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Abstract: Purpose: The purpose of this study was to preliminarily estimate patient-specific organ
doses in chest CT examinations for Chinese adults, and to investigate the effect of patient size on
organ doses. Methods: By considering the body-size and body-build effects on the organ doses and
taking the mid-chest water equivalent diameter (WED) as a body-size indicator, the chest scan images
of 18 Chinese adults were acquired on a multi-detector CT to generate the regional voxel models. For
each patient, the lungs, heart, and breasts (glandular breast tissues for both breasts) were segmented,
and other organs were semi-automated segmented based on their HU values. The CT scanner and
patient models simulated by MCNPX 2.4.0 software (Los Alamos National LaboratoryLos Alamos,
USA) were used to calculate lung, breast, and heart doses. CTDI,,,; values were used to normalize
simulated organ doses, and the exponential estimation model between the normalized organ dose
and WED was investigated. Results: Among the 18 patients in this study, the simulated doses of
lung, heart, and breast were 18.15 & 2.69 mGy, 18.68 £ 2.87 mGy, and 16.11 & 3.08 mGy, respectively.
Larger patients received higher organ doses than smaller ones due to the higher tube current used.
The ratios of lung, heart, and breast doses to the CTDI,,; were 1.48 £ 0.22, 1.54 + 0.20, and 1.41 £ 0.13,
respectively. The normalized organ doses of all the three organs decreased with the increase in WED,
and the normalized doses decreased more obviously in the lung and the heart than that in the breasts.
Conclusions: The output of CT scanner under ATCM is positively related to the attenuation of
patients, larger-size patients receive higher organ doses. The organ dose normalized by CTDI,,; was
negatively correlated with patient size. The organ doses could be estimated by using the indicated
CTDI,, combined with the estimated WED.
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1. Introduction

X-ray computed tomography (CT) has become a widely used technique in medical
imaging, but there is a trade-off between patient benefit and radiation risk [1-3]. CT scans
contribute a large portion of overall exposure currently received during medical diagnostic
procedures [4]. The increasing number of CT examinations and the relatively higher dose
than other X-ray-based diagnostic modalities has become a matter of wide concern [5].

Currently, CT scanners display a Computed Tomography Dose Index (CTDI,,) and
Dose Length Product (DLP) to indicate the dose output of the machine. These indicators
are useful for comparing different CT units or scan protocols, but are unable to show the
dose distribution in the human body [6] because they do not take into account the patient’s
body size, shape, and composition. For this reason, the size-specific dose estimate (SSDE)
was proposed by AAPM Task Group 204 [7] as an improved approach to characterize the
CT radiation dose to the center of the scan volume with a conversion factor of patient size.
In 2019, IEC [8] recommended that SSDE should be used as a dose reference indicator
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displayed on a CT scanner. Eventually, the organ dose became the important indicator for
radiation risk assessment, as suggested by the International Commission on Radiological
Protection (ICRP), but the organ dose is not readily available in scan records or images [9].
Moreover, CT dose indicators, such as CTDI,, and DLP (i.e., quantities assessed in a stan-
dard water body phantom), do not take into account a patient’s anatomy and composition,
thus they do not provide information on an individual patient’s organ doses. SSDE is
considered to be the most straightforward approach that could be used to estimate patient
dose from CT examinations [8]. However, SSDE could not represent radiation doses of a
specific organ, and SSDE was primarily determined from fixed tube current (FTC) scans.

Direct measurement of organ dose is limited by practical obstacles and ethical issues,
and organ dose measurement using anthropomorphic phantom is both time and labor
consuming. The current related research mainly relies on an MC simulation or organ
dose estimation software [10-12]. Most of the above-mentioned methods for organ dose
estimation are based on patient anatomy models representing average patient anatomy;,
called patient reference computational phantoms. These computational phantoms have
tried to match the anatomy of patients who have different ages, genders, and body sizes,
even including pregnancy. However, there are still gaps between computational phantoms
and patient-specific anatomy. Moreover, most organ dose estimation software did not
consider the individual tube current curve when the CT scan was performed with tube
current modulation (TCM). Therefore, to improve the accuracy in the analysis of cancer
risk after CT scans, further investigations of the doses administered to individual organs
with patient-specific phantom and a corresponding tube current curve using CT images
are preferable.

In the past few years, several researchers have made many attempts to establish
patient-specific models through retrospective research and to estimate patient organ doses
based on patient size metrics for CT scan with ATCM [13-19]. Angel et al. [13] directly
measured the circumference of patients at the skin-air boundary as a size metric, and
compared a linear relationship between organ dose and patient size under ATCM and FTC.
Khatonabadi et al. [14] used an exponential model to discuss the relationship between
normalized organ dose and effective diameter under ATCM conditions. Since the pub-
lication of AAPM Report No. 220 [20], some researchers have begun to pay attention to
the relationship between WED and organ dose, and have proposed an exponential model
to provide the possibility of individualized organ dose estimations. Bostani et al. [16,17]
and Abuhaimed et al. [18] respectively used patient CT images and computational human
phantoms to study the influence of WED to organ doses. However, to the best of our
knowledge, no relevant studies have been reported to estimate patient-specific organ doses
with Chinese populations. In fact, the Chinese population has a relatively smaller size com-
pared with that of Europe and America [21-23], and there is currently no relevant research
showing whether the difference in patient size affects the accuracy of the existing models.

As chest regions, with a relatively greater tube current reduction for ATCM [24],
represent one of the most frequently scanned body regions in clinical application [25,26],
and as lung and breast are the most radiosensitive organs fully exposed in the imaged
region, we further investigated chest CT imaging for more accurate organ dose estimations
in this study. A set of exponential models were preliminarily established to estimate the
organ doses of Chinese adults undergoing thorax CT scans with an ATCM system. The
established model was based on the Monte Carlo calculation of the 18 investigated Chinese
adults with a variety of sizes, and the model could be improved with more patient samples.
We compared the organ doses in this study with developed dose evaluation parameters
and models, and discussed their applicability to the Chinese population.

2. Materials and Methods
2.1. Patient Selection and Patient Size Calculation

Voxelized patient models of different sizes used in the Monte Carlo simulations were
developed from the actual CT examinations. A total of 567 sets of chest diagnostic CT for
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Chinese adult patients were acquired on the same scanner (NeuViz 16, NMD, China) at
Zhongye Hospital (Shanghai) from October to December 2017. The institutional review
board approved and a waiver of informed consent was obtained. By considering the
body-size effects on the organ doses and, taking the water equivalent diameter (WED) as a
body-size indicator, CT image sequences from 18 adult patients (9 females and 9 males)
with different body sizes were screened to create patient-specific voxelized chest models
in this work. Each CT examination was performed with 120 kVp (HVL = 8.27 cm), 0.8631
pitch factor and 16 x 1.25 mm collimation and 3 mm reconstructed image thickness with
ATCM. All images were reconstructed under a relatively large field of view (FOV) to
make the anatomical structure as complete as possible within the image coverage. The
WED was used as a patient size metric for dose estimates in the chest. It represented the
diameter of a water cylinder in which the attenuation of X-rays was equivalent to that in
the patient body. In this study, the DICOM of mid-chest, with the lowest portion of the
sternum present, or the simultaneous view of all four heart chambers, was used to obtain
the average CT number in the region of the entire patient cross-section without irrelevant
objects. According to the definition in the AAPM 220 report, WED can be calculated
as follows:

_ 1 ———— ARor
WED = 2\/[1000CT(x,y)ROI +1 = (1)

where CT(x,y)zo; is the mean CT number in the region of interest (ROI), Aroy is the total
area of the ROL

2.2. Development of Voxelized Phantom Model for Individual Patients

Lungs and bones were automatically contoured in all patient image slices, and the
other five main organs/tissues, including the heart wall, muscle, glandular breast tissues,
fat, and skin, were semi-automatically segmented by the 3D Slicer software. As shown
in Figure 1, different organs were divided by choosing the range of CT values. Typically,
the CT value ranges of lungs and bones are selected as —960~—340 HU and 144~931 HU,
respectively. The CT values of glandular breast tissues and hearts are close to the surround-
ing soft tissues. Their boundaries were manually segmented by experienced physicists
in addition to the CT value identification. The 3D Slicer software then exported a new
DICOM file sequence after all the organ boundaries were segmented. An in-house software
was used to generate individualized chest voxelized models from the new sequence that
can be used for MCNP calculations. The size of each voxel was 3 mm x 3 mm x 1.5 mm.

Figure 1. Cont.
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(b)

Figure 1. An example within the chest CT image sequences used to create voxelized patient model,

where different colors represent the heart wall, muscle, bone, fat, and skin segmented by the 3D
Slicer software: (a,b) are the transverse and sagittal axial image of the patient, respectively.

2.3. Organ Dose Simulations for Individual Patients

Based on the CT scanner model developed by Huang et al. [27,28] and the individually
voxelized phantoms built above, the organ doses for each patient were simulated by using
MCNPX 2.4.0. In the CT model, 16 X-ray sources uniformly distributed along the rack were
set to simulate the helical CT scanning. The X-ray spectrum, with an energy resolution of
1.0 keV, was generated by SPEKTR3.0®, and it was proved to be accurate enough in our
previous study [29]. In X-ray diagnosis, the photon transport model assumes that electrons
propagate in the direction of the initial photon, and that the charged particle equilibrium
(CPE) occurs when the electrons deposit energy during the interaction, and the collision
kerma is equal to the absorbed dose. Therefore, the results (MeV per gram per particle)
recorded in the F6 tally of MCNPX can be taken as the absorbed doses of the tissue or
organ. For practical use, it usually requires a conversion factor (CF) to convert the output
of MCNP into an absorbed dose per 100 mAs. The conversion factor is the ratio of the
CTDI,q in the air measured at the isocenter of the CT gantry to the result simulated by the
MCNP in the same situation.

In this study, the number of particles used in each simulation was set to be 1 x 108,
and the statistical deviation of the organ dose was generally less than 2.5%. For each
patient, the tube current and other scanning parameters were extracted from the DICOM
header, and the dose deposited in each organ (Dr) can be calculated as:

3 L

DT:ZDSxCwaO ()
1

Dg is the simulation result in the F6 tally for each slice of CT scan, I; is the tube charge per
rotation (mAs) used for each slice.

3. Results
3.1. Voxelized Chest Models of Patients

In this study, a total of 18 chest models for the patients were voxelized. Their WED,
organ volumes, and displayed CTDI,, undergoing chest CT examinations are listed in
Table 1. As shown in Table 1, the WED, CTDI,,;, lung volume, heart volume, and breast
volume (glandular breast tissue for both breasts) of females vary significantly, especially for
the breast volume. As expected, the CTDI,,, generally increases with the WED. Through
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the linear regression analysis and Pearson correlation analysis, it was found that there
was a strong correlation (R% =0.88, p < 0.001) between the CTDI,,; and the WED; however,
the correlations between the lung, heart, or breast volume and the WED were all weak
(R? < 0.15, p > 0.05). The results indicate that it is hard to estimate the volumes of lung,
heart, or breast simply by the WED for each person, and it implies that, for a more accurate
estimation of the organ volume for each person, the voxelized model is necessary.

Table 1. The WED, CTDI,,;;, and organ volumes for 18 patient models used in this study.

Glandular Tissue

Patient ID Age Gender WED CTDIyo! Lung V‘gl“me Heart V‘_;l“me Volume of both
(cm) (mGy) (cm?®) (cm?) B 3
reasts (cm®)
1 32 F 18.27 7.63 3461 609 233
2 26 F 19.54 8.89 3588 546 28
3 69 F 20.22 10.21 4411 590 73
4 44 F 21.05 8.92 3029 632 68
5 64 F 22.83 12.63 4200 659 72
6 61 F 23.24 11.34 3381 651 42
7 35 F 24.36 13.84 4134 656 188
8 70 F 25.53 16.28 4449 744 77
9 40 F 26.05 14.46 4023 636 303
10 26 M 19.24 8.76 4857 488 ND @
11 25 M 20.19 10.50 7746 760 ND @
12 44 M 21.00 10.30 5996 753 ND @
13 44 M 23.93 15.46 4560 866 ND @
14 78 M 24.85 14.50 5283 810 ND @
15 34 M 25.70 15.38 4334 754 ND @
16 49 M 27.10 14.18 2590 868 ND @
17 39 M 28.78 16.05 4319 829 ND @
18 33 M 30.83 18.31 3934 842 ND @
Average 45 + 17 2348 +350®  1265+3.15 4350 & 1161 705 + 113 120 + 96
M - - 4615.38 807.69 -
ICRP 89 F - - 3653.85 596.15 196.08

@) The breast tissue for males was not measured; ®: Ave. 4+ 1SD.

3.2. Simulated Organ Doses

The simulated organ doses and the measured WED for the 9 females are plotted
in Figure 2. The lung, heart, and breast doses were 14.04-23.19 mGy, 14.54-23.97 mGy,
and 11.92-21.12 mGy, respectively. Moreover, the mean dose of lung, heart, and breast
were 18.15 £ 2.69 mGy, 18.68 £ 2.87 mGy, and 16.11 £ 3.08 mGy, respectively. For both
men and women, there was no statistical difference between lung dose and heart dose
(p > 0.05). However, the breast dose was statistically different from that of the other two
organs (p < 0.05). As shown in Figures 2 and 3, the organ doses generally increase with
the increase of the WED for both genders (p < 0.05). The phenomenon is consistent with
previous research [13]. Through a one-way ANOVA test, it was found that there was no
statistical difference in the absolute doses of the three organs for both males and females.
However, for individuals, the difference between the breast dose and the lung or heart
dose could reach up to 20%.
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Figure 2. Organ doses simulated by Monte Carlo methods as a function of WED for female.
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Figure 3. Organ doses simulated by Monte Carlo methods as a function of WED for male.

To test the correlations between the organ dose and organ volume, Pearson correlation
analysis was performed in this study. No statistical correlation was found between the
organ dose and the organ volume (p > 0.05). This implies that it is possible to roughly esti-
mate the organ dose with the aid of the WED. It was also found that larger patients received
higher organ doses than smaller patients, which can be explained, as the tube current
increases to compromise the more X-ray attenuation for larger patients by the ATCM.

3.3. Estimation of Organ Doses with CTDI,,, and WED

In principle, the organ dose depends on both the radiation output (CTDI,,) and
patient size. Previous studies have indicated that the organ doses normalized by the
CTDI; could eliminate the impact of the scanner output [30]. Figure 4 plots the simulated
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lung, breast, and heart doses normalized by the CTDI,,,; and the WEDs for the 18 patients
in this study. The lung, heart, and breast doses normalized by CTDI,,,; were 1.48 + 0.22,
1.54 £ 0.20, and 1.41 + 0.13, respectively. As shown in Figure 4, the normalized lung, heart,
and breast doses significantly decrease with the increase of the WED, while the decrease in
the normalized breast dose seems more gradual.
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Figure 4. Normalized lung, breast, and heart doses and the WED for 18 patients.

Through the regression analysis, it was also found that all of the three organ doses
could be expressed in the form of the same exponential function listed below, and the
coefficient of determination (R?) of regression equations are 0.85, 0.81, and 0.57 for the lung,
heart, and breast, respectively.

Dyung = 4.13 X exp(—0.042 x WED) x CTDl 3)
Dipeart = 4.02 X exp(—0.041 x WED) x CTDI, @)
Dpreasts = 243 x exp(—0.024 x WED) x CTDI,; (5)

Based on the above functions, the relative deviations between the estimated organ
doses and the simulated ones for the 18 patients are summarized in Table 2. For compari-
son, the deviations estimated by using the functions built by Abuhaimed et al. [17] and
Bostani et al. [15] are also listed in Table 2. The organ doses for comparison in the table
from Bostani et al. were calculated using the regional average WED.

Table 2. Relative deviations * between the estimated organ doses and the simulation results for the 18 patients.

o Bostani et al. Abuhaimed et al. This Study

rgan

8 Range Average Range Average Range Average
Lung (—13.50-17.40) % 6.54% (—13.70-17.92) % 7.48% (—13.54-16.56) % 5.34%
Heart - - (—7.18-33.20) % 9.74% (—7.65-25.09) % 2.13%
Breast (—18.15-25.36) % —10.08% - - (—8.54-5.90) % 0.93%

* Relative deviations = (MC simulation results — estimated organ doses)/MC simulation results x 100%.
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As shown in Table 2, for lung, heart, and breast doses, the average deviation of all
18 patients was less than 10.08% when using any of the three functions. It indicates that
the function built by Bostani et al. and Abuhaimed et al. using patients from a Western
population are suitable for a Chinese population.

4. Discussion

As in other countries, the frequency of CT examinations in China is also increasing
with time, and the chest scan accounts the largest proportion [31,32]. The radiation risk has
also aroused great concern, especially for the radiosensitive organs, such as breasts and
lungs. Therefore, it is necessary to estimate the organ dose undergoing CT examinations as
accurately as possible.

As we know, the CTDl is just a simple robust indicator of CT scanner output, and not
the patient dose [6]. Even though the CTDI,,, can be used to normalize organ doses from
fixed tube current CT examinations, it is useless in TCM exams due to varying tube current,
which is a function of patient attenuation and thus wholly patient-specific. Therefore, more
accurate and practical methods of estimating organ doses in CT exams are still desirable.

Organ doses were proved to be estimated using both CTDI,,,;; and WED with different
models [15,17]. In this study, there is also a good exponential fitting relationship between
normalized organ doses and the WED. The fitting curves of the heart and lung were similar,
while the dose curves of the breast were quite different from them. The results were
consistent with that of previous studies [14].

The constant term of the organ dose model should be further studied by ethnicity.
Compared with the other estimation model, the new fitting model calculated in this study
was more consistent with the MC simulation results for the estimation of breast dose in
Chinese patients. Although the dose to deep-seated organs does not vary greatly among
different ethnicities, the difference in dose of superficial organs, such as breasts, between
different ethnicities cannot be ignored. It might be due to differences in anatomical structure
and the characteristics of physique between different populations. Therefore, it is necessary
to study the structure of the Chinese breast and compare the differences between different
populations. It is also valuable to establish a more accurate estimation model of Chinese
organ doses through the retrospective studies of a larger number of patients considering
different breast size and tissue composition. In addition to the influence from the patient
size, part of the differences in the results may result from the difference of 120 kVp energy
spectrum between the different scanners. However, the differences in energy spectrum
between different scanners does not significantly affect the dose results [17].

Although it may have the potential to provide a better estimate of organ dose for the
Chinese population, this study still has many limitations and requires further exploration
and concrete analysis. The developed and tested dose estimation model in this study has
the capability to estimate organ dose more accurately for Chinese adults than the existing
methods; it is limited to only three fully-irradiated organs and one type of CT examination,
and the doses caused by the over-ranging were not investigated. Because the chest CT
in this study can only provide a voxelized chest model for each patient, it is not capable
of assessing doses to partially or indirectly irradiated organs, nor is it able to estimate
an effective dose. Moreover, the patients in this retrospective study were selected from
567 patients in one hospital, but the range of body sizes was not complete. The overall
average WED of women is smaller than that of men (p < 0.001). Since this study was
a preliminary verification and discussion, the number of the CT scanners and patients
were limited. We have considered adding more patients and CT scanners for comparative
analysis in the future. Since we carried out a retrospective study, another limitation of the
study was that it refers to a single CT scanner model used at a specific kVp. Other kVp
settings available in the CT scanners will be studied and discussed in the future.
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5. Conclusions

This study investigated patient-specific organ doses from chest CT scans with ATCM,
and further discussed the effect of patient size on organ dose. It can be concluded that
patient organ doses are positively related to the WED, while, after CTDI,,,; normalization,
the quotient decreases with an increasing WED. Organ doses for chest CT examination in
different populations under different CT models can be estimated by a specific exponential
model. The results of our study could be used to assist physicists and doctors in evaluating
the organ dose of patients after chest CT examination. This might help the operators to
further optimize the parameter settings of CT protocol, so as to achieve reasonable patient
dose reduction. In addition, a larger number of subjects need to be repeated to test for the
validity of the dose-predictive relationships in the future.
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