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Abstract

Medical imaging is characterized by tremendous and undeni-
able benefits for patients in recent health care. Combining two
imaging methodologies into a single examination, such as SPECT/
CT and PET/CT, so-called hybrid imaging, is also increased. Many
factors may affect the image quality. Different CT protocols are
designed to perform high-quality examination at low radiation
dose. The present study is focused on the assessment of the per-
formance of image quality for fifteen CT scanners with different
scan mode (from 2slice to 320 slice) at 80, 100 and 120 kV with
tube current of 50-250 mA to optimize the radiation dose. Also,
the uniformity was examined as part of the quality control tests.
The results showed that, the 320 slice CT scanner delivered the
minimal radiation dose compared with the 16 and 64 slice CT scan-
ners which mostly applied in Egyptian centers (governmental and
private). Both 16 and 64 slice CT scanners produce acceptable im-
age quality but with associated high absorbed dose. These results
give a further support to the priority of the 320 slice CT scanner
to be applied. Field uniformity measurements were adopted and
the difference in the calculated values for different protocols was

precisely evaluated and discussed.
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Introduction

The objectives in CT development have changed from in-
creasing the number of slices to focusing on improvements in
X-ray tube performance, detector efficiency and data process-
ing [1]. After the introduction of Multi-Slice CT (MSCT) in 1997
[2], the number of slices acquired per rotation has rapidly in-
creased from 2 up to 4, 8, 16, 32, 40, 64, 128 and 320 [3]. The
primary advantage of MSCT is improved temporal (<250 ms),
spatial resolution (<0.5 mm) and smaller scan times [4]. Since
2006, a new scanner technology using two X-ray sources and
two detectors simultaneously, dual source CT, have been settled
up [5]. The technology has provided further improvements in
scan speed and temporal resolution (0.28 s rotation time and
75 ms temporal resolution). By utilizing Dual Energy CT (DECT),
using either dual source or kV-switching, advanced post-pro-
cessing and visualization, new clinical applications have been
found. The advantage with DECT is that the properties of X-ray
attenuation change at different energies, which are used to dif-
ferentiate materials, including iodine, calcium, and uric acid
crystals. In recent years, iterative reconstruction methods have
been introduced that provide great potential for improving im-
age quality and reduced radiation doses [6].

Image quality is essential and can be used as a quality as-
surance/control indicator for imaging system performance and
also for optimizing patient radiation dose during X-ray practice.
The challenge is how to establish protocols for specific diagnos-
tic with sufficient image quality and lowest effective dose to
patient.

The most known detector configuration today is from 64 to
320 detector rows. Every CT slice is subdivided into a matrix
(e.g., 512x512 or 1024x1024). Each element (voxel) has been
traversed by X-ray photons, and the transmitted radiation is
detected by the detector. The attenuation of a monochromatic
narrow X-ray beam going through a homogeneous material is
described by the following equation:

I=1ew (1)

where | is the number of photons behind the object, | is the
number of photons at the same point in the absence of the ob-
ject, x is the object thickness, and p is the linear attenuation co-
efficient of the material for the photon energy used. The linear
attenuation coefficient y is strongly dependent on the photon
energy and therefore only of limited use for characterizing the
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radiation attenuation capacity of an object in CT. The attenua-
tion value in CT (Hounsfield unit; HU) is the scaled difference
of the linear attenuation coefficient of the investigated object
from the linear attenuation coefficient of water. Water is used
as the reference material:

HU = k*((uobject - uwater) /('J"water - p’air)) (2)

where k is 1000 and u . and p__are the linear attenua-
tion coefficients of water and air. Specific attenuation values
are assigned to each individual voxel. The reconstructed image
consists of a matrix of picture elements or pixels. Each pixel is
assigned a numerical value (HU) which is the average of all at-
tenuation values within the voxel. This scale assigns for water
an attenuation value of 0 HU and for air 1000 HU. Each num-
ber represents a shade of grey with - 1000 HU (black) to +1000
HU (white). By using so-called windowing technique (window
widths and levels), certain types of tissues can be viewed in
more detail [7].

There are several metrics describing different aspects of im-
age quality in CT. Noise, uniformity high-contrast spatial reso-
lution and low-contrast spatial resolution [8]. Several methods
are available to optimize and minimize the radiation dose in CT
[9,10]. The scanning parameters should be optimized for each
specific examination and special efforts should be made with
pediatric CT protocols [11]. A number of scanning parameters
influence patient radiation dose and image quality: tube cur-
rent, tube voltage, filtration, collimation, reconstruction meth-
od, reconstruction filter, slice thickness, pitch, and scanning
length [12]. The operator can monitor most of these param-
eters and modify them to obtain the necessary image quality
with a minimal absorbed dose to the patient. A simple relation-
ship exists between the tube load (the product of tube current
and exposure time per rotation, mAs) and radiation dose to the
patient. A 50% reduction in tube load reduces the radiation
dose by one half its values but also increases the noise level by
a factor of V2. An adequate mAs level can be determined using
dose reduction simulation software [13]. The software adds ar-
tificial noise to the CT raw data to simulate a scan acquired with
lower dose (mAs). The tube voltage determines the energy of
the emitted photons from the X-ray tube; consequently, a varia-
tion in tube voltage changes the radiation dose and image qual-
ity. Reduction in tube voltage results in reduced radiation dose
when all other parameters are held constant. This will increase
the image noise and cause contrast changes. Several studies
have demonstrated an ability to affect radiation dose and image
quality by using a lower tube voltage to optimize the Contrast-
to-Noise Ratio (CNR) and minimize the absorbed dose [14,15].

In CT, Automatic Exposure Control (AEC) is automatically
modulated the current of tube in the plane of x-y (angular mod-
ulation) along the scanning direction (z-axis; longitudinal modu-
lation) or both (combined modulation) [16]. The modulation is
done according to the size of the patient, shape, and the attenu-
ation of the scanned body parts. The system adjusts the current
of the tube to obtain the pre-determined image quality indicat-
ed by the operator with improved radiation efficiency. The ad-
aptation of the tube current is based on attenuation data from
the localization radiograph and attenuation profiles or feedback
from online measurements. AEC systems have several benefits:
better control of the absorbed dose to the patient, improved
consistency of image quality, reduction of certain artifacts re-
lated to the image, and small load on the X-ray tube, which in-
creases its lifetime [17]. All modern CT systems are character-
ized by AEC systems that modulate current of the tube in three

dimensions. Each of them has different functional properties.
However, the main role is to adapt the needed image quality
and radiation dose in a reproducible method by managing the
tube current to the patient’s size, shape, and attenuation.

This study was conducted with the aim to evaluate the per-
formance of CT scanners in governmental and private hospitals
at various kilovolt and tube current setting. Image quality was
assessed using a CT image quality phantom. The evaluated Im-
age quality parameters are CT Image noise, uniformity and Con-
trast.

Materials and Methods
CT Scanners

The data used in the present work were collected from thir-
teen departments of radiology (private and governmental sec-
tors) as shown in Table 1. The most wide spread procedures
performed in the radiology department are head and abdomen.

Table 1: CT scanners Specifications.

CcT Manufacture Model No. of slices
1 Toshiba Equilion one genesis 320 slice

2 Siemens Somatom 64 slice

3 Toshiba Aquilion 64 slice

4 Philips Brilliance 16 slice

5 Neusoft Classic 16 slice

6 Hitache Eclos 16 slice

7 General electric Bright speed 16 slice

8 General electric Bright speed 16 slice

9 General electric Lights speed 16 slice
10 Toshiba Activation 16 slice
11 Toshiba Aquilion 16 slice
12 Toshiba Asteion 2 slice
13 Siemens Somatom Emotion duo 2 slice

Evaluation of Image Quality

Several ways are very well known to evaluate image quality
such as objective evaluations of patient and phantom images.
Contrast and noise are the fundamental factors in image qual-
ity: high noise or low contrast makes the objects invisible re-
gardless of resolution. Contrast means the capability to convert
differences in patient tissue into image. [18]. In a CT system, the
attenuation coefficient u of an area in the body will vary with
the x-ray energy of the incoming radiation beam. W is a property
that is associated with will known methods to be determined.
This property describes how the X-ray fluency rate is reduced by
the object. The attenuation coefficient is presented as CT num-
ber relative to the attenuation of water. CT numbers (the signal)
are given in Hounsfield Units (HU) and for an arbitrary tissue
the attenuation coefficient is defined as [19]:

CTnumber =1000 *( u'tissue - Mwater) /uwater (3)

Ideally, all pixel values would be zero when inserting a region
of interest (ROI) in a homogenous water phantom. The CT-num-
ber in an image ranges from approximately -1000 for air, and
up to 3000 for very dense bone. Water has a zero CT number.
Assessments of CT number, noise, uniformity, and spatial reso-
lution were made using a QC phantom as shown in (Figure 1).
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Figure 1: QC phantom used for image quality.

Noise: Noise is an important determinant of image quality
because excess noise can reduce image resolution and impair
the detection of low-contrast objects from background. Noise is
the standard deviation of a pixel over an ensemble of images. It
is commonly estimated over a Region Of Interest (ROI) in a sin-
gle image [20]. Five identical ROIs were placed on the image of
the QC phantom, four peripherally and one centrally. Noise was
determined using the measurements from all five ROls. Noise
(B) is defined by the equation [21];

° X 100% (4)

ﬂz NHea _NHair

where NH_ is the Hounsfield number for air and NH_, the
Hounsfield number for water. The Standard deviation is defined
by the equation;

f=—- X 100% (5)

NHen _NHair

Noise should not vary by more than 10% or 0.2 HU from the
baseline tests at acceptance. Noise can be derived from the
x-ray detection system itself as electronic noise, but with cur-
rent scanners quantum noise is more probable. Quantum noise
is associated with the number of photons and the number of
photons is, in turn, associated with radiation dose. The relation-
ship between quantum noise and radiation dose is well known:
noise is inversely proportional to the square root of the radia-
tion dose and the radiation dose is directly proportional to the
number of x-ray quanta [22]. Thus, tube current adjustment be-
comes an attractive way to optimize since the relationship be-
tween tube current and image quality is straightforward if other
parameters are kept constant as shown in table 2. Indeed, tube
current adjustment is one of the most common tools in control-
ling radiation dose [23].

Table 2: List of parameters utilized.

Voltage 80, 100, 120 kVp
Exposure 50, 100, 150, 200, 250 mAs
Slice Thickness 10 mm
Rotation Time 0.75s

Uniformity: The uniformity of the image depends on the
shaped beam filter, X-ray tube output and the centering of the
object in the beam. The placement of ROIs in this test includes
one ROI that is positioned in the center of the phantom and
four ROIs that are placed in the periphery of the phantom and
located at 3, 6, 9, and 12 o’clock. The peripheral ROIs are placed
1 cm from the edge. Image uniformity was evaluated as the
maximum difference between the mean value of the center
ROI and any of the four peripheral ROIs [24.]. The coefficient of
variation (Cv) is expressed as a percentage and was calculated
as follows:

C,=(o/M)*100 (6)

where M is the mean value of the measured image noise val-
ues of the phantom and o is the calculated SD of the measured
image noise values. It refers to the values of the pixels in the
reconstructed image; they should be constant at any point in
the image of QC phantom. Accepted values for uniformity test
are; (0 £5) HU (max difference from center +5 or -5HU).

Contrast: The spatial resolution of an imaging system is de-
fined as its ability to differentiate two objects lying close togeth-
er [9]. The spatial resolution can be described both in the spa-
tial domain, i.e. by the smallest distance between two features
that can be resolved individually or in the spatial frequency do-
main, i.e. the highest spatial frequency that can be resolved by
the system. Spatial frequency can be described as the number
of line pairs present per centimeter (Ip/cm), and the spatial fre-
quency will increase as the lines move closer together.

The various strategies in CT technology may influence the
diagnostic performance differently. A diversity of imaging tech-
niques, new reconstruction algorithms and post-processing al-
gorithms may result in images that do not look familiar to the
radiologists with respect to grey-scale, noise suppression, lin-
ear structures, edge enhancement and variety in HU measure-
ments. This introduces inter-scanner and inter-manufacturer
differences in CT images, for instance with respect to Hounsfield
Units (HU). Each HU-value represents one shade of grey in the
reconstructed image. Every pixel in a CT image is correlated to
one specific HU which reflects tissue density because each pixel
reflects the linear radiation attenuation coefficient of the cor-
responding volume element (voxel) [25]. Contrast is calculated
as the ratio of the signal difference to the signal of background:

C = (HU -H,)/ HU, (7)

Where: the HU_and HU, are the measured Hounsfield units
of the object of interest and the background of the object re-
spectively [26].

Image signal and image noise are key parameters in image
quality assessment. In the ideal and linear case, image signal (S)
is directly linked to the detected number of photons N whilst
the noise (o) may be seen as the pixel’s stochastic fluctuation
around their mean value. The photons are distributed accord-
ing to Poisson’s law meaning that the quantity o is equal to N.
The ratio of these two quantities yields the signal-to-noise ratio
(SNR), expressed as:

SNRa (S/o) = N/VN =VN (8)

In an ideal device, each quantum could be counted by the
detector and contributes towards the image. However, due to
the properties of the detector and its limited efficiency a real
measurement of the SNR would give the following result:
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VN (9)

Where N,__, gives the number of quanta that contribute to
the image for the real device and is also called noise-equivalent
quanta (NEQ) [27].

SNR_=N__/uN

real real real real

Results and Discussion
Noise

The effect of selecting tube kV and mAs on both noise and
uniformity were examined for different kV at 80, 100 and 120,
and different mAs value ranged from 50 to 250.The experimen-
tal results that predict the value of noise are shown in (Figure
2). Image quality improvement such as reduction of noise is a
prerequisite for acceptance of lowering the radiation dose. Im-
ages obtained using the settings recommended by the manu-
facturer, 100 kV/200 mAs and 120 kV/250 mAs were considered
reliable for routine standard imaging. The greatest noise was
observed with 80 kV and 50 mAs and the lowest noise value was
observed with 100 kV and 200 mAs.

Uniformity

Uniformity refers to the values of the pixels in the recon-
structed image; they should be constant at any point in the
image of QC Phantom. As shown in (Figure 4) the field unifor-
mity measured is less than the acceptable value of + 5% HU
for all scanner types. It is evidently clear that both noise and
uniformity decrease with the increase of kV and mAs values.
Furthermore, CT image depends on the number of slice and the
CT scanner type (manufacturer).
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Figure 4: Uniformity values at different kV and mA.
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Figure 2: Noise values at 80, 100 and 120 kV and 50, 100,150,200and
250 mA.

To reduce noise, one can increase the x-ray tube current, x-
ray tube voltage, or slice thickness, or reduce the scan speed
or helical pitch. For example, although an increased tube volt-
age helps to reduce noise under an equivalent kW (the product
of the tube current and the tube voltage) condition, contrast
electability is generally reduced. Similarly, increased slice thick-
ness may result in a degraded 3D image quality and increased
partial-volume effect. A smaller scan speed could lead to in-
creased patient motion artifacts and reduced organ coverage.
An increased tube current leads to increased patient dose and
increased tube loading. As long as the tradeoffs are well under-
stood, these options can be used effectively to combat noise as
shown in (Figure 3).

Sep 24 00:40 2018
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Figure 3: The mean CT value and standard deviation for each Re-
gion Of Interest (ROI).

Contrast

Figure 5(a, b and c) shows the mean values of the signal to
noise ratio which are calculated for different scanner at each kV
and different mAs. For all scaners, the SNR values are ranged
from 0.034 to 0.31 for 80 kV, 0.0371 to 1.69 for 100 kV and
0.034 to 1.82 for 120 kV. It can be noticed that when mAs de-
creases it leads to the distortion of the image quality as well as
distortion of the SNR for all scanner types.
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Figure 5: Signal to Noise Ratio (SNR) for different CT scanners at
(80, 100 and 120) kV and different mAs.
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Evaluation of the Effect of the Physical Parameters on Im-
age Quality

A more well-known applied method to define the quality
of the target image is to adopt the Diagnostic Reference Lev-
els (DRLs) making use of a simple measured and standardized
quantity, such as CTDIw or CTDIvol. DRLsdo not represent an
indication for the desired dose level for a specific diagnostic
task but they define a reference doses that help users to inves-
tigate the potential dose reduction measures. The second per-
spective on dose reduction is to develop some characteristics
of image quality. This approach can be reached by the proper
optimization of the CT system and scanning techniques to im-
prove the image reconstruction and data processing. A rather
necessary aspect that must be taken into consideration is the
effect of scan and protocol parameters that can be adjusted by
the operator. In this study, the effect of physical parameters on
image quality is evaluated in order to combining image quality
and dose reduction.

(Figures 6, 7 and 8) show that the exposure dose is affected
by image noise and uniformity values at different kV and mAs. A
high noise level in the images is related to inconsistent attenua-
tion values in the projection images affecting the uniformity of
regions that correspond to the same tissue in the patient. Be-
cause of image noise is proportion to square root of mAs, there-
fore, if the mAs is reduced to one half of its original value, then
the noise is expected to increase by 41%. The noise with low
kilo voltage images does not cause a reduction in image quality
due to the higher signal to noise ratio and higher attenuations.

Radiation exposure can be reduced substantially by decreas-
ing the tube voltage from 120 to 80 kV. Compared with the CT-
Dlvol obtained at 120 kV and 50mAs, the reductions in the CT-
Dlvols obtained at 100 kV were 4% at 50mAs, 21% at 100 mAs,
27% at 150 mAs, 32% at 200 mAs and 37% at 250 mAs.

® Noise % = Uniformity = Dose

a
L

N W A~ wuv
o

50mAs 100mAs 150mAs 200mAs 250mAs

Figure 6: Dependence of uniformity, noise and dose values on dif-
ferent mA at 80 kV.
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e
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Figure 7: Dependence of uniformity, noise and dose values on dif-
ferent mA at 100 kV.
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Figure 8: Dependence of uniformity, noise and dose values on dif-
ferent mA at 120 kV.

As shown in (Figure 9), uniformity refers to the values of the
pixels in the reconstructed image; they should be constant at
any point in the image of QC Phantom. It is measured by using
equation 4. The dependence of uniformity and noise on differ-
ent kV and mAs is presented in table 3a, 3b and 3c. It is evi-
dently clear that both noise and uniformity decrease with the
increase of kV and mAs values. Furthermore, CT image depends
on the number of slice and the CT scanner type (manufacturer).

120 kV, 150 mAs

100 kV, 150 mAs

Figure 9: Uniformity at different kV.

Conclusion

The present work is devoted for the assessment of the perfor-
mance of image quality for thirteen CT scanners with different
scan modes at different kV (80,100 and 120) with tube current
ranging from 50 to 250 mAs to know how to reduce the associ-
ated radiation dose. The obtained results indicate that the ex-
posure dose effectively depends on the image, noise and unifor-
mity values at different KV and mAs. Also, it is apparent that the
noise accompanying the low kV images does not cause reduc-
tion in the image quality due to the higher signal to noise ratio.
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The predictions of our study illustrate that both noise and

uniformity decrease with the increase of both kV and mA val-
ues. In contrary, the CTDI  values are linearly proportional to
the applied kV and mAs. Furthermore, the obtained results sup-
port the superiority of the 320 slice CT scanner for routine CT
applications.
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