers to the model ID. Figure 1 illus-
trates the manual methods of image segmentation and
measurements of the maternal abdominal circumfer-
ence and intra-uterine position of FDgy, and FDgy-
MAC was taken as the circumference of the pregnant
woman’s belly button, while FDgy;, and FDgy were cal-
culated as the shortest distances between the most
front of the fetal skin and the 3D center of the fetal
skull to the skin surface of the pregnant woman, respec-
tively. All above-mentioned feature points and data were
measured using the Rhinoceros software.

2.2 | Monte Carlo simulation and
radiation dose calculations

The study included three clinical CT scanner systems,
namely, a GE Discovery CT 750 HD scanner*'” a
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FIGURE 3

3D visualization of the developed patient-specific computational phantoms at different gestational ages/trimesters. The outer

outline of pregnant patients and the uterus are transparent for better visualization of internal organs.

Siemens SOMATOM Definition Edge scanner,'® and
a the United Imaging Healthcare uCT 760 128-slice
CT scanner,'® which had been previously incorporated
into the MCNPX Monte Carlo code?’ for calculations
of radiation dose of various organs, however, not for
pregnant patients. The geometries of the three CT
gantries, including the source to detector distance, focal
spot size, fan angle, etc., had been taken into account
in the simulation of corresponding CT scanners as
shown in Figure 2. Simulations of x-ray photon trans-
port were performed to yield dose calculations based

on 44 pregnant-female phantoms where the fetal radi-
ation dose refers to the total deposited energy in the
fetal body divided by the body weight of the fetus.
For each phantom, the simulated energy deposition
in 25 fetal organs and maternal body were recorded
and used for the radiation dosimetry calculations. For
each patient phantom and for each organ, the simu-
lated radiation doses were averaged across all three
simulated CT scanners. The detailed data process-
ing and correlation analysis methods are provided in
Supplemental Materials.
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TABLE 1 Anatomical measurements for 44 pregnant patients and their fetuses.

Mean Mean Scan

Model GA MAC CTDl,,  effective length FL HL BPD HC FAC  FDgun FDskin

Number (weeks) (cm) CT scanners (mGy) mAs (cm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

MAM-1 8 84.63 GE Discovery 1.78 22.88 425 - - - - - - -
CT750 HD

MAM-2 8 79.35 GE Discovery 1.78 22.88 415 - - - - - - -
CT750 HD

MAM-3 8 76.90 GE Discovery 1.78 22.88 419 - - - - - - -
CT750 HD

MAM-4 8 70.40 GE Discovery 1.78 22.88 455 - - - - - - -
CT750 HD

MAM-5 8 78.98 Philips Brilliance ~ 9.59 162.51 473 - - - - - - -
40

MAM-6 8 94.09 GE Discovery 1.78 22.88 475 - - - - - - -
CT750 HD

MAM-7 8 98.46 GE Discovery 1.78 22.88 445 - - - - - - -
CT750 HD

MAM-8 8 80.99 GE Discovery 1.78 22.88 415 - - - - - - -
CT750 HD

MAM-9 8 93.33 GE Discovery 1.78 22.88 499 - - - - - - -
CT750 HD

MAM-10 8 86.13 GE Discovery 1.78 22.88 415 - - - - - - -
CT750 HD

MAM-11 8 117.80 GE Discovery 1.78 22.88 439 - - - - - - -
CT750 HD

MAM-12 10 119.00 GE Discovery 1.78 22.88 505 - - 8.69 335 - - -
CT750 HD

MAM-13 10 77.58 GE Discovery 1.78 22.88 435 - - 8.87 328 - - -
CT750 HD

MAM-14 10 93.25 GE Discovery 1.78 22.88 439 - - 9.09 33.0 - - -
CT750 HD

MAM-15 12 98.99 GE LightSpeed 1.81 22.90 479 - - 9.11 327 - - -
VCT

MAM-16 12 89.18 SIEMENS 10.82 141.93 439 - - 9.15 334 - - -
Definition AS

MAM-17 15 89.28 GE Discovery 1.78 22.88 395 30.76 29.13 37.95 134.1 - - -
CT750 HD

MAM-18 15 122.30 SIEMENS 2.94 43.03 48.7 30.67 29.13 36.97 1329 - - -
SOMATOM
Force

MAM-19 16 108.30 GE Discovery 1.78 22.88 455 3288 31.31 37.34 1335 - - -
CT750 HD

MAM-20 17 92.04 GE Discovery 1.78 22.88 459 3258 31.37 4691 171.0 1516 90.5 41.87
CT750 HD

MAM-21 18 82.09 GE Discovery 1.78 22.88 439 3097 2991 4864 1628 1489 850 5142
CT750 HD

MAM-22 20 111.00 GE Discovery 1.78 22.88 64.7 3493 33.33 5325 1759 2026 119.7 63.71
CT750 HD

MAM-23 20 112.60 GE Discovery 1.78 22.88 47.9 3423 3475 5165 193.1 189.3 116.0 68.81
CT750 HD

MAM-24 21 89.33 GE Discovery 1.78 22.88 413 36.04 3462 5215 1844 179.2 829 38.36
CT750 HD

MAM-25 21 87.93 GE Discovery 1.78 22.88 379 3192 3294 5270 188.1 158.0 88.7 58.28
CT750 HD

(Continues)
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TABLE 1 (Continued)
Mean Mean Scan

Model GA MAC CTDl,,  effective length FL HL BPD HC FAC  FDgun FDskin

Number (weeks) (cm) CT scanners (mGy) mAs (cm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

MAM-26 22 101.90 GE Discovery 1.78 22.88 46.3 4287 39.84 6451 2188 2021 922 54.89
CT750 HD

MAM-28 23 98.08 SIEMENS 1.51 2217 479 46.64 4325 68.00 2332 2296 96.8 40.11
SOMATOM
Force

MAM-29 25 109.50 GE Discovery 1.78 22.88 46.5 6897 64.31 9413 321.8 349.2 1065 24.59
CT750 HD

MAM-30 25 92.21 GE Discovery 1.78 22.88 46.5 4582 3948 69.19 2309 2339 731 30.09
CT750 HD

MAM-31 25 96.01 GE LightSpeed  1.81 22.90 469 5882 5492 8368 3007 2776 776 37.59
VCT

MAM-32 25 116.10 GE Discovery 1.78 22.88 475 46.39 4331 63.81 2329 2426 1739 6145
CT750 HD

MAM-33 26 111.60 GE Discovery 1.78 22.88 449 57.28 5249 7575 2615 2483 1019 47.62
CT750 HD

MAM-34 26 114.00 GE LightSpeed  1.81 22.90 499 4951 4024 66.86 2451 2114 1320 84.73
VCT

MAM-35 28 88.92 GE Discovery 1.78 22.88 439 5596 51.31 76.38 2635 2428 63.2 19.80
CT750 HD

MAM-36 29 127.90 GE LightSpeed  1.81 22.90 481 6293 58.70 8324 2787 264.1 1495 7827
VCT

MAM-37 29 89.20 GE Discovery 1.78 22.88 475 56.15 48.33 78.33 289.3 2567 712 2289
CT750 HD

MAM-39 30 97.68 GE Discovery 1.78 22.88 429 6175 5121 8256 2856 2574 929 2271
CT750 HD

MAM-41 32 114.10 GE Discovery 1.78 22.88 485 6451 6112 8830 309.3 2783 1240 40.84
CT750 HD

MAM-42 33 118.20 GE Discovery 1.78 22.88 469 6091 5562 85.05 296.2 2445 1174 46.23
CT750 HD

MAM-43 33 124.50 GE Discovery 1.78 22.88 483 6120 5562 8565 2953 239.8 1589 52.17
CT750 HD

MAM-44 35 106.10 GE Discovery 1.78 22.88 425 7268 56.65 88.53 3219 3326 1435 46.92
CT750 HD

MAM-45 35 108.60 GE Discovery 1.78 22.88 479 6595 5579 84.75 3117 3092 116.3 44.88
CT750 HD

MAM-46 35 98.80 GE LightSpeed  1.81 22.90 483 6754 5831 97.02 3415 3277 1046 35.1
VCT

2.3 | Fetal dose from automatic tube from the DICOM images. The extracted slice-specific

current modulation (ATCM)

With the advancements of ATCM on modern CT scan-
ners, protocols using this technology have become more
widely adopted in the clinical setting. Four pregnant
patients underwent CT scanning with ATCM and were
thus further investigated in a pilot study. This includes
patient MAM-5 scanned on Philips Brilliance 40 at the
first trimester, patient MAM-16 scanned on Siemens Def-
inition AS at the first trimester, and patients MAM-18
and MAM-28 scanned on Siemens SOMATOM Force at
the second trimester. An in-house MATLAB code was
used to derive the tube current modulation at each slice

tube currents were used for the calculation of radiation
dose at each layer. The fetal organ dose was obtained
by summing the radiation doses for each simulated
layer.

3 | RESULTS

3.1 | Patient-specific fetal phantom

Figure 3 illustrates the 3D digital constructed maternal
phantoms and Table 1 presents the measured anatom-
ical parameters for each patient. The GA ranged from
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FIGURE 4 Comparison of normalized fetal organ doses (average of three CT scanners and expressed as mean + SD) at different

gestational ages.

8 to 35 weeks. The abdominal circumference of preg-
nant patients varied between 70.4 and 127.9 cm with
a median of 98.27 cm. The scan length of the pregnant
woman accepted CT ranges between 23.7 and 64.7 cm.
The minimum and maximum FAC were 148.9 and
349.2 mm, respectively. The FL, HL, BPD, and HC
were within ranges 27.88-72.68 , 26.01-64.31 , 8.69-
97.02, and 32.71-341.54 mm, respectively. The ranges
of FDgin were from 19.80 to 84.73 mm, while FDgy
varied from 63.22 to 173.90 mm.

3.2 | Fetal organ doses

The fetal organ doses from the three simulated CT
scanner systems were estimated and normalized by
dividing absorbed dose by the measured CTDI,, of
each scanner. Figure 4 shows the calculated normalized
fetal organ doses at different trimesters of pregnancy.
Consistent with result reported in the literature, it was
observed that the fetal organ dose decreases gradu-
ally with increasing gestational age.'”® The absorbed
doses to the fetal skeleton and bone marrow were about
3.77 and 1.92 times higher than that of fetal soft-tissue.
Table 2 shows the correlations between normalized fetal
organ dose and the measured anatomical parameters,
in which stepwise multiple linear regression analysis
was used. As shown in Figure 5, significant correlations
were observed between fetal organ dose and MAC, ges-
tational age (GA), and FDs, while we failed to show

statistical correlations between fetal organ dose and
FAC, FL, HL, BPD, HC, and scan length. Linear fitting of
fetal organ dose was performed for MAC, GA, and FDgyi,
with each point representing one organ in the fetus of an
individual patient.

To depict the variability of radiation doses among
the three simulated CT scanners, the radiation dose
to the fetal brain is compared in Figure 6. It can be
observed that the absorbed dose decreases with MAC
and the mean absolute dose difference between the
developed CT models is 2.78%, thus indicating that
the CTDIvol normalized absorbed dose may poten-
tially be less affected by the different CT models than
that reported by Turner et al?® The calculated aver-
age fetal organ doses from the three CT systems for
skeleton, brain, kidney, liver, and body are shown in
Figure 7. For pregnant patients undergoing CT exam-
ination, the radiation dose to the fetal skeleton and
bone marrow are higher than other organs, whereas
the dose to the fetal brain was the lowest. Radiation
doses to other organs were found to be similar to each
other.

3.3 | Fetal organ dose estimation model

As shown in Table 2, the fetal organ dose demonstrated
statistically significant correlations with MAC, GA, and
FDskin- The measurements of MAC and GA for individ-
ual patients can be routinely obtained in clinical setting
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FIGURE 5 Correlations between normalized fetal organ doses

and measured anatomical parameters. Stepwise multiple linear
regression was performed to analyze the correlation of fetal organ
dose with MAC, GA, FDgyin, and FDgy. The normalized fetal organ
dose was averaged among three CT models.

without access to medical images, whereas FDyg;, can
be measured from ultrasound examinations. From the
initial 44 digital patient models investigated, two models
incorporating the attainable attributes of MAC, GA, and
FDsin, for fetal organ dose estimation in abdominal and
pelvic CT imaging were determined:

Model I: Normalized organ dose,

=a+ 4 XMAC + B, X GA )

MEDICAL PHYSICS——2%

1.2 T T T T T T T
* GE 1
11 e United Imaging 7
4 Siemens 1
1.0 -— ' A — — GE —-
-5 09 F I A —-=-=United Imaging _|
2 3 s, Siemens
= 08 4
& 2 ]
= 0.7 - =
& L i
@
2z 0.6 -
= L ]
E 0.5 r -
E 0.4 -— —-
3
z 03 r ]
0.2 4
0.1 B
0‘0 [ 1 1 1 1 1 1 1 1
70 80 90 100 110 120 130
Maternal Abdominal circumference (cm)
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three considered CT scanners.
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FIGURE 7 The correlations between scanner-averaged

normalized fetal organ doses with maternal abdominal circumference
of pregnant patients for fetal skeleton, fetal brain, fetal kidney, fetal
liver, and fetal body.

Model Il: Normalized organ dose,

=a+ 1 X MAC + 5, X GA + 3 X FDgjp
)

where the normalized organ dose refers to the fetal
absorbed dose per CTDI,,, in abdominal and pelvic CT
examinations. Table 3 lists the determined mathemati-
cal form of dose estimation models for each fetal organ,
while models presenting with R? < 0.5 were discarded.
In most cases, three-factor models yielded better fit than
two-factor models as indicated by a higher value of R?.
For example, the dose estimation formulas of Model I
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for fetal total body can be calculated as:

Normalized organ doseg), (fetal total body) =2.519
—0.012x MAC — 0.01 X GA — 0.001 X FDg;,, R> =0.919

In specific abdominal CT examinations for pregnant
female, the absolute radiation dose (in mGy) to the fetus
can be calculated from the calculated normalized organ
dose by:

Absolute radiation dose

= CTDlI,,; x Normalized organ dose (3)

Where CTDI,, refers to CT scanner’s CTDlI,q in a
specific protocol and can be planned prior to the exam-
ination or extracted from the DICOM images in clinical
settings.

3.4 | Automatic tube current modulation
(ATCM) pilot study—Initial assessment on
four cases

The tube current values of each slice are depicted on
the red line in Figure 8 where the blue line refers to
the average tube current. The normalized fetal dose
for these patients from ATCM and FTC examinations
were calculated using the developed methodology. That
is, the tube current value of each layer was obtained
by interpolation, corresponding to simulation calculation
settings (just longitudinal (z-) ATCM was accounted for,
but no angular tube current modulation), and then the
fetal organ dose was calculated. In order to compare
the effect of ATCM on fetal dose, the relative deviation
between ATCM and FTC was calculated, and the results
are shown in Table 4. The tube current is higher than the
average value in the scan range of the fetus for patients
MAM-16 and MAM-18 as well as the fetal head region
of patient MAM-28, which resulted in a higher radiation
dose when using ATCM to the fetus of patients MAM-
16 and MAM-18 as well as the fetal brain and eyes of
patient MAM-28 compared to the FTC protocol. More-
over, the larger size and higher ratio of the visceral belly
fat in patients MAM-16 and MAM-18 may result in an
increase of tube current when using ATCM at the loca-
tion of the fetus, leading to increased fetal organ doses.

This study included the largest patients’ population
covering the whole gestational period using state-of-
the-art CT scanners. The mean absolute fetal dose was
0.72 mGy for the Siemens SOMATOM Force using a
low-dose ATCM protocol, 13.87 mGy for the Philips Bril-
liance 40 using a standard ATCM protocol, 13.73 mGy
for the Siemens Definition AS using a standard ATCM
protocol, and 1.64 mGy for the GE LightSpeed VCT and

TABLE 3 Normalized organ-level radiation dose estimation
models to the fetus with Model |: Normalized organ dose = a + 4 X
MAC + 8, x GA and Model II: Normalized organ dose = o + 8¢ X
MAC + B85 X GA + B3 x FDgn. (R? refers to the coefficient of
determination R-squared).

Fetal Coefficient
tissue/Organs @ £ £2 £3 R?
Brain Model | 1536 —0.008 —0.005 - 0.807
Model Il 1.521 —0.007 —0.007 —0.002 0.775
Skeleton Model | 6.163 —0.299 -0.029 - 0.822
Model Il 5.467 —0.021 —0.025 —0.008 0.894
Bone Model | 3.354 —0.016 -0.024 - 0.826
marrow Model Il 2.702 —0.010 —0.016 —0.005 0.837
Soft Model | 1.392 —0.007 0.001 - 0.723
tissue Model Il 1.305 —0.005 —0.001 —0.003 0.849
Esophagus ~ Model Il 1.224 —0.005 -0.002 -0.002 0.813
Eyes Model | 1.339 —0.007 —0.003 - 0.731
Model Il 1.359 —0.009 0.001 0.001 0.669
Thyroid Model Il 1.566 —0.009 0.000 —0.001 0.802
Spinalcord ~ Model Il 1.360 —0.005 —0.005 —0.003 0.777
Lungs Model | 1.420 —0.007 -0.002 - 0.737
Model Il 1.266 —0.005 —0.001 —0.003 0.822
Heart Model | 1.417 —0.007 -0.003 - 0.773
Model Il 1.312 —0.006 —0.002 -0.002 0.785
Kidneys Model | 1.445 —0.008 0.003 - 0.526
Model Il 1.286 —0.005 0.004 —0.003 0.599
Liver Model | 1.394 —0.007 0.000 - 0.697
Model Il 1.293 —0.005 0.001 —0.001 0.732
Stomach Model 1 1.366 —0.007 0.000 - 0.544
Gall Model| 1.230 —0.006 0.001 - 0.606
bladder Model Il 1.193 —0.005 —0.001 —0.001 0.556
Sliver Model | 1.348 —0.007 -0.003 - 0.801
Grand Model Il 1.319 —0.007 —0.002 —0.001 0.798
LI Model 1 1.309 —0.006 0.001 - 0.549
sl Model | 1.344 —0.007 0.001 - 0.549
Model Il 1.318 —0.005 —0.002 —0.002 0.522
Skin Model | 1.407 -0.007 0.002 - 0.732
Model Il 1.354 —0.005 0.000 —0.003 0.888
Adrenal Model | 1.306 —0.007 0.000 - 0.626
Model Il 1.160 —0.004 0.000 —0.003 0.708
Pancreas Model 1 1.327 -0.007 0.001 — 0.530
Thymus Model| 1.312 —0.007 -0.003 - 0.801
Model Il 1.249 —0.006 —0.002 —0.001 0.813
Other organs® Model |l 1.371 —-0.007 -0.001 — 0.543
Total Modell 1716 —0.010 0012 - 0.532
body Model Il 2.519 —0.012 —0.010 —0.001 0.919

20ther organs are all organs of the fetus except the skeleton and bone marrow.
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FIGURE 8 Automatic tube current modulation in real-world abdominal and pelvic CT examinations for the studied pregnant patients.

GE Discovery CT750 HD using a low-dose FTC protocol,
respectively.

4 | DISCUSSION

In this work, three CT scanner systems were uti-
lized for the estimation of fetal dose in 44 pregnant
patients undergoing abdominal/pelvic CT examinations.
The average fetal radiation dose per 100 mAs from the
FTC protocol was determined to be 7.16 mGy/100 mAs
within the range of 4.24-9.81 mGy/100 mAs. The abso-
lute fetal radiation dose varied from 0.72 to 13.87 mGy
across different imaging protocols for the investigated
pregnant patients at ATCM. Since the fetus has high
radiosensitivity and conceptus radiation dose is corre-
lated with childhood cancer after birth, accurate and
clinically feasible estimation of fetal organ absorbed
doses are crucial in radiological imaging of pregnant
female patients. The existing studies mostly reported the
radiation dose to fetal total body based on simplified

fetus model. In this work, we (i) constructed individual
fetus models for each pregnant patient based on cor-
responding medical images, (ii) calculated fetal organ
radiation dose using three CT scanner systems, (iii)
analyzed the relationship between the fetal organ dose
and various anatomical parameters, and (iv) proposed
two computational models for dose estimation of fetal
organs from abdominal and pelvic CT examinations.

In addition, we compared the fetal organ dose
between various scanning protocols on different CT
scanners from the major vendors. We observed that
the ATCM technique does not necessarily lead to dose
reduction to fetal organs, which we suspect is correlated
with the location of fetal organs.

With the use of our newly developed computational
models, we found that overall, fetal organ radiation dose
decreases with increasing gestational age. As known,
in the first trimester, a fetus is highly radiosensitive and
would have the highest absorbed dose from CT exam-
inations. Our results showed that the normalized fetal
organ dose negatively correlated with MAC, GA, and
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TABLE 4 Comparison of organ dose between automatic tube
current modulation and fixed tube current for pregnant patients.

. Patient ID

Tissue/

Organs MAM-5 MAM-16 MAM-18 MAM-28
Fetal soft tissue —4.44%  7.84% 24.49% —2.63%
Fetal skeleton —-4.02% 8.15% 26.26% 11.52%
Fetus Bone Marrow —4.59% 7.66% 27.40% 18.67%
Fetus Brain —4.76% 7.95% 29.46% 26.54%
Fetus Eyes —-4.08% 8.65% 28.78% 18.44%
Fetus Lungs —4.34% 7.33% 23.51% 2.29%
Fetus Heart —4.19% 7.91% 24.30% 2.83%
Fetus Kidneys -3.98% 7.29% 22.06% —9.04%
Fetus Liver —-3.94% 7.54% 22.50% —7.15%
Fetus Stomach —4.10% 8.20% 23.71% —7.75%
Fetus Gall bladder -3.95% 7.44% 21.61% -11.32%
Fetus Salivary Grand —4.31% 8.30% 25.59% 16.48%
Fetus LI -3.77% 8.12% 23.08% -12.07%
Fetus SI -3.89% 8.11% 22.79% —-11.72%
Fetus UB —-3.63% 7.80% 22.57% -13.90%
Fetus Adrenal —4.05% 7.47% 22.26% —6.85%
Fetus Pancreas -3.80% 7.61% 22.54% -12.29%
Fetus Spleen 3.15% 8.66% 23.91% —8.78%
Fetus Thymus 17.81% 8.07% 24.36% 6.40%
Average —2.57% 7.90% 24.27% —0.02%

FDs, but weak correlation was found with FL, HL, HC,
BPD, FAC, and scan length. The absorbed dose to the
fetal skeleton was shown to be significantly higher than
bone marrow and other organs. This is mainly due
to the higher density of the skeleton, which results in
the absorption of more scattered radiation. Therefore,
prior to performing radiological imaging procedures on
pregnant females, the radiologist may give special con-
sideration to the absorbed dose and radiation risks to
the fetal skeleton and bone marrow, especially in the first
trimester.

The effect of ATCM on fetal radiation dose is rarely
discussed and is often overlooked. In our study, the
tube current modulation schemes of ATCM extracted
from DICOM images of various pregnant patients from
different CT scanners were reported. In some cases,
ATCM did not improve dose savings to the fetus in preg-
nant patients and even worse, leads to increased fetal
organ dose. For patients MAM-16 and MAM-18, the radi-
ation dose to the fetus when using the ATCM protocol
was higher than the one without the FTC protocol. ATCM
is aimed to adjust the tube current according to the
attenuation characteristics of the patient on the premise
of ensuring good image quality as well as reducing
the radiation exposure?’ It has been reported that with
the increase of cross-sectional dimensions of patients,
the tube current in ATCM will increase accordingly to

ensure the quality of CT images and may result in
the increase of absorbed dose?® Hence, we compared
the abdominal size of these patients by measuring the
abdominal fat ratio (AFS) values,?® which refers to the
distance from the anterior spine to the anterior abdom-
inal wall divided by the maximum distance from the
outer edge of the rectus sheath to the dermis in the
same CT image. To some extent, AFS also indicates
the fat layer thickness/body circumference of a pregnant
woman during pregnancy. The calculated AFS values for
patients MAM-5, MAM-16, MAM-18, and MAM-28 were
4.55, 1.64, 1.85, and 4.39, respectively. The lower AFS
for MAM-16 and MAM-18 indicated the higher rate of
visceral belly fat and may result in an increase of tube
current and absorbed radiation dose to the fetus when
using the ATCM protocol.

Table 5 compares the reported fetal radiation dose
from CT examinations between this study and the
existing literatures*%10.1521-25 glong with the current
modulation mode (ATCM/FTC), patient number, CT pro-
tocol number, and gestational age. As shown in Table 5,
the calculated fetal doses from this work were lower
than the values reported by Hardy et al.,'® which can
be mainly attributed to the differences in CT scan-
ners and the computational pregnant female phantoms.
The absorbed fetal dose to patients undergoing CT
examinations using the Siemens SOMATOM Force was
found to be as low as 0.72 + 0.81 mGy, which is due
to the low tube current and CTDI,, of the chosen
protocol. For FTC in two GE CT scanners, the abso-
lute fetal radiation dose was found to be lower than
that reported in the literature, which can be attributed
to the use of a low-dose scanning protocol, differ-
ent CT scanners, and individual differences among
pregnant patient models. The fetal absorbed dose for
all investigated patients in this study were shown to
be far below the minimum negligible risk level of 50
mGy for pregnant female receiving a single radiological
diagnostic imaging procedure. However, when repeated
standard dose CT examinations are needed for preg-
nant patients in the clinical setting, the accumulated
fetal dose may lead to non-negligible radiation hazard
and cancer risks for the developing fetus and after-birth
child.

This study inherently bears some limitations. Due
to the use of low-dose scanning protocols for preg-
nant patients, most of the fetal internal soft-tissues
are difficult to segment within the CT images. The
approximation of using the developed anchor phan-
tom and the reference fetal developing measurements
provided by the WHO and ICRP may introduce indi-
vidual uncertainties for radiation dose calculations to
these organs. This is a pilot study focusing on an initial
assessment of four cases. The patient population eval-
uated in this work with respect to ATCM needs to be
expanded further to include more generalized patterns
of CT scanners and scanning protocols. Future work will
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report on the generation of tube current modification
pattern of the ATCM protocol to reduce fetal radiation
dose.

5 | CONCLUSION

A clinically feasible framework for calculation of fetal
organ-level radiation dose from abdominal and pelvic
CT examinations was developed based on personalized
computational phantoms of a series of fetus represen-
tative of a comprehensive range of gestational age,
maternal size, and fetal anatomical characteristics. Fetal
organ radiation doses were calculated for three CT
scanner systems using validated Monte Carlo simula-
tions. The correlation between fetal organ doses and
anatomical parameters, fetal developing indicators, and
clinical scanning protocols was investigated. The use of
ATCM for abdominal and pelvic CT scanning on preg-
nant patients was also investigated indicating that it may
not lead to radiation dose savings for the fetus.
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