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Effect of CT Simulator Tube Voltages on CT Number and Relative Electron Density of CT Images
D P De Sliva®*, A H Dilip Kumara?, K L Priyalal}, K L | Gunawardhanat

! Department of Radiotherapy, Cancer Unit, Teaching Hospital Karapitiya, Sri Lanka

ABSTRACT

The radiotherapy treatment planning for the cancer patient begins with the imaging of the patient using a
Computed Tomography (CT) simulator. The CT simulator determines the locations and densities of patient
organs using pixels. Each pixel has a unit called a CT number, or Hounsfield Unit (HU), to express the
qguantity of radiation attenuation in patient tissues. The density of human tissue is presented in Relative
Electron Density (RED). The conversion relationship between RED and CT numbers is required to be
determined and fed to the Treatment Planning System (TPS). The TPS calculates the radiotherapy dose for
the patient using this CT-RED conversion curve. Most TPSs contain a single CT-RED curve defined at a specific
CT tube voltage.

In this research, we studied the effect of CT tube voltages using a CT simulator (GE; CT-RED curve defined at
140kV) at Teaching Hospital Karapitiya, which provides step voltages of 80 kV, 120 kV, and 140 kV, XIO TPS,
and Thorax Phantom (CIRS) containing 5 tissue types. According to the measured results, CT numbers
decrease with increasing CT Tube voltage. Also, there were no significant errors in RED values of tissues at
120 kV, with respect to the 140 kV. But there were 5.55%, 2.10%, 0.99%, 0.99%, 0.95%, and 1.34% errors in
RED for lung, adipose, water, T1420, muscle, and bone tissues respectively at 80kV with respect to 140 kV.
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INTRODUCTION

The determination of dose distribution within the treated volume is an essential step of modern treatment
planning in radiotherapy. Many factors influence the dose distribution, and the heterogeneity of the
patient’s body is one of them (Parker et al., 1979). Data customization for each patient is therefore required
for the dose calculations. Computed Tomography (CT) has been used as a fundamental source of such data
for over 30 years now and is used as a foundation for treatment planning. Furthermore, the presentation of
CT is fundamental, as it provides information on the attenuation of radiation by the patient’s tissues in the
form of CT numbers, expressed in Hounsfield Units (HUs) as in the following equation (Bryant et al., 2012):

HUtissue = [(Htissue - H-water) /I-lwater] x 1,000 (1)

Where Wiissue is the linear attenuation coefficient of tissue and pwater is the linear attenuation coefficient of
water. It is known that a precise calculation of dose distribution in radiotherapy can be performed based on
the fundamental knowledge of the Relative Electron Density (RED) of the tissues. Treatment Planning
Systems (TPS) usually convert HU values to RED (normalized to water) using the predefined relationship (CT
to RED curve) between the two quantities (Witold et al., 2010). In some TPS, the relationship is fixed (CT-
RED curve is fixed at the XiO TPS used for treatment planning of cobalt machine of Teaching Hospital
Karapitiya); in others, the user can change it.

HUs for a given tissue depend on the quality of the X-ray beam; therefore, the values can differ between
scanners. Even for a single scanner, CT numbers for the same tissue depend on the tube voltage. Different
tube voltages are selected for CT scan imaging to obtain a quality image. As an example, if CT scans are
obtained using 80 kV instead of 140 kV while using the same CT-RED relationship obtained at 140 kV, the
dose calculated by TPS can be inaccurate. The CT-RED relationships can be measured during the calibration
of a CT simulator with the use of body phantoms containing tissue-equivalent materials, i.e., materials that
have an atomic composition similar to human tissues. The accuracy of dose distribution depends on the
accuracy of the CT number and RED values that are defined by the TPS (Witold et al., 2010).

The main objective of this research work is to study the effect of CT simulator tube voltages on CT number
and RED of images. Here, we have a single CT to RED curve. Since the accuracy of RED directly affects
calculations of radiotherapy dose distribution the findings of this research work will be very important. Also,
measuring the linear attenuation coefficient and calculating the average CT number of tissue equivalent
materials for three different tube voltages are the specific objectives of this work.
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INSTRUMENTATION, THEORY&METHODOLOGY

Figure 1: The GE CT Simulator (Source:https://ctmedicalscanners.com/ge-lightspeed-rt-16-ct-scanner/)

A CT (Computed-Tomography) Simulator consists of a CT scanner with a flat tabletop, a patient positioning
and marking system with external lasers, CT-simulation 3D treatment planning software, and various
hardcopy output devices. The CT scanner is used to acquire a volumetric CT scan of a patient, which
represents the “virtual” or digital patient. The CT simulation software provides virtual representations of the
geometric capabilities of a treatment machine (Sherouse and Chaney, 2003). This software can be a special
virtual simulation program or it can be a component of a treatment planning system. Often, CT simulation is
referred to as virtual simulation and the two terms tend to be used interchangeably. Virtual simulation is
used to define any simulation based on software created “virtual simulator’” and a volumetric patient scan.
The following Table 1 shows the different tissue types with their density values and HU values using the
Advanced Signal Processing Handbook (Stergios, 2003).
Table 1: CT numbers of Tissue Types (Stergios, 2003)

Tissue type Density (g/cm?3) HU
Air 0.001 -1000.0+05.0
Lung 0.300 -706.31£23.3
Adipose 0.920 -86.8118.1
Breast 0.990 -20.3%15.1
Muscle 1.060 -21.0£10.0
Water 1.015 0+00.5

Brain 1.045 30.9£15.2
Liver 1.080 94.5+17.2
Inner bone 1.120 60.3£17.9
Bone Mineral 1.145 238.0£19.6
Cortical Bone 1.840 1273.1£19.8
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The gamma-ray linear attenuation coefficient describes the absorption of gamma rays per unit length of an
absorber material. This quantity depends on the energy of the incident gamma-ray beam and the density of
the absorptive material. It is expressed numerically in units of m™ (Ermis and Celiktas, 2012).
When a pencil gamma beam with the intensity of Istransmits perpendicularly with an absorber of thickness
X, the intensity (I) passing through the absorber can be evaluated by equation 2

I =1oe*(2)
CT measures the attenuation coefficient of an object and converts the value assigned to each voxel into a CT
number, and the absorbed dose to a patient in radiation therapy is calculated using the RED of each voxel in
the CT image of the patient. The correlation between the CT number and the electron density is derived
from a CT scan of the materials with known RED and the points between the derived relations are filled up
by interpolations. This relation is applied during the dose calculation based on the CT image and thus, the
accurate measurement of CT number and applying the value to the treatment planning system (TPS) is
fundamental to radiation therapy. The attenuation coefficient varies with a chosen X-ray tube voltage (kV)
from the CT scanner since the attenuation coefficient has anenergy-dependent property and has discovered
significant CT number changes in different kV for most materials.
The maximum difference between the real values of RED (as given by the manufacturers of the phantom)
and the RED obtained by the TPS should not exceed 0.05 (Tolerance level)(Seco and Evans, 2006).
The CT simulator machine and CMS XiO TPS of Teaching Hospital Karapitiya were used to carry out this
research project. All the experiments were conducted at the radiotherapy unit of Teaching Hospital
Karapitiya. The CT simulator machine at Teaching Hospital Karapitiya contains a voltage generator that can
be operated for 80 kV, 120 kV, 140 kV, and 10 mA to 440 mA in 5 mA increments.
CIRS (brand name) Thorax Phantom (model 002LFC) and five tissue equivalent rods were used in this
experiment. Tissue-equivalent rods are removable, and they can be inserted into the holes in the CIRS
phantom. Electron density relative to water is known, and a distilled water syringe was used for
experiments.

Figure 2: CIRS Body Phantom

The PTW 30010 chamber and UNIDOS electrometer were selected as suitable measuring devices for the
experiments. PTW 30010 chamber (sensitive volume: 0.6 cm3) responses for energy range: 30 keV-50 keV
photon and electron radiation. The UNIDOS electrometer contains an accuracy of £ 0.5% + 1 digit.
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Figure 3: Experimental Setup

Figure 4: Experimental Setup (Lung Rod)

Figure 5: Experimental Setup (Water Syring)
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Figure 6: Experimental Setup

The experimental setup was arranged on the couch of the CT machine as above. The distance between the
absorbance material and the ionization chamber, as well as the distance between the absorbance material
and the X-ray head, was maintained as same. The attenuation factor of the air gap affects the
measurements. The lead attenuator marked A was designed and made by using lead alloy in the mould
room of Teaching Hospital Karapitiya. The purpose of the attenuator is to cut off the diverged X-ray beams
and measure the narrowed X-ray beam that is perpendicular to the absorber. The isocenter of the setup
(focus) was selected at the effective point (center) of the ionization chamber (Figure 3).

The study was carried out at three CT tube voltages: 80 kV, 120 kV, and 140 kV, respectively, at a constant
tube current (80 mA). Five lateral X-rays (Scout plane: 270°) were measured without an absorber for each
energy level to obtain a significant reading on the electrometer. This reading was considered the incident X-
ray beam intensity (Figure 3). There is no tube rotation during the scout scan process. The field length of CT
scanning is defined by the longitudinal distance of couch movement.

During this research project, couch movement distance was maintained as a constant for a scout image (5
cm of couch movement within 1.9 s duration). That causes the ion chamber reading to maintain the same
scatter effect during the couch (experimental setup) movement that is required to complete the scout scan
process. The window of the X-ray beam attenuator (device A) is 1.5 cm x 2.0 cm, and the CT simulator
produces the fan beam geometry X-ray beam output of 1mm (scan mode: 2 slices x 0.5 mm). Therefore, the
cross-sectional dimension of the input X-ray beam incident on the absorber is 0.36 mm x 2.5 cm. The cross-
sectional dimension of the output X-ray beam incident on the ionization chamber is 0.50 mm x 3.0 cm. The
dimensions were calculated according to the divergence of the X-ray beam. Then absorbance material was
kept between device A and the ionization chamber, and the output was measured by applying five lateral X-
rays (Scout plane 270°) for the above three CT tube voltage sat 80 mA (Figure 4, and Figure 5). The same
couch movement distance (5 cm) and time duration (1.9 s) were maintained for all measurements.

The average absorber thickness has been changed in an appropriate way to obtain a significant electrometer
reading. As an example, if a photon beam was transmitted through the 16-cm length of the bone rod, the
meter reading was not sufficient to obtain due to higher attenuation. Also, at lower kV (80 kV), the meter
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reading was not detected even with a 5 cm absorber thickness. Correction was done to omit the attenuation
of the syringe wall during the experiments conducted with water.

RESULTS AND DISCUSSION

The above setup (Figure 6) has been used to carry out the experiments, as a narrowed photon beam has
been used for the experiments and the ionization chamber diameter is very low (0.61 cm) compared to the
rod diameter (2.5cm). Linear attenuation coefficients of selected absorbance materials were calculated by
using Equation 2. When a pencil gamma beam with an intensity of Iy transmits perpendicularly with an
absorber of thickness x, the intensity (1) passing through the absorber can be evaluated by equation 2,u is
the x-ray attenuation coefficient of the absorbent material. Then CT numbers of different absorbance
materials were calculated in HU units by using equation 1 for different kV settings.

Measuring the CT number and RED of selected materials using the TPS was done by conducting experiments
with the XiO TPS. All the absorbance materials were set up on the couch of the CT simulator machine,
obtained CT images at corresponding energy levels, and transferred to the TPS. (Slice Thickness: 0.5 cm,
Tube Current: 80 mA). During the image loading, the CT number to relative electron density conversion
process has been selected. This process is performed by the radiotherapy TPS by using the predefined CT
number to RED conversion curve (Figure 7) defined at 140 kV. That curve is the only curve available in this
XiOTPS.

CT to RED curve
1.6

1.4
1.2

1
0.8
0.6
0.4
0.2

Relative Electron Density

0
-1000 -800 -600 -400 -200 0 200 400 600 800 1000
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Figure 7: CT-RED curve derived in TPS defined at 140 kV

All the images were prepared as required for the planning process (similar to body outlining). The maximum
value, minimum value, and mean value of CT numbers were obtained by selecting an ROl (Region of
Interest).RED values were observed with the same window by following the same procedures as above.
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Experimentally calculated linear attenuation coefficients and CT number values are presented in Table 2 at
80 kV, 120 kV, and 140 kV.

Table 2: Experimentally calculated linear attenuation values and CT values

Absorber Density 80 kV setting 120 kV setting 140 kV setting
Material kgm3 u(m) CTvalve | p(m?) CTvalve | u(m™) | CTvalve
Water 1000 20.50 0 17.68 0 17.53 0
Lung 210 10.43 -491 4.33 -755 3.69 -789
Adipose 960 18.23 -124 16.58 -62 15.82 -97
Soft Tissue 1030 21.19 33 18.17 27 17.66 7
T1420
Muscle 1060 24.39 189 18.78 62 18.66 64
Bone 1600 45.58 1223 36.18 1046 31.62 803
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Figure 8: Variation of linear attenuation coefficient values with kV for human tissues

CT number values and RED values obtained through TPS are presented in Table 3 and Table 4.

11
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Table 3: Average CT number values obtained by TPS

Absorber Material 80 kV, 80 mA 120 kV, 80 mA | 140 kV, 80 mA
CT value CT value CT value

Water 5 3 3
Lung -620 -780 -783
Adipose -130 -68 -58
T1420(Soft Tissue) 20 6 11
Muscle 155 140 85
Bone 1235 945 907

Table 4: Average RED values obtained by TPS

Absorber RED 140 kv, 80 kV, | % error 80kV | 120 kV, | % error 120kV

Material (IAEA 80 mA 80 mA | (With respect | 80 mA | (With respect
TECDOC | RED RED to the 140kV) | RED to the 140kV)
1583)

Water - 1.01 1.02 0.99% 1.01 0

Lung 0.207 0.18 0.19 5.55% 0.18 0

Adipose 0.949 0.95 0.93 2.10% 0.95 0

Soft Tissue - 1.01 1.02 0.99% 1.01 0

T1420

Muscle 1.042 1.05 1.06 0.95% 1.05 0

Bone 1.506 1.49 1.51 1.34% 1.49 0

The maximum difference between the real values of RED (as given by the manufacturers of the phantom)
and the RED obtained by the TPS should not exceed 0.05 (Tolerance level)(Seco and Evans, 2006). RED
values obtained by the TPS of image sets that were scanned at 140kV, 120kV, and 80kV are within the
tolerance level when compared with the RED value given by the manufacturer.

DISCUSSION

Computed tomography (CT) measures the attenuation coefficient of an object and converts the value
assigned to each voxel into a CT number. In radiation therapy, the CT number, which is directly proportional
to the linear attenuation coefficient, is required to be converted to RED for radiation dose calculation for
cancer treatment. However, if various tube voltages were applied to take the patient's CT image without
applying the specific CT number to the RED conversion curve, the accuracy of the dose calculation would be
unassured. In this study, changes in CT numbers for different materials due to changes in tube voltage were
analyzed.

12
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The response of normal tissues to radiation is a deterministic effect. Where, the deterministic effects (or
tissue reactions) of ionizing radiation are directly related to the absorbed radiation dose, and the severity of
the effect increases as the dose increases. There is a threshold (of the order of magnitude of 0.1 Gy or
higher) for the deterministic effect. Below the threshold dose, the effect is not present. This radiation
response follows a sigmoidal shape. The steep part of the slope indicates the region where a small deviation
in dose may cause large tissue toxicity as tumor control curve and normal tissue damage curve are close
together.

Radiotherapy is a compromise between a cure and an acceptable risk of complication. Acceptable risk of
complications depends on risk level, organ involved, and severity of complications. The level of risk may
differ between physicians and patients. Therefore, it is very important to precisely calculate and deliver the
radiotherapy doses. The findings of this research work are very important to improve the accuracy of dose
calculation.

In this study, three imaging kV levels (80 kV, 120 kV, and 140 kV) were considered at 80 mA for several tissue
equivalent rods (bone, lung, muscle, adipose, soft tissue) of Thorax phantom (CIRS). According to the results,
the linear attenuation coefficient quadratically decreases with increasing photon energy as the photoelectric
effect and Compton scattering effects are dominant at these energy levels. CT number values obtained by
both methods were varied with kV. According to the results, CT numbers decrease with increasing kV.

According to the results of this research work, RED values obtained by using the TPS were slightly varied
with kV. The maximum differences between the observed RED values and the real values of RED (as given by

the manufacturers of the phantom) were within the tolerance level (<0.05).
[
The CT to RED curve of XiO TSP is defined at 140 kV and therefore CT number to RED conversion has

correctly applied for the 140 kV image set. Therefore, the 140 kV level can be considered as a reference to
calculate the % error of RED at the other two kV settings. There were no considerable errors in RED values of
tissues at 120 kV, with respect to the 140 kV level even though there were differences in CT numbers at
those two kV setting image sets. (The difference between 120kV and 140kV tube voltages is not much
larger)

But there are 5.55%, 2.10%,0.99%,0.99%,0.95%, and 1.34% errors in RED for lung, adipose, water, T1420

tissue, muscle, and bone tissues respectively at 80kV, with respect to the 140 kV level.
[
Same as this study according to Rhee et al. (2015) difference in CT number by different kVps(CT tube

voltages) was considerable for most materials except for air where the density is very low and therefore
noise affects the more considerably. CT x-ray tube voltage variations have considerable effects on
the RED-CT number conversion curves. The differences between RED-CT number curves increase with
the increase of CT x-ray tube voltage for the equivalent tissues that have densities more than water
density, but below water density, the effect is negligible(Afifi et al., 2020). According to Saini et al.
(2021), different kVp setting shows variation in the measured HU values. The highest variation was
observed in the case of high-density bone material at the lowest kVp tube voltage.

13
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CONCLUSION

CT number values obtained by both methods were varied with CT tube voltage. According to the results, CT
numbers decrease with increasing kV.Thel40 kV level was considered as a reference to calculate the
percentage error of RED at the other two kV settings. There were no errors in RED values of tissues at 120
kV, with respect to the 140 kV level even though there were differences in CT numbers at those two kV
image sets. But there are 5.55%, 2.10%,0.99%,0.99%,0.95%, and 1.34% errors in RED for lung, adipose,
water, T1420 tissue, muscle, and bone tissues respectively at 80kV, with respect to the 140 kV level.
According to the study, the effect is considerable in bone and lung tissues. Therefore dose distribution
calculation errors can be dominant in the chest, head and neck, and pelvic regions. It is required to
determine the impact of CT tube voltage variation on radiotherapy dose calculation to ensure and enhance
the radiotherapy treatment accuracy.

LIMITATIONS

There were only three kV settings available with our CT simulator machine; therefore, the study was limited
to three levels. The available CIRS phantom contained just five types of human tissues, and it also didn't
contain any metal inserts (high-density metal implants are inserted in patients).

RECOMMENDATIONS

A CT simulator that contains more kV settings (tube voltages) and a CIRS body phantom that has more
human tissue types and metal inserts are more deserving in determiningthe impact of CT tube voltage on
the CT-RED curve for further studies. According to this research work, there is an impact on CT number and
RED with different tube voltages. Since radiotherapy dose calculation accuracy is very important to cure a
tumour, it is required to determine the effect on dose calculation with varying imaging kV settings (CT tube
voltage).
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