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Abstract. Computed tomography (CT) is a digital radiological modality which
has been classified as the largest source of medical radiation exposure. In this
study, we estimated the effective dose to patients undergoing CT examinations
using information obtained from DICOM images, including tube current, patient
size and positioning, collimation etc. The custom code was used to calculate the
conversion factors between an effective dose and air kerma length product. Their
values are 0.0232 mSv/(mGy cm) and 0.0263 mSv/(mGy cm), for male and female
patients, respectively. The effective dose for the whole-body CT is estimated to
be 8.7 mSv.
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1 Introduction

Computed tomography (CT) is a digital radiological modality that has certainly made
the biggest change in diagnostic radiology since the discovery of x-rays. Previous planar
radiological methods hid the third dimension of the human body, so a large number
of morphological changes in the body could not be noticed. Despite its benefits, CT
examination is always accompanied by radiation exposure of the patient.

Concerns about radiation risk due to CT examinations are rising in both the medical
physics community and the general public. Cohort studies investigating stochastic effects
of radiation exposure from CT scans are being still being published [ 1, 2]. CT imaging and
interventional procedures have been classified as the largest source of medical radiation
exposure. The effective dose in CT-guided interventions can easily exceed 100 mSv [3].
National Council on Radiation Protection and Measurements (NCRP) Report 184 esti-
mates that effective dose per capita in the United States of America is 1.45 mSv [4, 5].
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The value has not changed much since 2010, indicating that the rapid increase in collec-
tive effective dose from CT examinations that happened since the introduction of multi-
slice CT scanners has stopped [6]. We could argue that the same trend is being witnessed
in other nations on a similar healthcare level.

Many institutions are actively developing dose control programs to make more
responsible use of computed tomography and to avoid unnecessary exposure to ion-
izing radiation [7-9]. Such programs automatically extract values relevant for direct
assessment of patient exposure from patient dosimetry reports, such as volume com-
puted tomography air kerma index Cyor, or CT air kerma-length product Py cT, and
monitor changes in their value over time.

However, these values are related to measurements on the dosimetry phantom and
do not provide information on the actual patient dose, and therefore cannot be compared
to doses in other diagnostic modalities or different patient sizes.

One way to solve this problem is to convert Cyor, to organ doses using conversion
factors labeled h. These factors have been shown to be exponentially dependent on
body diameter. For organs that are fully covered by the primary radiation beam, the
h factors do not depend much on the scan parameters and the CT device model [10].
These properties suggest the need to incorporate conversion factors 4 into direct patient
exposure assessment programs to allow control of organ doses for individual patients.
Several research groups have examined how changes in tube current affect dose and
conversion factors [11-18].

There are significant differences in the implementation of tube current modulation
(TCM) technology among different manufacturers of CT devices. Some manufacturers
aim to provide a unique image noise for all body regions and patient sizes, while others
aim to reduce the dose for the patient by allowing slightly higher noise for larger patients
[19]. New technologies allow organ-based TCM which is capable of anterior and total
dose reduction with minimal loss of image quality [20].

The dependence of the & factor on the modulation schemes was investigated in the
study of Li et al. which focused on examinations of the thorax, abdomen, and pelvis, which
are examinations in which TCM is most commonly used. In the conclusion of this paper,
it was pointed out that ignoring the modulation of the anode current when estimating the
dose to a patient can lead to errors reaching values in the order of 200% [10].

However, the dose estimate also depends on the selected modulation strength, the
choice of scanning protocol, such as minimum and maximum anode current, and the
current modulation method itself, which is based on the patient’s scans and is a trade
secret from the CT manufacturer. Taking all the above into account, it is impossible to
give a universal way of estimating the effective dose and the dose to individual organs
using the mean value CvyoL..

2 Materials and Methods

In this study, the effective dose and the dose to individual organs in wholebody CT were
estimated using tube current values extracted from the header of DICOM images. In the
process of data collection, a software has been designed that can extract tube current val-
ues from tomographic images, apply conversion factors, and use readily available Monte
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Carlo data from CTVoxDos software to estimate the effective dose to the patient. CT Vox-
Dos software dose estimations are based on the scheme of Schlattletal. [15,21,22]. In this
study we used voxel computational phantoms RCP-AM and RCP-AF, which correspond
to an average male and female body, respectively. Body mass and height of RCP-AM is
73 kg and 177.6 cm, respectively, while for RCP-AF these values are 60 kg and 168.4 cm.
To examine the influence of these values on E we followed this basic idea:

obtain conversion factors k;(z;) between the effective dose per slice E;(z;) and CvoL

from CTVoxDos;

— obtain /;(z;) from DICOM images for a group of patients that performed whole-body
CT;

— interpolate values of 7;(z;) to match positions z; on the phantom, and adjust for different
body parts proportions;

— calculate Cyor,; from tube current using nCyor;

— multiply the obtained value with slice width Az and divide with pitch factor p;

— calculate the effective dose as:

_ nCvor Az
p

Although there might be other convenient solutions to get the values of tube current
from DICOM images, we used the command-line software dicom2 (Sebastien Barre,
2007), as an accessory for our own code. Visual Basic in Microsoft Access was used to
run dicom?2, store collected data, perform necessary calculations, as well as to organize
results.

3 Results and Discussion

Table 1 shows the height (m), body mass (kg) and age of the patients included in this study.
Twenty-eight out of 53 patients (52.8%) were female and 25 male (47.2%). Average
height of patients was 1.72 m (o = 0.10 m) with body mass of 74 kg (o = 16 kg). Most
of the patients were normally sized according to the WHO classification of body mass
index. Height of patients does not differ significantly from computational phantom size.
According to the two-tailed one sample #-test, p-values for males and females are 0.5379
and 0.1422, respectively. Body mass, however, is slightly higher, with p-values equal to
0.0003 and 0.0214 for male and female patients, respectively.

The median age of the female patient group was 53 years (IQR = 28y) which did
not significantly differ (Mann-Whitney U test, p = 0.358) from the median age of male
patients, which was 57 years (IQR = 14y).

Within the statistical data processing, the analysis of the correlation between certain
quantities was performed. As the body mass index increases, so does the anode current,
and thus the Cyor, and Pk, ct (Table 2). The obtained results were expected and confirm
that the software that modulates the anode current adjusts the scan parameters to match
patient body size.

The average value of Cyor is 3.0 mGy (IQR = 2.0 mGy), and the tube current
read for images is 65.8 mA (IQR = 45.6 mA). The statistically significant correlation
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Table 1. Height, body mass and age of the patients included in this study

Sex N Height Body mass Age
(m) (kg) (years)
T o T o T IQR
Male 25 1.78 0.08 84 13 57 14
Female 28 1.66 0.07 66 13 53 28
Total 53 1.72 0.10 74 16 54 25

Table 2. Value of tube current read from images, Cyor and Pxy, ct as indicated by the PET-CT

for different BMI groups
BMI I CvoL Pxucr

(kg/m?) (mA) (mGy) (mGycm)

T IQR T IQR T IQR
<20.0 30.0 14.6 1.4 0.5 141.6 61.3
20.0-24.9 53.6 19.1 2.5 0.8 261.7 93.9
25.0-29.9 84.0 35.9 3.6 1.5 406.4 180.7
>30.0 141.1 26.8 5.8 2.8 616.9 307.3
Total 65.8 45.6 3.0 2.0 314.6 225.3

was found between tube current / and Cvyor, which is shown in the Fig. 1. The figure
confirms the theoretical linear relationship between the tube loading (product of anode
current and exposure time, Pj;) and air kerma, which is in this case represented by CvyoL.

Using software developed for this study, data on scanning parameters were obtained
that cannot be read directly from the device console or the process would take a very
long time. Values of table position z and anode current / were loaded from the header of
a series of DICOM files (tomographic images). A series of transformations have been
performed for z to match specific positions on the computational phantom and adjust
for different body parts proportions.

The final results (z vs. median /) are presented in the figure, where shaded areas
represent the interval between 1st and 3rd quartile (Fig. 2).

The anode current is greatest in the pelvic region when the pelvic and hip bones are
in the beam. The current is the lowest in the head region. However, we notice that the
value of I increases unexpectedly near the scalp. The reason for this is the inability of
the software to estimate the adequate value of the anode current when single projection
radiograph (SPR or scout) does not cover the entire patient head. Due to the lack of input
data at the beginning of the scan, software resorts to a solution that will certainly give
a picture of satisfactory quality. Hence, the tube current is increased to its maximum
permissible value. Figure 3 shows the effective dose E to patients after whole-body CT
vs. Px1ct for males and females. The conversion factor k can be read from the equations
describing the linear regression curves. For male patients k = 0.0232 mSvmGy~'em™!,
and for female patients k = 0.0263 mSvmGy'em™!.
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Fig. 1. Value of tube current / vs. Cyor,. Linear correlation is confirmed (a = 0.0434 + 0.0008,
b= 0.04 & 0.06, R2 = 0.984)

The slope or linear regression coefficients (a) can be used to convert Pxi, cT
to effective dose E after whole-body CT. For male patients, it has the value of
0.0232 mSVmGy_lcm_l, and for females 0.0263 mSVmGy_lcm_l. ‘We should have in
mind that this method is valid only for one protocol of one CT manufacturer. There is
no universal conversion factor for all protocols and all CT device manufacturers [23]. It
should be noted that the tube current values drop to minimum in the leg region. Hence,
the average CyoL is lower than the value observed in the regions of radiosensitive organs.
Depending on the protocol, these differences can have significant impact on the overall
conversion factor.

Other methods of obtaining the conversion factor can be found in the literature for
devices that use anode current modulation. In the study of Kawaguchi et al. for CT devices
Toshiba Aquilion 64 and Aquilion RXL, the doses obtained did not differ significantly
from the doses obtained via Py, cT conversion factor [24].

To estimate the final value of effective dose to patients undergoing whole body CT,
we used the obtained conversion factors, multiplied them with average Pxp,ct for male
and female patients, and calculated the average between two. Finally, the effective dose
for whole-body CT is estimated to be 8.7 mSv, which is comparable to values found in
the literature [25-27].
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Fig. 2. Change of median tube current / with table position z for different patient BMI (kgm_z).
Shaded areas represent the interval between 1st and 3rd quartile.
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Fig. 3. Effective dose E to patients after whole-body CT vs. Py, cT for male and female patients
(Male: a = 0.0232 =+ 0.0005, R2 = 0.991; Female: a = 0.0263 % 0.0007, RZ = 0.984)
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4 Conclusions

This study has shown that more accurate estimation of effective dose to patients undergo-
ing CT examinations could be done using information obtained from DICOM images,
including tube current, patient size and positioning, collimation etc. We managed to
extract necessary data and calculate the required conversion factors using the custom
code which ran images taken from 53 patients. The obtained conversion factor between
an effective dose and Pk, ct is 0.0232 mSVmGy_lcm_1 and 0.0263 mSvay_lcm_l,
for male and female patients, respectively. The effective dose for whole body CT is

estimated to be 8.7 mSv.
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