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Abstract

This study aimed to estimate lung and breast doses for individual patients using the size-specific dose estimate (SSDE)
method, as well as calculating effective doses, in patients who underwent chest CT scans during the COVID-19 pandemic.
Cancer risk incidence was estimated using excess relative risk (ERR), excess absolute risk (EAR), and lifetime attributable
risk (LAR) models from the Biological Effects of Ionizing Radiation Report VII (BEIR-VII). Data from about 570 patients
who underwent CT scans for COVID-19 screening were utilized for this study. Using the header of the CT images in a
Python script, SSDE and effective dose were calculated for each patient. The SSDE obtained by water equivalent effec-
tive diameter (wSSDE) was considered as lung and breast dose, and applied in organ-specific cancer risk estimation. The
mean wSSDE value for females (13.3 mGy) was slightly higher than that for males (13.1 mGy), but the difference was not
statistically significant (P value = 0.41). No significant differences were observed between males and females in terms of
calculated EAR and ERR for lung cancer at 5 and 30 years after exposure (P value = 0.47, 0.46, respectively). Similarly,
there was no significant difference in lung cancer LAR values between females and males (P value = 0.48). The results also
indicated a decrease in LAR values for both lung and breast cancers with increasing exposure age. In accordance with the
ALARA (as low as reasonably achievable) principle, it is important for medical staff and the general public to consider the
benefits of CT imaging in detecting such infections. Additionally, imaging medical physicists and CT scan experts should
optimize imaging protocols and strike a balance between image quality for detecting abnormalities and radiation dose, all
while adhering to the ALARA principle.
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Introduction

It has been approximately four years since the novel cor-
onavirus SARS-CoV-2 (Severe Acute Respiratory Syn-
drome Coronavirus 2), commonly known as COVID-19,
has emerged, which continues to affect human’s life due to
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an acute respiratory infectious disease leading to death in
some people (Hoda and Arash 2020; Vahdat et al. 2020).
Typically, COVID-19 patients were reported to have experi-
enced some symptoms such as dry cough, fever, fatigue, and
sore throat. The reverse transcription enzyme chain reaction
(RT-PCR) method using respiratory tract secretion speci-
mens has been considered a gold standard reference for the
diagnosis of COVID-19 infection, because of its sensitivity
of more than 80% as reported in various studies (Williams
et al. 2020).
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As an alternative method for the detection of COVID-19
infection, chest computed tomography (CT) scans have been
utilized. CT scans are well known for their ability to iden-
tify abnormalities such as multiple ground-glass opacities,
patchy pulmonary consolidations, and crazy-paving patterns
in the lungs of COVID-19 patients. In addition to their avail-
ability, ease of use, and quick scanning process, CT scans
have demonstrated efficacy in assessing disease severity. The
sensitivity of this method has been reported to reach up to
87%, indicating its capability to correctly identify positive
cases. However, it is important to note that the specificity of
CT scans for COVID-19 detection amounts to 46%, which
highlights the potential for false-positive results (Khatami
et al. 2020).

To this end, the utilization of CT scans for the early
detection and assessment of COVID-19 disease severity
has gained widespread adoption worldwide. However, the
significant demand for this diagnostic method has raised
concerns regarding the potential radiological consequences
for patients. Consequently, low-dose protocols for chest CT
scans in suspected COVID-19 patients have been proposed
to mitigate radiation exposure (Kang et al. 2020; TAEA
2020; Homayounieh et al. 2020).

Some dose indexes in CT scanners such as volumetric
CT dose index (CTDI,;) and dose length product (DLP)
have been employed to assess individual scan protocols
both before and after the scanning procedures. The scan
parameters, such as tube voltage, tube current, gantry rota-
tion time, and pitch, do influence the values of CTDIvol and
DLP. However, the dose received by a patient during a CT
scan procedure depends on both the patient’s body size and
the scanner’s radiation output. It is noted that the CTDI,;
provides information solely about the scanner output. In
fact, the CTDI, is related to absorbed dose in two different
dedicated phantoms (with a small diameter = 16 cm which
is representative of the head, and a large diameter = 32 cm
which is related to the body), and does not consider indi-
vidual patient size effect in dose (Li et al. 2011). In a report
of the Task Group (TG) 204 of the American Association
of Physicists in Medicine (AAPM) the size-specific dose
estimation (SSDE) approach has been introduced. SSDE
is a dose estimation method that combines the physical
dimensions of a patient, specifically the effective diameter,
with the scanner output (CTDI, ) to provide an estimate of
the patient’s radiation dose (Boone et al. 2011). To apply
the SSDE approach, some conversion factors (reported in
AAPM Report 204) were derived from experimental and
Monte Carlo data and normalized to patient size in terms of
water or tissue-equivalent materials. In this way, the geomet-
ric size of the body was considered as a surrogate of photon
attenuation, which in turn is a physical phenomenon that can
directly affect the absorbed dose. To address this concern,
the report of TG 220 of AAPM has introduced the concept of
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water equivalent diameter (WED) which was derived from
Hounsfield Units (HU) of CT images. This concept provides
a more accurate representation of the attenuation proper-
ties of a patient’s body tissues and has been used for SSDE
(McCollough et al. 2014; Report 87 2012). There are some
approaches for organ dose estimation in CT scans including
the convolution method, Monte Carlo calculation, and the
SSDE method. Among these methods, the SSDE approach
is considered the easiest and most straightforward for this
purpose.The use of SSDE for organ dose estimation has been
investigated in various studies (Moore et al. 2014; Franck
et al. 2016; Hardy et al. 2021). It is important to note that a
necessary condition for organ dose estimation using SSDE
is ensuring that the organ of interest is covered within the
scan volume (Andersson et al. 2019; Moore et al. 2014). By
considering the size-specific dose estimation and ensuring
appropriate coverage of organs, the SSDE method offers a
practical and accessible approach for estimating organ doses
in CT scans, providing valuable insights for radiation dose
management and optimization in clinical practice.

The objective of this study was to estimate the lung and
breast doses for individual patients using the SSDE method,
as well as calculate the effective dose for patients who under-
went chest CT scans during the COVID-19 pandemic. Given
the necessity of balancing the benefits of early pneumonia
detection following COVID-19 infection with the potential
risks of radiation-induced malignancy, the study also aimed
to evaluate the risk of breast and lung cancer incidence
in patients who underwent chest CT scans for COVID-19
screening. To assess the potential risks, the study utilized
the National Research Council Biologic Effects of Ionizing
Radiation (BEIR) VII models (NRC 2006).

Materials and methods
Patients and scanning devices

This retrospective study was conducted in accordance with
an institutional ethically approved standard (IR.MEDSAB.
REC.1400.151).

CT scan information of 570 COVID-19 patients admitted
to three university hospitals was used in the present study.
The data collection period spanned from July 2021 to Sep-
tember 2021. During this time period, data on CT scans per-
formed for COVID-19 screening purposes were collected.
Specific criteria were applied to ensure the relevance and
accuracy of the data. The inclusion criteria encompassed
patients who underwent chest CT scans for suspected or con-
firmed COVID-19 cases. Both adult and pediatric patients
were included in the study. On the other hand, patients
with incomplete or inadequate data were excluded from the
analysis.
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In the study, two of the hospitals utilized a Siemens
Somatom Emotion 16 scanner, while the third hospital
used a Toshiba Alexion 16 slice scanner. It is worth noting
that even though the CT scanners in two of the hospitals
were of the same model, the scanning protocols were opti-
mized independently by different CT scan experts at each
hospital. The optimization of scanning protocols involved
adjustment of various parameters such as tube voltage, tube
current, gantry rotation time, pitch, and choice of recon-
struction algorithms, to achieve the desired image quality
while minimizing radiation dose. It is also noted that differ-
ent experts may have varying preferences, clinical require-
ments, or institutional guidelines, which can lead to varia-
tions in the scanning protocols, even with the same scanner
model. These differences in scanning protocols can impact
the radiation doses received by patients during CT scans.
Optimal scanning protocols strike a balance between obtain-
ing diagnostically useful images and keeping the radiation
dose as low as reasonably achievable.

Because the study involved multiple hospitals with dif-
ferent CT scanner models and varying scanning protocols,
it provides an opportunity to evaluate the impact of these
factors on the radiation doses delivered to patients and their
potential implications in terms of radiation risks and dose
optimization strategies.

Dose values and SSDE methods

To obtain all dose information including CTDI,;; and DLP,
and to calculate SSDE and effective dose from the CT
images, a Python code was prepared using different librar-
ies to obtain information from CT images in digital imag-
ing and communications in medicine (DICOM) format.
The CTDI,;, DLP, pixel size, and CT number of each pixel
included in the header of the images, were used to calculate
the SSDE and effective dose values by the use of this Python
code.

Size-specific dose estimation

The SSDE values for each patient were calculated using the
method described in the report of TG-204 by AAPM. This
involved applying a conversion factor to calculate the SSDE
from the CTDI,, taking into account the effective diameter
(Eq. ).

SSDE = f x CTDI,,,. (1)

The initial step involved obtaining the effective diameter
from the CT images, which serves as a surrogate for the
diameter of a circular shape in cases where the body shape
is elliptical. To accomplish this, the anterior—posterior (AP)
and lateral (Lat) diameters were utilized as in Eq. 2:

Effective diameter = \/ AP X Lat. )

To obtain the AP and LAT diameters from the images,
the number of pixels in each direction (AP and LAT) was
multiplied by the corresponding pixel dimension. This cal-
culation provided the geometric diameter (GD) of the region
of interest.

Howeyver, to account for the WED in the SSDE calcula-
tion, the method proposed by TG-220 of AAPM (McCol-
lough et al. 2014) was followed. The primary focus of this
method is the CT number calculation, which involves nor-
malizing the CT numbers to the water attenuation coefficient
(Eq. 3):

CT# *
Awater = Z (m + 1) ><Apixel’ 3)
where the A, is the water equivalent size of any pixel in

the images, CT# represents the Hounsfield Unit (HU) of
each pixel, a shows the weight of linear attenuation coef-
ficients relative to water which has been assumed to equal
one (a = 1) based on previous studies (Ravenel et al. 2001;
Toth et al. 2007; Menke 2005; Moore et al. 2014), and A
represents the pixel size.

The pixel dimensions in the CT images are equal in each
direction, forming a square shape. Given this characteristic,
it is possible to extract one dimension of the pixel size from
the DICOM header of the images. By summing these values
in the AP and LAT directions, the body diameter can be
calculated in each of these directions. Subsequently, Eq. (2)
was employed to calculate the effective diameter.

In the first step of the WED calculation, the Python
code calculated the water equivalent value for each indi-
vidual pixel. The one-dimensional size of the pixels was
then extracted. The WED value was obtained by summing
up these values in the AP and LAT directions. Finally, the
effective WED was determined using Eq. (2).

Figure 1 illustrates the calculation process for both the
geometric and water equivalent effective diameters, provid-
ing visual representation of the steps involved in determining
these parameters.

After calculation of effective diameters (geometric and
water equivalent), the conversion factor (f) introduced in
Eq. (1) was automatically calculated in the Python code
using Eq. (4), which was introduced in an appendix of the
AAPM TG-204 report (Boone et al. 2011) as Eq. A-1.

pixel

f = 3.704369 % e—0.03671937xeffective diameter. (4)

Due to the consideration of two different effective diam-
eters (WED and GD), it was necessary to calculate their
respective f values separately and, consequently, obtain
two different values of SSDE. The SSDE values associated
with the application of WED in the calculation of the f
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Fig. 1 The process of calculating the geometrical and water equivalent effective diameter (WED) from CT images. WEP stands for water equiva-
lent pixel size for various tissues in CT images. AP anterior—posterior, LAT lateral

value will here be referred to as wSSDE (water equivalent
SSDE), while the gSSDE (geometric SSDE) is related to
the utilization of GD for the calculation of the f value.

Having both wSSDE and gSSDE allows for a compre-
hensive assessment of size-specific dose estimates consid-
ering different aspects of the patient’s anatomy and tissue
density. This dual approach provides a comprehensive
understanding of the radiation dose received during CT
imaging and facilitates an accurate evaluation of the poten-
tial risks associated with the procedure.

Effective dose

To calculate the effective dose, a conversion factor (k) mul-
tiplied by the DLP values was extracted from the Radiation
Dose Structured Report (RDSR) of each patient (Eq. 5).

Effecitve Dose(mSv) = Conversion factor(k) X DLP.  (5)

The conversion factor used in the present study was
introduced by McCollough et al. (2008). The introduced
conversion factors are specific to different anatomical
regions and provide a relationship between the DLP and
the effective dose in terms of mSv per mGy per centimeter
(mSv.mGy‘l.cm_l). In the case of chest for adults, the
conversion factor was reported as 0.014 mSv.mGy~'.cm™!
which was used in the current study.

All these values including conversion factors, SSDEs,
DLP, CTDI,,, patient age and sex were extracted and cal-
culated by the prepared Python code.
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Cancer risk assessment

To estimate the risk of breast cancer in females and lung
cancer in both males and females, different models were
used here which had been introduced in the BEIR VII report
(NRC 2006). The following models in BEIR VII were used
in the present study:

(1) The Excessive Relative Risk (ERR) model represents
the excess risk relative to the background risk; (2) the Exces-
sive Absolute Risk (EAR) model represents the absolute
excess of cancer risk incidence in the study participants due
to radiation exposure minus the background risk of cancer
incidence in the participants; and (3) the Lifetime Attribut-
able Risk (LAR) represents the probability of cancer induc-
tion in an individual exposed by radiation.

These models from the BEIR VII report provide differ-
ent perspectives on the estimation of cancer risks associ-
ated with radiation exposure. The ERR model expresses the
additional risk relative to background levels, the EAR model
quantifies the excess risk in absolute terms, and the LAR
model focuses on individual lifetime probability of cancer
induction.

Although the ERR and EAR models are similar, the
parameters in calculation and interpretation of values are
different and dedicated for each model (Eq. 6).

n
ERR or EAR = f,.D. exp(ye*).(%) , ©)
where j, for the ERR model is the ERR/Sv for a 60-year-
old person (attained age), who was exposed by radiation
at ages >+30, while 3, for EAR model is the EAR per 10*
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Table 1 Canger risk constants Organ ERR model parameters EAR model parameters
that are used in ERR and EAR
models for breast and lung B 4 n p Y n
organs according to BEIR
VII(NRC 2006) Male Female Male Female
Breast - 0.51 0.00 -0.2 - 9.9* —0.51 3.5,1.1°
Lung 0.32 1.40 0.30 -14 2.3 34 —-0.41 5.2

“Unlike other EAR (#) shown in this table, the estimate of 9.9 is for exposure at age 25 and attained age 50

The first number is for attained age <50 and the second one is for attained age >50

Table 2 Demographic

. . . Hospital # Sex Num- Average  Max—min SD (year) CTDI,, (mGy) DLP (mGy-cm)
information of the individuals
. . . ber of age (year)
identified in the present study at :
; i patients
the considered hospitals
Hospital 1 Male 31 47.19 14-89 17.23 17.56 615.78 +231.42
Female 38 50.86 20-84 17.48 17.56 511.40 + 228.98
Hospital 2 Male 88 45.40 4-88 18.18 6.81 248.50 + 21.31
Female 110 46.32 11-92 17.63 6.81 22491 + 36.16
Hospital 3 Male 145 47.52 12-89 17.54 5.47 176.31 + 16.55
Female 156 48.82 13-96 19.27 5.47 163.21 + 17.66
Average 47.52 11.48-91.01 18.11 7.40 239.71 + 86.16

SD standard deviation, CTDI,,, volumetric CT dose index, DLP dose length product

person-years (PY)-Sv for exposure at ages above 30 and
attained age 60; D is the organ dose in terms of Sv which
was considered as the wSSDE in the present study; y and 7
quantify the dependence of ERR and EAR on age at expo-
sure (e) and attained age (a), respectively. Furthermore, e* is
defined as (e — 30)/10 and will be considered as zero when
e is equal to 30 or higher values.

It is worth mentioning that the attained ages of 5 years
plus exposure age, 10 years plus exposure age, 15 years
plus exposure age, 20 years plus exposure age, 25 years plus
exposure age, and 30 years plus exposure age were con-
sidered during secondary cancer risk assessment for each
patient. The ERR will be expressed per Sv, while the EAR
will be in per 10* PY-Sv. Table 1 represents the cancer risk
coefficients considered for breast and lung in the current
study according to the BEIR VII models.

To calculate LAR values, a “linear-no-threshold” (LNT)
behavior of radiation-related cancer induction with dose
was assumed, and the LAR values provided for 100 mSv
(LARy ) in Table 12D-2 of the BEIR-VII report were
used (NRC 2006). The following equation (Eq. 7) was used
to calculate the LAR, as reported per 10° cases exposed to a
radiation dose of 0.1 Gy.

SSDE

LAR = LAR,,

@)

Table 3 Scanning parameters that were applied in each hospital

kV mA Pitch Current
modula-
tion
Hospital 1 120 180 1.3 No
Hospital 2 130 110 1.2 Yes
Hospital 3 110 100 14 No
Results

This study included CT images from 570 patients who
were suspected of COVID-19 infection and referred for
CT scanning. The demographic information of the study
participants is presented in Table 2.

To demonstrate the effect of scanning protocols on dosi-
metric parameters and consequently on cancer risk estima-
tion, scanning protocol details for each specific hospital
which was included in the study are provided in Table 3.

As mentioned, the estimation of cancer risk based on
SSDE involved the initial step of calculating the effective
diameter. The results and distribution of WED and GD for
both sexes are depicted in Fig. 2.

What stands out in Fig. 2 is the disparity between GD
and WED for both females and males. It is apparent that
the WED value is 18% lower than the GD value in the
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Fig.2 Water equivalent diameter (WED) and geometric diameter
(GD) values for females and males. Filled circle shows the mean val-
ues

studied population, and statistical analysis (¢ test) indi-
cated that this difference is significant (P value < 0.001).
Specifically, the mean value of the WED, regardless of
gender, was equal to 21.65 cm, while the mean value of
the GD was 26.45 cm. Furthermore, both the mean WED
(2.78%) and GD (6.09%) values were significantly lower
in females compared to males (P values < 0.001).

The results of the SSDE calculations based on WED and
GD are presented in Fig. 3. As depicted in this figure, the
mean SSDE value calculated based on WED (13.17 mGy)
was higher than that calculated based on GD (10.64 mGy),
and this difference was again found to be statistically sig-
nificant (P value < 0.001) according to Kruskal-Wallis
ANOVA test. The second part of Fig. 3 compares differ-
ent SSDE values which were calculated based on WED in

females and males. As displayed, the mean value of SSDE
for females (13.26 mGy) was slightly higher than that for
males (13.08 mGy). However, in this case the statistical
analysis conducted using the Kruskal-Wallis ANOVA test
suggested no significant difference between these values (P
value = 0.41).

The second dose indicator considered in this study was
the effective dose. As explained previously, the effective
dose was calculated based on conversion factors introduced
in the AAPM TG-96 report (McCollough et al. 2008) for
each specific anatomical region. Therefore, by applying a
value of 0.014 mSv mGy‘l cm™! for the thorax region, the
DLP value was converted to effective dose for each patient.
As a result, the mean value of the effective dose was about
3.34 mSv. Figure 4 shows the effective dose values com-
pared in females and males. Statistical analysis based on
Kruskal-Wallis ANOVA test showed a significant difference
(P value < 0.001) between effective dose values in males
and females, with a higher value in males than in females.

The estimated cancer risk in the lung and breast was cal-
culated based on the obtained wSSDE values and BEIR VII
models. Figures 5 and 6 show the ERR and EAR values for
breast and lung cancer among the study participants.

Based on the Kruskal-Wallis ANOVA test there was no
statistically significant difference in the calculated EAR val-
ues for lung cancer between males and females at attained
age of 5 years plus exposure age and 30 years plus exposure
age (P values 0.47 and 0.46, respectively). Similarly, there
was no significant difference in the ERR values related to
lung cancer between males and females at attained age of
5 years plus exposure age and 30 years plus exposure age (P
values 0.49 and 0.45, respectively). Although there were no
significant differences between EAR values for males and
females at attained ages of 5 years plus exposure age and
30 years plus exposure age, reported EAR values for lung
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Fig. 3 Size-specific dose estimate (SSDE) values calculated based on
water equivalent diameter (WED) and geometric diameter (GD). The
right side of figure shows SSDE values in males and females, which
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cancer in Fig. 5 increase with increasing the attained age.
Conversely, relevant ERR values decrease with increasing
the attained age. Figure 6 also supports this behavior of ERR
and EAR by increasing the attained age for breast cancer.

The lung LAR was calculated for each gender based on
wSSDE, and relevant descriptive values are presented in
Fig. 7A. The corresponding breast cancer LAR was calcu-
lated solely for females and is illustrated in Fig. 7B.

Although the mean lung cancer LAR value was higher
for females than that for males, the statistical analysis indi-
cated no significant difference between these values (P
value = 0.48). To assess the impact of age at exposure on
the estimated LAR values, the mean value of the LAR for
breast and lung cancers are reported in Table 4 in the cat-
egorized ages.

The results reveal a reduction in the LAR values for both
lung and breast cancers with an increase in age at exposure.
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Fig.5 Estimated excess relative risk (ERR) and excess absolute risk (EAR) values for lung based on water equivalent effective diameter
(WSSDE) for males (M) and females (F). ERR and EAR values are for attained age of 5 and 30 years after age at exposure
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Fig.6 Estimated excess relative risk (ERR) and excess absolute risk (EAR) values for breast cancer in females (F) based on water equivalent
effective diameter (WSSDE). ERR and EAR values are for attained age of 5 and 30 years after age at exposure
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Table 4 Estimated lifetime attributable risk (LAR) for breast and
lung cancer in the categorized ages

Age Number of Breast can- SE Lung can- SE
patients in age cer LAR cer LAR
groups
<20 38 33.00 535 3743 3.21
21-30 61 25.00 4.07 2793 3.09
3140 128 10.16 1.23  19.70 1.27
41-50 107 7.66 1.04 2387 2.35
51-60 84 3.37 044  21.40 1.70
61-70 86 1.65 0.18 18.17 1.54
71< 64 0.39 0.11  8.89 1.50

SE standard error

Discussion

Various studies have reported on the use of CT scans for
detecting COVID-19 pneumonia (Hoda and Arash 2020;
Homayounieh et al. 2020; IAEA 2020). However, there has
been a concern regarding the involved radiation dose in the
patients and the associated risk of radiation-related cancer.
To evaluate the potential risk of radiation-related cancer
associated with CT examinations, it is crucial to accurately
estimate relevant organ doses. However, the evaluation
of organ dose in CT scans has been a challenging issue
for some time. Some studies have attempted to assess the
correlation between SSDE values and organ doses in CT
scans (Khatonabadi et al. 2013) Moore et al. concluded
that there was a correlation better than +10% between the
SSDE values and organ doses (Moore et al. 2014). Franck
et al. also studied this correlation and found a correla-
tion of more than 80% (Franck et al. 2016). The point for
the correlation of SSDE values and organ doses was the
investigated organ was entirely within the scan volume.
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Turner et al. studied the partial irradiation of organs in CT
scans and found only a poor correlation between patient
body size and organ dose (Turner et al. 2011). Gabusi et al.
evaluated the effect of using water-equivalent diameters in
SSDE calculations of chest CT scans (Gabusi et al. 2016).
The results of their study demonstrated higher SSDE val-
ues (about 12% on average) for WED than those for GD.
Based on the conclusions of the above-mentioned studies
and the AAPM reports 204 and 220, WED was used in the
present study to calculate patient-specific SSDE values
which were then interpreted lung and breast doses. In the
present study, a comparison of the GD and WED in Fig. 2
revealed that the WED value was 18% lower than the GD
value. Consequently, this led to an underestimation of the
calculated SSDE based on GD. The results presented in
Fig. 3 further confirmed this observation by demonstrat-
ing an increase in the calculated SSDE values based on
WED compared to GD. Furthermore, difference in WED
values between females and males resulted in differences
in SSDE values, although this difference was not statisti-
cally significant. It is worth noting that pathological opaci-
ties can affect the WED values and, consequently, changes
in SSDE would be expected. Mohammadbeigi et al. con-
ducted a study to assess the impact of pathological opaci-
ties on changes in WED and dosimetric parameters. Their
findings revealed that an increase in the total severity score
among COVID-19 patients resulted in higher values of
SSDE when the scans were performed using automated
exposure control (Mohammadbeigi et al. 2023).

Some studies reported lung and breast doses following
chest CT scans to estimate the cancer risk in patients. Adel-
eye and Chetty (2017) reported lung doses for three different
patient groups between 18.6 and 22.1 mSv. The reported
dose values for breast were between 19.5 and 25.9 mSv,
which were calculated using the CT-Expo software. Salty-
baeva et al. reported lung doses during low-dose CT scans
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following lung cancer screening using Monte Carlo calcula-
tions (Saltybaeva et al. 2016). The resulting mean lung doses
were 7.7 and 0.3 mGy for standard and low-dose CT scans,
respectively. In contrast, in the present report SSDE values
were considered for both lung and breast dose. Based on the
results shown in Fig. 3, the mean SSDE value was approxi-
mately 13.17 mGy, which aligns with the values reported in
the aforementioned studies.

The second dose indicator following chest CT scans con-
sidered in the present study was the effective dose. Effective
dose has been recommended for comparing the relative risk
in patients undergoing CT scans relative to other imaging
modalities involving ionizing radiation, especially chest
radiography (Andreoli et al. 2015). The commonly used
dose indicators in CT scan systems have been CTDI,; and
DLP. It is important to note that these metrics are specific
to CT scans and are not directly comparable to dose metrics
used in other imaging modalities using ionizing radiation.
Each imaging modality has its own specific dose metrics
that is appropriate for evaluating and comparing radiation
doses within that particular modality. Therefore, applica-
tion of a similar dose indicator, such as the effective dose, is
necessary to compare the relative risk of ionizing radiation
across different imaging modalities. The effective dose takes
into account the radiation doses received by various organs
and tissues, considering their specific radiation sensitivi-
ties. Using the effective dose, it becomes possible to assess
and compare the potential risks associated with radiation
exposure from different imaging modalities. There are dif-
ferent approaches to estimate the effective dose in CT scans
(Brady et al. 2015; Paul et al. 2012). In the present study,
the conversion factor multiplied with the DLP value that
was recommended by the TG 96 AAPM report was used.
In the present study, the mean value of the effective dose
among the study participants was approximately 3.32 mSv.
This finding is consistent with the results reported in other
similar studies, indicating that the radiation exposure levels
in the present study align with those observed in comparable
research. (Brady et al. 2015; Paul et al. 2012; Ghetti et al.
2020). Comparison of effective dose values for females and
males in Fig. 4 indicates that the mean value of the effec-
tive dose in males (3.46 mSv) was slightly higher than that
in females (3.21 mSv), and this difference was statistically
significant. This difference can be related to differences in
physical body size of males and females, which can lead to
the increase in scan length and CTDI,,;. Changes in both
scan length and CTDI,; directly can affect the effective
dose.

The mean values of CTDI,; and DLP reported in Table 3
indicate significantly lower values compared to the values
reported by Asadinezhad et al. who studied the DRL for CT
examinations in Iran prior to the COVID-19 pandemic. In
their study, the mean values of DLP and CTDI, in the body

vol

were 324.42 mGy cm and 8.25 mGy, respectively, whereas
in the present study values of 239.71 and 7.41 mGy were
observed, respectively (Asadinezhad et al. 2019).

Due to the increased demand for CT scans during the
COVID-19 pandemic, special attention was given to radia-
tion dose optimization by adjusting scanning protocols to
adhere to the ALARA principle. This resulted in reductions
in CTDI,,; and DLP. However, it is important to note that
the increased utilization of CT examinations during the pan-
demic may have led to an overall increase in the collective
effective dose for patients exposed to radiation. Collective
effective dose refers to the sum of individual effective doses
received by a population over a specific time period. It is a
measure used in radiation protection to quantify the total
radiation exposure and its potential health effects on a popu-
lation (Bly et al. 2015).

Another major goal of the present study was evaluating
the cancer risk induction associated with the radiation dose
from chest CT scans for COVID-19 patients. Three models
of the BEIR-VII were used for this purpose (NRC 2006).
The ERR and EAR models are suitable for determining the
cancer risk induction for various cancer types, sex, age at
exposure, and time after exposure to the radiation (Edward
and Michael 2014). In fact, using these models, average
future cancer induction risk for the population can be esti-
mated. Figures 5 and 6 show ERR and EAR values for the
induction of lung and breast cancer among study partici-
pants at attained ages of 5 and 30 years after exposure. In
line with the findings of the BEIR-VII models depicted in
Fig. 12-1A of this report, the present results also demon-
strate a decrease in ERR values with an increase in attained
age. Conversely, the EAR increases by increasing attained
age. This pattern suggests that the relative risk of develop-
ing cancer decreases with age, while the absolute risk of
developing cancer increases with age. The reason behind
the decrease in ERR with increasing attained age is that the
background cancer risk increases stronger with attained age
than the EAR. Thus the ratio of both (which is the excess
relative risk) decreases.

As depicted in Fig. 6, the ERR and EAR values for lung
cancer were higher for females than males. This difference
is largely reflected in the P factor in the BEIR VII mod-
els, which is considerably higher for females than males.
Additionally, the obtained wSSDE value, which can be con-
sidered as organ dose (Fig. 3) can also be attributed to the
differences in the ERR and EAR values for lungs between
males and females. Although wSSDE was not significantly
different between females and males, it was slightly higher
in females than males.

The LAR for lung cancer, as depicted in Fig. 7, was
approximately 2.21 times higher for females compared to
males. As described previously, the LAR values (which were
calculated for 0.1 Gy) are based on the LNT assumption on
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radiation-related biological effects and the LAR values in
Table 12-5A of the BEIR-VII report (NRC 2006). The risk
assessment process involves addressing important factors
such as variations in baseline cancer risk and the popula-
tions under study. To account for these considerations, two
approaches, namely relative and absolute risk transport
have been utilized. In the relative risk transport approach,
the risks associated with radiation exposure are proportional
to the baseline risks. On the other hand, the absolute risk
transport approach assumes that radiation risks are inde-
pendent of the baseline risk and are evaluated on an absolute
scale. The reported values in Table 12-5A of the BEIR-VII
can be calculated by both relative and absolute risk trans-
port values. As it is evident in this table, the risk transport
value of the lung were considerably higher for females than
males. On the other hand, the wSSDE values calculated in
our study were higher for females than for males; this could
have led to higher lung LAR values for females than for
males. Ghetti et al. reported that the lung LAR value was
about 1.9-2.5 times higher for females than males, which
is consistent with the present results. The breast LAR val-
ues for females (Fig. 7) were lower than those reported by
Ghetti et al. (2020). The categorized LAR values for breast
and lung cancer shown in Table 4 decrease with increasing
exposure age, as expected.

Considering the anxiety patients often encounter when
receiving radiation doses from CT examinations for COVID-
19 screening or other application of CT scan, the findings of
the present study can be useful for medical staff for consider-
ing the balancing of the image quality of CT scans against
patient exposure to ionizing radiation.

Conclusion

The radiation doses received following CT scans and the
corresponding potential health effects such as cancer often
represent a serious concern for members of the public and
for medical staff, particularly during the COVID-19 pan-
demic where fast screening of the possibility of an infection
was required. During the pandemic, breast and lung cancer
incidence possibly associated with radiation exposures due
to chest CT scans received considerable attention. Follow-
ing previous studies, wSSDE was used here to provide an
organ dose indicator for lung and breast dose. The results of
the present study showed that the doses received by these
organs were not considerable. Doses received by females
were slightly higher than those received by males and apply-
ing these doses in the BEIR models showed that the lung
cancer incidence can be higher in females than males.

The results of the present study suggest that the cancer
risks associated with CT scan exposures are not significant.
Therefore, medical staff and patients should take the benefits
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of CT imaging for detecting such infections. It is empha-
sized, however, that imaging medical physicists and CT scan
experts should continue to optimize the imaging protocols
and balance the image quality for detecting abnormalities
versus the radiation dose based on ALARA principle.
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