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Patient-specific Effective Dose Estimation from Dose-Length Product in
Lung Computed Tomography Using Monte Carlo Simulation

Abstract

Background: Computed tomography (CT) imaging has a large portion in the dose of patients
from radiological procedures; therefore, accurate calculation of radiation risk estimation in this
modality is inevitable. In this study, a method for determining the patient-specific effective dose
using the dose-length product (DLP) index in lung CT scan using Monte Carlo (MC) simulation
is introduced. Methods: EGSnrc/BEAMnrc MC code was used to simulate a CT scanner. The
DOSxyznrc simulation code was used to simulate a specific voxelized phantom from the patient’s
lungs and irradiate it according to X-ray parameter of routing lung CT scan, and dose delivered to
thorax organs was calculated. Three types of phantoms were simulated according to three different
body habits (slim, standard, and fat patients) in two groups of men and women. A factor was used
to convert the relative dose per particle in MC code to the absolute dose. The dose was calculated
in all lung organs, and the effective dose was calculated for all three groups of patient body habits.
DLP index and volume CT dose index (CTDIvol) were extracted from the patient’s dose report in
the CT scanner. The DLP to effective dose conversion factor (k-factor) for patients with different
body habitus was calculated. Results: Lung radiation dose in slim, standard, and fat patients in
men was 0.164, 0.103, and 0.078 mGy/mAs and in women was 0.164, 0.105, and 0.079 mGy/mAs,
respectively. The k-factor in the group of slim patients, especially in women, was higher than in
other groups. Conclusions: CT scan dose indexes for slim patients are reported to be underestimated
in studies. The dose report in CT scan systems should be modified in proportion to the patient’s body
habitus, to accurately estimate the radiation risk.
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Introduction ionizing radiation in the diagnostic energy
. . range in 2005 suggests that accurate radiation
With  the advent of  high-speed, ange n 2% £ge
. . L risk estimation requires measurement of body
high-resolution multislice computed

tomography (CT) technology, the use of
this system in the diagnosis of diseases
has increased significantly.!! About 20%
of radiological diagnostic methods in the
world belong to CT scans, whereas about
70% of the cumulative dose received by the
community is from this imaging modality.”!
In CT scan imaging procedures, the radiation
dose has been reported up to 52 times
compared to conventional radiography and
up to 122 times higher in some special
techniques.®! Therefore, the issue of dose
optimization, dose reduction techniques,
and accurate dose measurement are very
necessary to determine the risk of CT scan
imaging.” The biologic effects of ionizing
radiation (BEIR) VII report on the risk of
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organ dose.’) The International Commission
on Radiological Protection (ICRP) 103
report also states that accurate radiation
risk is possible by determining the dose of
organs.[! By calculating the dose of body
organs, in the irradiated area, the effective
dose can be calculated. The effective dose
is a quantity that can be used to estimate
the relative risk and biological effects on
the body in a nonuniform ionizing radiation
field.” The most important physical
indicators in dose evaluation in volume CT
dose index (CTDIvol) and the dose—length
product (DLP). These quantities are merely
an indicator of the output and intensity of
the X-ray beam in the CT scan and are not
a patient-specific index.®! There are several
methods for estimating the effective dose in
CT scan imaging. In the study of Christner
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et al.P”’ the dose of the several anatomical regions was
calculated using ImPACT software (St George’s Healthcare,
London, UK), and the effective dose was calculated using
the ICRP-specific methodology in reports 26, 60, and 103
based on tissue-weighting coefficients. The tissue-weighting
coefficient is a quantity that represents the relative radiation
sensitivity of body tissues.[”? Another method for calculating
the effective dose in CT scan, which is very common, was
used in the study by Shrimpton er al!' In this study, the
DLP was first measured, and then the effective dose was
calculated using the DLP to effective dose conversion
factors (k-factor). In Abuhaimed and Martin’s study,!'" the
dose in CT scan was calculated according to the physical
characteristics of the patient’s body and CTDIvol value
as size-specific dose estimates. In Borbinha’s study,'” a
digital patient model was used to increase the accuracy
in organ dose calculation. In the mentioned methods, the
calculated organ dose is done on a mathematical phantom
or voxelized phantom with regular geometric shapes or on
the tissue-equivalent phantom, which is different from the
morphology of the organs. In our study, the thorax organ
dose was calculated directly in a patient-specific phantom,
by the Monte Carlo (MC) simulation method for three
groups of patients with different body habitus, and the
specific effective dose was obtained. By knowing the DLP
CT dose index, the patient-specific conversion factor was
calculated. Obviously, by calculating the specific effective
dose of patients, it is possible to estimate the radiation risk
more accurately.

Methods
In this study, the following steps were performed.
Monte Carlo simulation

The EGSnrc codes system was used for the MC simulation.
All head components of the CT scan system (64 slices
general electric [GE] light speed volumetric computed
tomography [VCT]) such as X-ray tubes, filters, Bowtie
filters, and collimators were simulated by the component
module of BEAMnrc user code of EGSnrc. Two scoring
planes, one after the Bowtie filter and the other in the
center of the gantry, were considered to record phase space
files. These files involve data about transporting photons
and particles. One of these files was used as a beam source
in subsequent analyzes (to irradiate the patient’s phantom)
and the other one, which was placed in the center of the
gantry, was used to extract the X-ray spectrum in the tube.
Five hundred million electrons were accelerated from the
cathode to the anode of the X-ray tube to produce photons.
All parameters related to low-energy particle interactions
in the diagnostic radiology range were activated in the
BEAMnrc code. Beam data processor, one of the EGSnrc
subroutine, was used to analyze the data, draw the particle
energy flux, and check the slice thickness (field size)
and spectrum profile. Validation of CT scanner modeling
methods in MC simulation for evaluation of the X-ray beam
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data (X-ray beam slice thickness, X-ray spectrum, and
beam profile) and X-ray tube components (beam-shaping
filter) has been investigated in our previous study.l'*! In
this study, using computed radiography (CR) cassette and
thermoluminescent dosimeter (TLD) chips, the dose profile
was measured in the direction of the gantry diameter
axis (from center to the peripheral of gantry isocenter).
After simulating the CT scan system, an air phantom
was simulated, and the dose profile calculated in the MC
code was compared with the measured value. The X-ray
spectrum produced in the tube was compared with Ipem78
software.['¥

Patient-specific
measurements

phantom design and organ dose

In this study, the axial mode of the scan was used to
irradiate the thorax region of phantom and calculate
the radiation dose of organs. Based on the technical
parameters of the lung CT scan, the dose value of organs
in the thorax was calculated. In this study, patients (man
and woman) were divided into three groups based on
physical body habitus, including fat patients with a body
mass index (BMI) between 25 and 29.5 kg/m?, standard
patients with a BMI between 18.5 and 24.5 kg/m? and
slim patients with BMI below 18 kg/m?. The CT scan
image of the patient’s lung was used as a specific phantom
to calculate the radiation dose in the simulation code.
The CT scan images of the patients were imported to
the MC code as a voxelized phantom. An input file was
created in DOSxyznrc, in which the voxelized phantom
specifications were entered manually. The dimension of
each voxel was 6.25 cm x 6.25 cm % 6.25 cm and the size
of the three-dimensional (3D) matrix was 64 x 64 x 20.
The pegs4 file, which contains information about the
cross-section of collision and attenuation coefficients of all
materials in the phantom, was created using EGSnrcMP
user code. The organs of the thorax included lungs,
esophagus, adipose (the layer of fat under the skin), spinal
cord, heart, breast, muscle, ribs, bone marrow, and cortex
of the spine. The phantom was designed in the egsphant file
format, and the X-ray source in the phase space file format
was introduced to the DOSxyznrc code. The energy of the
beam (in kV) and beam intensity (in mAs) were selected
according to the technical parameters of CT scan imaging
of the lung. After irradiating the phantom, the output of
the DOSxyznrc code as a 3D dose file, which includes the
dose calculated per particle in each voxel, was analyzed
using the DOSCTP software.'” In MC simulation, the
dose of each voxel is reported per incident particles (Gy/
particles). To convert the relative dose to the absolute dose,
a conversion factor must be used. In this study, to calculate
the conversion factor, a direct measurement of the dose in
air was implemented at the isocenter of the CT scan gantry
using the ion chamber dosimeter, and the calculation was
performed with the same geometrical setup used in the MC
simulation. By dividing the measured dose by the dose
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calculated in the simulation, the conversion factor was
calculated in terms of particles/mAs. To ensure the validity
of the calculated conversion factor, a direct measurement
was performed in the CTDI phantom with a diameter of
32 cm an using ion chamber detector (CT Chamber PTW
30009), then the same phantom was designed in the
simulation code. By comparing the dose value obtained
from the MC code after applying the conversion factor and
the measured value, the accuracy of the calculation of the
conversion factor was confirmed.

Calculation of effective dose from dose-length product
and volume computed tomography dose index

The patient dose index can be displayed as CTDIvol in the
imaging system. CTDIvol and DLP values were extracted
from patients’ dose report files. The specific effective dose
of the patients, in the defined groups, was calculated from
the product of the dose of each organ in the thorax region
and the weighting factor of the tissues present in the ICRP
report 103.1" The following equation was used to calculate
the effective dose.

E:ZWTHT:ZWTZWRDT,R
W_ = Tissue-weighting factor
W, = Radiation-weighting coefficient (1 for photons)

D, , = Average absorbed dose to tissue T from beam R

By dividing the effective dose by the DLP value,
patient-specific conversion factors were calculated.

Results

In this study, the specific dose for patients with different
body habitus, obese, medium, and thin, in male and
female patient groups, was studied in the CT scan of the
lung. Figure 1 shows the images of the CT scan and the
tomographic phantom that was used to calculate the organ
dose using MC simulation.

To estimate the dose of the organs, the conversion factors
shown in Table 1 were used to convert the calculated dose
value to the absolute dose of the organs.

Table 2 shows the technical parameters of the CT scan
of the lung in the 64-slice CT scan system. The effective
dose to DLP conversion factor was calculated based on the
values presented in Table 2.

With the technical parameters of Table 2, the organ dose
was calculated for three groups of patients. Radiation
organ doses for patients with three different body habits,
separated by men and women, are shown in Table 3.

According to the technical parameters of Table 2, the CT
dose index was extracted from the CT scan system in
the patient dose report data. CTDIvol is one of the most
important parameters in evaluating patient dose. In this
study, the dose of each organ was calculated per CTDIvol.
This quantity is displayed in Figure 2.

Table 4 shows the effective dose and DLP to effective dose
conversion factors for three groups of patients.

Discussion

In this study, a patient-specific organ dose calculation method
has been presented to calculate the organ dose of the thorax
region in the CT scan imaging. The aim of our study is to
design a method that can be used to calculate the effective
dose of patients specifically from the dose indicators in CT
scan as DLP, using the conversion factor. One of the most
important advantages of effective dose calculation is the
comparison of patient dose and radiation risk in CT scan
compared to other radiological diagnostic procedures.!'®! In
our study, three conversion factors were introduced according
to the three patient body habits. In the present study, three
groups of voxel phantoms were made from CT scan images
of patients. These phantoms became the basis for calculating
the patient-specific dose [Figure 1]. Since men and women
have different anatomical characteristics, it is expected
that they have different DLP to effective dose conversion
factor (k-factor). In most studies, only one reference
phantom is used to calculate patient-specific dose in CT
scan.['7!81 Martin!” reports that the uncertainty in estimating
the effective dose (using organ doses), based on the reference
patient and without considering the diversity of the patient’s

Table 1: Conversion factor of relative dose to absolute dose

Photon mAs X-ray beam Dose value in gantry Calculated dose using MC in Conversion factor
energy (kV) width (mm) isocenter (mGy/mAs) air (mGy/incident particle) (particle/mAs)
120 100 40 0.184 6.06E-18 3.04E+16

MC: Monte Carlo

Table 2: Technical parameters in computed tomography scan imaging of lungs in axial mode, in three groups of
patients, fat, average, and slim

Patient kv Effective mAs Collimation (mm) CTDlIvol (mGy) DLP (mGy.cm)
Slim 120 87 40 4 103.4+11.5
Average 120 147 40 10.6 274.1£30.6
Fat 120 232 40 37.4 966.9+107.8
DLP: Dose—length product, CTDIvol: Volume CT dose index
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Fat patient

Scout image

CT scan image
of central slices
(DICOM file)

Patient specific
phantom
(egsphantfile )

Average patient

Slim patient

Figure 1: Specific phantom of the lung of fat, standard, and slim patients in the group of female to calculate the dose in the DOSxyznrc code. Computed

tomography images are from the central slice of the thorax region

Man

@Slim @Standard B Fat 7

Organ dose (mGy)/CTDIvol (mGy)

Woman
14

SSlim @ Standard EFat

12

Organ dose (mGy)/CTDIvol (mGy)

Figure 2: The mean dose of organs in the thorax per volume computed tomography dose index in three body habits separately for men and women in

computed tomography scan imaging of the lung

body habits, was about + 40%. Several mathematical
methods have been used to calculate the dose distribution in
each voxel of the organs, using the values of the attenuation
coefficient of the tissues and the geometry of the body organs
from the CT image information in the digital imaging and
communications in medicine (DICOM) file format.l'***! Our
findings show that the dose of organs in the group of slim
patients is significantly higher than in other groups. In slim
patients, there is a thin layer of fat tissue and muscle tissue
around the thorax, so the organs in this area are exposed to a
higher dose. In our study, the k-factor obtained in the group
of slim patients was more than in other groups. Therefore,
in CT scan imaging of patients with slim body habits, the
selection of technical imaging parameters should be done
with careful consideration compared to other body habitus
groups. The conversion factor of DLP to effective dose (k)
is calculated based on information extracted from scanners
with different models and is a specific value for each CT
scan.”! Table 5 shows the conversion factors, obtained in our
study compared to other studies.

4

Different software is used to measure the k-factor in similar
studies. The calculation of the k-factor, which was done using
Impact Dose, IMPACT, and CT-Expo dosimetry software,
shows a difference of about 5%.7 In all these software
packages, an anthropomorphic mathematical phantom is
used, which is very different from the real conditions of the
patient’s body. Our study shows Table 5 that it is necessary
to use a specific k-factor to calculate the effective dose in
the group of women. The reason for the higher the k-factor
of women compared to men in CT scan imaging of the
lungs is that the effective dose of women is higher in this
procedure because the radiation-sensitive organs in women
receive a higher dose. In Saltybaeva et al.’s study,** there
was a 20% difference between male and female k-factor in
CT angiography, whereas this difference in our study was
21% for all physical habits [Table 5].

Studies show that changing the kV in CT scan examination
has very little effect on the conversion factor.?*?* In
the report of Lee et al.”?? in the CT scan of the lung at
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Table 3: Mean dose of organs in the thorax per mAs in three patient body habits, separately for male and female
groups in computed tomography scan imaging of the lung

Thorax organs

Mean organ dose (mGy/mAs)

Patients groups

Slim Standard Fat
Man Woman Man Woman Man Woman
Esophagus 0.117 0.117 0.066 0.069 0.055 0.057
Spinal cord 0.093 0.094 0.063 0.067 0.057 0.061
Heart 0.166 0.164 0.087 0.086 0.068 0.070
Lung 0.164 0.164 0.103 0.105 0.078 0.079
Muscle 0.195 0.193 0.099 0.097 0.159 0.161
Breast - 0.198 - 0.237 - 0.172
Adipose 0.189 0.189 0.196 0.205 0.148 0.149
Spine (bone surface) 0.346 0.346 0.246 0.246 0.208 0.208
Spin (bone marrow) 0.256 0.274 0.170 0.170 0.158 0.158
Rib 0.614 0.599 0.484 0.482 0.372 0.372

-: Data not available

Table 4: Mean effective dose of thoracic organs and effective dose conversion factor per dose-length product in three
groups of patients, separately for male and female groups in lung computed tomography scan imaging

Organ Weighting Organ effective dose (mSv)
factor (6) Slim patient Standard patient Fat patient
Man ‘Woman Man Woman Man Woman

Esophagus 0.04 0.41 0.41 0.39 0.41 0.51 0.53
Spinal cord 0.0092 0.07 0.08 0.09 0.09 0.12 0.13
Heart 0.0092 0.13 0.13 0.12 0.12 0.15 0.15
Lung 0.12 1.71 1.71 1.82 1.85 2.17 2.20
Muscle 0.0092 0.16 0.15 0.13 0.13 0.34 0.34
Breast 0.12 - 2.07 - 4.18 - 4.79
Adipose 0.0092 0.15 0.15 0.27 0.28 0.32 0.32
Spine (bone surface) 0.01 0.30 0.30 0.36 0.36 0.48 0.48
Spin (bone marrow) 0.12 2.67 2.86 3.00 3.00 4.40 4.40
Rib 0.12 6.41 6.25 8.54 8.50 10.36 10.36
Whole body effective dose (mSv) 12.02 14.11 14.70 18.92 18.84 23.70
Effective dose/DLP (mSv/mGy.cm) 0.12 0.14 0.05 0.07 0.02 0.02

DLP: Dose length product

Table 5: Dose—length product to effective dose
conversion coefficients obtained in our study compared
to other studies, all values are for lung computed
tomography scan imaging and 120 kVp

Body k — factor (mSv/mGy.cm)
habitus Man Woman
Our study Slim adult 0.12 0.14
Standard 0.05 0.07
Fat 0.02 0.02
EUR 1626221 Standard 0.017
Shrimptont!% Standard 0.014
NCL ED10322 Standard 0.0210
Huda®! Standard 0.017

120 kVp, the lung tissue dose for the female group was
10.6 mGy/100 mAs which is almost the same as the dose
obtained for the same organ in our study. In Lee et al’s
study,?? the effective dose of the lungs was calculated
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as 4.6 mSv/100 mAs, whereas in our study, the effective
dose was calculated as 12 mSv/100 mAs, which shows a
higher value, and the reason for this difference can be the
type of phantom (pediatric hybrid phantoms representing
newborn, 1-, 5-, 10-, and 15-year-old males and females
in Lee’s study), and the way of calculation and imaging
parameter (CT scanner model, beam collimation, and
CTDIvol). According to the findings of our study, there
is a significant difference in the k-factor value of patients
with different body habits, and calculating the radiation
risk based on a reference patient and generalizing it to all
patients does not seem reasonable. One of the limitations
of the present study is the impossibility of real-time organ
dose reporting in patients specifically because the MC
calculation method is time-consuming. However, the report
of dose indicators can be done comparatively and can
include a wide range of patients in one of the mentioned
groups and check the dose of organs.
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Conclusions

In this study, a special method of calculating the
effective dose from the DLP value, using patient-specific
tomographic phantom, is proposed. The k-factor of the
slim patients’ group was more than other groups; therefore,
in CT scan imaging of slim patients, optimization of
radiation technical parameters is more important. The
conversion factor of DLP into effective dose and organ
doses are different among patient groups, and the patient’s
body habitus should be taken into account to calculate the
radiation risk. It is suggested to mention the effective dose
for three groups of physical habits in the patients’ dose
report file in CT scan imaging.
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