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ARTICLE INFO ABSTRACT
Keywords: Objectives: Medical devices based on X-ray imaging, such as computed tomography, are consid-
Computed tomography ered notable sources of artificial radiation. The aim of this study was to compare the computed
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tomography dose volume index, the dose length product, and the effective dose of the brain non-
contrast enhanced examination on two CT scanners to determine the current state in terms of
radiation doses, compare doses to the reference values, and possibly optimize the examination.
Materials and methods: Data from January 2020 to the second half of 2021 were retrospectively
obtained by accessing dose reports from the Picture Archiving and Communication System
(PACS). Data were collected and analyzed in Microsoft Excel. The effective dose was estimated
using the dose-length product parameter and the normalized conversion factor for a given
anatomical region. For statistical analysis, a two-sample t-test was used.

Results: The first data set consists of 200 patients (100 and 100 for older and newer CT scanners)
regardless of the scan technique; the average CTDI,,; and DLP for the older CT scanner were 57.61
+ 2.89 mGy and 993.28 + 146.18 mGy cm, and for the newer CT scanner, 43.66 + 11.15 mGy
and 828.14 + 130.06 mGy cm. The second data set consists of 100 patients (50 for the older CT
scanner and 50 for the newer CT scanner) for a sequential scan; the average CTDI,, and DLP for
the older CT scanner were 58.63 + 3.33 mGy and 949.42 + 80.87 mGy.cm, and for the newer CT,
57.25 + 3.4 mGy and 942.13 + 73.05 mGy cm. The third data set consists of 40 patients (20 and
20 for older and newer CT scanners) for the helical scan - the average CTDI,, and DLP for the
older CT scanner were 54.6 + 0 mGy and 1252.2 + 52.11 mGy.cm, and for the newer CT, 37.18
+ 2.52 mGy and 859.66 + 72.04 mGy cm. The difference between the older and newer CT
scanners in terms of dose reduction was approximately 30 % in favor of the newer scanner for
noncontrast enhanced brain examinations performed using the helical scan technique.
Conclusion: A non-contrast enhanced brain examination scanned with newer CT equipment was
associated with a lower radiation burden on the patient.

Abbreviations: ALARA, as low as reasonably achievable; CT, computed tomography; CTDI,,, computed tomography dose volume index; DLP,
dose length product; DLR, diagnostic reference level; ED, effective dose; Gy, Gray; mSv, miliSievert; ICRP, International Commission on Radiological
Protection; AAPM, American Association of Physicists in Medicine.
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1. Introduction

The introduction of computed tomography (CT) in medical practice marked a revolution in diagnostic and imaging methods. Over
the years, there has been a significant increase in the use of this modality. For example, in the USA, there has been a 20-fold increase in
the number of CT scans performed per year compared to the 1980s [1,2]. It is necessary to consider that CT belongs to the modalities
that have a higher radiation burden on the patient. A study conducted in Ireland in 2009 found that CT accounted for 10 % of all
radiological examinations but contributed up to 56 % of total radiation exposure from medical radiation [3]. The International
Commission for Radiological Protection (ICRP) defines three basic principles of radiation protection, namely justification, optimi-
zation, and dose limits. Medical imaging radiation for patients has a special justification, and the dose limitation principle does not
apply to medical exposures to preserve the potential benefit of exposure. Alternately, the ICRP defines diagnostic reference levels
(DRLs) as a reference value to compare with examination doses. Justification and optimization of the examination should be done
along with the principle of as low as reasonably achievable (ALARA), that is, X-ray examinations must be performed with adequate
image quality with the lowest possible radiation dose [4-7].

The guidelines of the European Union require the determination and use of DRLs [8-10]. DRLs for computed tomography are
established by dose parameters that can be easily obtained and take into account the scan parameters, namely: computed tomography
dose volume index (CTDIy, [mGy]) and dose length product (DLP [mGy.cm]). The CTDI,,; parameter represents the dose transferred
to a standard phantom (16 or 32 cm) and is independent of the size and shape of the patient. DLP is a product of scan length and CTDI,,;
and is a relative representation of the energy delivered during scanning, but does not consider the radiosensitivity of tissues or organs
in the scan area [10-14]. Both CTDI,, and DLP are basic tools for CT optimization, although it is important to remember that these
parameters only represent the CT dose output. Although DLP is not based on the real size of the patient, it is directly related to the risk
of irradiation; therefore, it became an accepted value through the introduction of DRL and allows comparison of patient medical
exposure [15-19].

The basic requirement of every CT image is that the image meets the minimum criteria set for image quality, i.e., that it contains
enough reliable information for diagnosis. Before performing a CT scan, it is necessary that the settings of the selected CT protocol
correspond to the required information and technical limitations of the X-ray tube. Analysis of how exposure parameters affect patient
dose provides the first step in reducing patient dose in CT examinations [20-22]. In general, the relationship between tube current
(mA) and patient dose is directly proportional. An increase in mA results in a proportional increase in the dose given to the patient.
Although mA can be manually adjusted, many operators use automated tube current modulation (ATCM) for most applications [23].
Increases in tube current or the product of tube current and scan time (mAs) result in improved image quality, decreased image noise,
and increased patient dose. The tube voltage (kVp) affects the mean energy of the spectrum, which then affects the linear attenuation
coefficients. A change in tube voltage leads to a change in absorption in individual materials, which affects contrast, noise, and dose for
the patient [21,22]. Reducing kVp can be an effective way of reducing the radiation dose for patients because of the reduced number of
photons and the lower mean energy of the photons. On the other hand, decreases in kVp can result in increases in image noise, which
usually requires an increase in mA to preserve image quality [23]. Rotation time is the time spent completing a 360° rotation of the
gantry. The radiation exposure of the patient is proportional to the rotation time; faster rotation times have a lower dose effect if all
other parameters are kept constant [24]. Pitch is a parameter used in helical scanning mode and is described as the ratio of table
translation per rotation of the X-ray tube to the total collimation of the beam. If the tube output (in mAs) remains constant as the table
moves, the radiation dose is proportionally decreased as the pitch increases [24]. Slice thickness also influences patient dose and image
noise. A decreasing slice thickness leads to an increase in image noise because of the lower number of photons within each voxel. To
preserve constant noise levels within an image with a smaller slice thickness, the radiation dose must consequently be increased. In
general, the greater the thickness of the reconstructed slice used, the lower the dose for the patient [20-24]. Overall, adjustments to the
exposure parameters should be made according to the clinical task of a CT examination.

The effective dose parameter (ED) was determined to estimate the radiation risk in quantity, which could be related to the
probability of health harm due to stochastic effects from radiation exposure [25]. The potential biological effects of radiation depend
not only on the radiation dose per tissue or organ, but also on the biological sensitivity of the irradiated tissue or organ [26]. ED is a
sum of the equivalent doses in tissues and organs of the body that are considered to be sensitive to radiation damage, weighted ac-
cording to the risk of associated harm. Since ED cannot be measured directly, for its estimation, calculations based on models and
simulations are required to assess the doses of individual tissues [25,27]. It is important to note that ED describes the relative total body
dose for a particular examination and scanner, not the individual’s dose. Its primary use should be limited to comparing the health
harm with a reference patient for different types of medical examinations [20,22]. Therefore, ED can be used to compare relative
radiation harm between diagnostic radiology procedures and with other radiation sources when the effective doses calculated are for
patient populations with comparable age and gender distributions [27]. Therefore, ED allows us to compare risks between different CT
protocols and examinations, as well as between CT and other imaging methods. Consequently, we can use it for generic justification
and proper optimization of CT examinations [25,27-30].

2. Materials and Methods
2.1. Study design

This study was reviewed and approved by the Institutional Review Board, with approval number 158/2022. Data for analysis were
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collected from January 2020 to the second half of 2021. Only non-contrast enhanced brain examinations performed on patients over
18 years of age were included in the study. In this case, the weight of the patient was not taken into account. Data (DLP and CTDI)
were retrospectively accessed from PACS dose reports, which are created at the end of each examination. The resulting data set
consisted of all eligible patients within a defined period, half of whom were examined on one CT scanner and the other half on the
second CT. From this dataset, we created three groups of patients based on the scan technique: Group 1 (regardless of the scanning
technique), Group 2 (sequential scanning technique), and Group 3 (spiral scanning technique).

2.2. Machine specifications

Two multislice CT scanners are available at the university center. The older CT scanner, CT Philips Ingenuity Core (64 slices), was
installed in 2014, and the newer GE Revolution CT (256 slices) was installed in 2020. CT scanners undergo regular maintenance and
long-term stability tests with satisfactory results. Both CT scanners use an iterative reconstruction algorithm (iDose4 and ASiR-V). The
principle of this algorithm is to iterate image reconstruction several times until the final image corresponds as well as possible to the
measured values of total absorption coefficients from different angular projections. Through this process, image noise is suppressed
more effectively. The disadvantages are longer reconstruction times and high computing power demands. However, iterative
reconstruction provides a diagnostically acceptable noise level with a substantially reduced radiation dose [17,31-33].

2.3. Examination protocols

Table 1 summarizes the scan parameters for each scan protocol. Each vendor has its own scale of the strength of iterative
reconstruction; the higher the strength, the lower the noise.

2.4. Calculation of the effective dose
There are two conventional approaches to calculating the ED for a CT examination. The first option involves organ-based Monte

Table 1
Dataset of CTDI,, and DLP values and estimated EDs.

Group 1 Group 2 - Sequential scan Group 3 - Helical scan
CT Philips CT GE T-test CT Philips CT GE T-test CT Philips CT GE T-test
Scan parameters
Tube voltage 120 120 120 120
&V)
Tube current 378 mAs (432 350 mA 423 mAs (299 80-300 (smart
mA) mA) mA)
Slice thickness 1.25 1.25 1 1.25
(mm)
Rotation time 0.75 1 0.4 0.5
(s)
Pitch - - 0.399 0.516:1
Strength of IR Level 3 60 % Level 4 50 %
Number of 100 100 50 50 20 20
patients
ED (mSv)
min 1.76 1.21 1.76 1.33 2.46 1.66
max 2.84 2.14 2.84 2.14 2.84 2.06
mean (SD) 2.09 (0.31) 1.74 (0.28) p< 1.99 (0.17) 1.98 (0.15) p=0.15 2.63 (0.11) 1.81 (0.15) p<
0.01¢ 0.01¢
median 1.89 1.76 2.01 1.95 2.64 1.79
DLP (mGy.cm)
min 840.2 574.52 840.2 631.48 1172 656.61
max 1353 1017.66 1353 1017.7 1353 979.63
mean(SD) 993.28 828.14 p< 949.42 942.13 p=0.64 1252.2 859.66 p<
(146.18) (130.06) 0.01° (80.87) (73.05) (52.11) (72.04) 0.01°
median 900.55 839.43 959.1 928.56 1255 850.24
third quartile 1019.75 928.52 960 1017.57 1291.75 901.41
CTDIye; (mGy)
min 54.6 29.27 56.2 35.08 54.6 3291
max 71.9 59.96 71.9 59.96 54.6 41.12
mean (SD) 57.61 (2.89) 43.66 p< 58.63 (3.33) 57.25 (3.4) p< 54.6 (0.0) 37.18 (2.52) p<
(11.15) 0.01° 0.05° 0.01¢
median 57.4 37.8 58 58.03 54.6 37.78
third quartile 58.6 56.54 58.93 58.03 54.6 39.29

@ Statistically significant.
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Carlo simulations using software modeling to determine the equivalent doses of organs in the scanned region, which are then
multiplied by their respective tissue weighting factors specified by the ICRP [17,34].

For a quick and rough calculation of ED for CT examination, we can use a computationally simpler method based on the dose length
product (DLP) and the DLP-to-E conversion factor k, which is specific for the given anatomical area [34]. There was a linear rela-
tionship for data sets focused on the same anatomic region over a wide range of scanners between ED and ED estimated by DLP derived
from organ dose calculations from the National Radiological Protection Board (NRPB) and ICRP 60 tissue weighting coefficients [17].
Based on that, the European Commission guidelines presented this fast and universal method of assessing ED [35], with updated
coefficients published in 2004 and 2005 [10,36]. This method is widely used, and ED is estimated as the product of DLP and k, specific
only to the scanned anatomic region. These conversion factors were later adopted by the American Association of Physicists in
Medicine [29].

These conversion factors are precalculated using computational human phantoms combined with Monte Carlo radiation transport
simulations of CT X-rays [37]. They are based on tissue weighting factors published in ICRP publication 60, which form the inter-
nationally accepted basis for ED [29]. This method can underestimate or overestimate real ED, but is convenient and easy to apply in
practice [6,10,16]. DLP-based calculation methods are also considered to reflect more on the practical working conditions of the
radiology department compared to more computationally complex Monte Carlo methods [3]. The ED values calculated by this method
compared to the ED values calculated by more rigorous calculation methods are relatively consistent, with a mean deviation of
approximately +15 % [3,6,17,23]. Despite the sources of variation in the calculation of ED, it is widely used by the academic, clinical,
and manufacturing communities (17).

ED in our study was estimated using DLP and the conversion factor k for a head (k = 0.0021) [29].

2.5. Statistical analysis

Data collection and statistical analysis were performed using Microsoft Office Excel. Descriptive statistics, including mean, stan-
dard deviation, minimum, maximum, median, and third quartile, were used to evaluate the collected data. The variance difference
between two sets within the group was tested using the F-test. Given the comparison of two independent sets, the unpaired two-sample
t-test was utilized to determine the statistical significance of the compared parameters. Differences were considered significant at p <
0.05 and 0.01. The association between scan length, CTDI,), DLP, and ED was tested with a series of Pearson correlations.

3. Results

To compare the ED between the two CTs, we created a set of 200 patients (Group 1), regardless of the type of scan technique
(sequential or spiral). 100 patients for CT Philips, of whom there were 53 men and 47 women, the average age of the group was 61.5 +
20.51 years (from 21 to 92 years). For CT GE, it was a set of 100 patients, 50 men and 50 women, with a mean age of 60.87 + 19.92
years (from 19 to 100 years) (Graph 1). The mean values and statistical significance of CTDI,,), DLP, and ED are summarized in Table 1.

A set of 100 patients (Group 2) was created for the sequential scan technique. For Philips CT, there were 50 patients, 26 men and 24
women, with an average age of 63.18 & 18.94 years (from 21 to 90 years). For CT-GE, there were 50 patients, 24 men and 26 women,
with an average age of 58.34 + 20.58 years (from 19 to 100 years) (Graph 2). The mean values and statistical significance of CTDI,),
DLP, and ED are summarized in Table 1.

Another set of 40 patients (Group 3) was created for the spiral scan technique. For Philips CT, there were 20 patients, 14 men and 6
women, with an average age of 54.8 4 22.91 years (from 25 to 92 years). For CT GE, there were 20 patients, 14 men and 6 women, with
an average age of 62.7 + 18.95 years (from 22 to 95 years) (Graph 3). The mean values and statistical significance of CTDI,,|, DLP, and
ED are summarized in Table 1.

A statistically significant difference was observed between the ED, DLP, and CTDI,,) averages within the two CTs in the Group 1 and
Group 3 datasets of the non-contrast enhanced CT of the brain. For visual interpretation of the results, we used separate box plots for
the DLP values (Graph 4), CTDIy, (Graph 5), and the ED values (Graph 6). Each box plot includes the three groups of datasets,

50 47

GE Philips

B Male ®Female

Graph 1. Population of group 1.
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depending on the given parameter.

The association between ED and various variables was calculated using a series of correlations. Differences were considered sig-
nificant at p < 0.05. The scan length was additionally computed as a ratio of DLP and CTDI,,. For the sequential scan technique
(Table 2) for CT GE, we found a strong positive correlation between scan length, DLP, and ED and a weak positive correlation between
CTDIy, and ED. For the sequential scan technique for CT Philips, we found a strong positive correlation between scan length, CTDI],
DLP, and ED.

For the helical scan technique (Table 3) for CT GE, we found a strong positive correlation between scan length and DLP and ED and
a very weak negative or no correlation between CTDI,, and ED. For the helical scan technique for CT Philips, we found a very strong
positive correlation between scan length and DLP and ED and no correlation between scan length and CTDI,,) and ED.

4. Discussion

Determining the effective dose comes with many uncertainties because it involves many calculations and approximations.
Depending on the chosen set of tissue weighting coefficients, the effective dose values calculated can show significant variability. Since
the effective dose involves assessments of relative biological risk, which have evolved over time and lack a direct physical mea-
surement or validation, there is no definitive "correct" standard for effective dose determination. Therefore, it is important to un-
derstand that an effective dose is just a general estimate of risk, not an exact measurement from an examination.

Our study compares radiation doses, expressed using effective doses, from non-contrast-enhanced brain examinations on two CT
scanners in a single center. As expected, the newer CT scanner, CT GE, was associated with a lower radiation burden on the patient for
the observed examination. When comparing radiation doses for these examinations, regardless of scan techniques (Group 1), a dose
reduction of approximately 17 % can be observed for CT GE over CT Philips. Additionally, there are statistically significant differences
between the CTDI,,}, DLP, and ED averages.

As mentioned above, from the point of view of optimization, DRLs are used as reference values. For the anatomic area of the head,
the diagnostic reference level in the Slovak Republic is estimated by CTDI,,; = 60 mGy and DLP = 1000 mGy cm [38]. For sequential
CT (Group 2) of non-contrast enhanced brain CT, we can conclude that there are no statistically significant differences between the
averages of ED and DLP. There is statistical significance between the CTDI,,) averages in this group, but the values (58.63 mGy and
57.26 mGy) do not exceed the national DRLs. For the helical scanning technique (Group 3), there are statistically significant differences
between the averages of CTDIy,], DLP, and ED of two CT scanners. We can observe an approximately 30 % lower average ED for CT GE
compared to the average ED for CT Philips. The scan parameters were the 120 kV tube voltage for both scanners; for CT Philips, there

GE Philips

EMale ®™Female

Graph 3. Population of group 3.
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was a fixed tube current (Table 1), while CT GE used automatic tube current modulation. According to Refs. [3,39,40] automatic tube
current modulation can lead to a dose reduction of 20-40 % while maintaining image quality. Although the quality of the images was
not examined in our work, we can assume that automatic tube current modulation contributes to the reduction of a radiation dose.
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Table 2
Correlations between parameters: sequential scan technique.

CT GE - Sequential scan technique

Scan length CTDI,; DLP
Scan length
CTDIyq1 —0,483 (p < 0.05)
DLP 0,677 (p < 0.05) 0,318 (p < 0.05)
ED 0,677 (p < 0.05) 0,318 (p < 0.05) 1 (p < 0.05)

CT Philips - Sequential scan technique

Scan length CTDI, DLP
Scan length
CTDI,q 0,103 (p = 0.47)
DLP 0,728 (p < 0.05) 0,753 (p < 0.05)
ED 0,728 (p < 0.05) 0,753 (p < 0.05) 1(p <0.05)

Table 3
Correlations between parameters: helical scan technique.

CT GE - Helical scan technique

Scan length CTDIyq DLP
Scan length
CTDlyo —0,647 (p < 0.05)
DLP 0,797 (p < 0.05) —0,059 (p = 0.81)
ED 0,797 (p < 0.05) —0,059 (p = 0.81) 1 (p < 0.05)

CT Philips - Helical scan technique

Scan length CTDIy0) DLP
Scan length
CTDlyq —3,247E-15 (p > 0.99)
DLP 1 (p < 0.05) 8,9541E-16 (p > 0.99)
ED 1 (p < 0.05) —2,082E-15 (p > 0.99) 1 (p < 0.05)

Our results also suggest that the length of the scan (Table 2, Table 3) had a significant influence on the effective dose (ED),
consistent with the findings published by Kumar et al. [41]. The scan length can be expressed as a product of the thickness of the slice
and the number of slices. Thinner slices require a higher dose to maintain image quality, as additional X-ray photons are needed [42].
In our study, we observed differences in slice thickness between CT scanners, particularly with the Philips CT protocol for helical brain
scans, which used thinner slices. Therefore, we can conclude that the thickness of the slice may have influenced the higher radiation
dose for this type of examination. A similar study was conducted in 2014 by Ozdoba et al. [43], comparing a 128-slice CT scanner with
older 16- and 64-slice CT scanners in terms of dose reduction. The results are very similar to those of our study, showing that the newer
scanner achieved remarkable dose reductions in standard clinical spiral brain CT, specifically in terms of CTDI, and DLP.

When CTDI,,) and DLP were compared with national DRLs, the mean DLP value was exceeded for the helical scan on CT Philips.
DRLs are established as the 75th percentile value of the dose distribution in a national or regional survey on the radiation doses for a
given imaging procedure [42]. Although they are used as a reference to compare practices, DRLs do not serve as dose limits for specific
procedures and cannot be used to judge the quality of practices. The use of DRLs for optimization frequently reduces radiation doses in
numerous facilities, causing a gradual decrease in DRLs. This optimization should be an ongoing practice, performed periodically
rather than once [42,44]. However, our national DRLs are currently based only on anatomical areas. Their disadvantage is that they do
not take into account the clinical indication, which can affect the length of the scan and, therefore, the DLP parameter. Our study did
not address the clinical indication of the examination, which may have an impact on the chosen scan technique. Furthermore, the
visual quality of the images was not evaluated.

5. Conclusions

Computed tomography produces high-quality diagnostic images at the expense of an increased dose of radiation compared to other
radiological examinations. Estimating the effective dose provides us with useful information and enables a direct comparison of doses
with other types of radiological examination, with reference values, and with natural background values. The dose of CT can be
reduced by changing certain scanning parameters. For this reason, it is important to monitor and optimize the CT scan protocol to
reduce the potential harmful effects caused by radiation. Access to newer scanners and replacement of old CT equipment are also
important in reducing radiation doses.
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