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ABSTRACT

Non-invasive diagnosis methods based on x-ray attenuation, such as Computed Tomography (CT) has had since its
discovery and the development of this technology, a rapid growth in radiology services. The quantity of dose depos-
ited in patients, is still large, this type of examination is that reaches the highest levels of absorbed dose in the popu-
lation. Legislation that regulates the levels of patient’s dose is only limited to a maximum amount deposited, depend-
ing the body region to be irradiated. Therefore, it is necessary to determine the amount of absorbed dose on patients
depending on the protocols of routine used in radiology services for propose an optimization of these based on the
principles of radiation protection. Experiments were conducted to determine the profile of dose deposited in head
routine exams for adult, using a cylindrical head phantom made of polymethylmethacrylate (PMMA). This standard
phantom has four openings in peripheral and one central. Radiochromic film strips were introduced into each one of
these openings to register the longitudinal dose profile in each region to determine the amount of deposited dose in
the volume of the head phantom. A CT scanner with 64 channels of GE from the radiology department was used for
scanning the head phantom. The scanning were done with voltages of 80, 100 and 120 kV, and dose index found
were between 6.24 and 23.73 mGy. Analysis of image quality was performed, finding that all scan comply with the
parameters acceptable in diagnosis for Brazilian legislation. It is propose an optimized protocol for exams by CT

head for the voltage of 80 kV and images with 0.5% of noise index.
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1. INTRODUCTION

The processes of medical imaging are used in the diagnosis of the development of different lines
of research in areas such as engineering, science and medicine, in order to obtain detailed infor-
mation of the different tissues, organs and physiological processes present in the human body
through various techniques (Dhawan, 2011). The developments of non-invasive techniques for
the detection of different types of diseases, among them are X-ray attenuation techniques.

The protocols on which they are based, as a result of a series of investigations in which it is
sought to maintain the improvement of the image quality in order to reduce the risks to the health
of patients and workers exposed to ionizing radiation. Therefore, analyses of mass, volume, de-
posited dose and contrast of the acquired image are factors of great importance in the process of

diagnostic optimization using protocols for obtain images with quality (Dalmazo, 2010).

The adoption of computed systems allowed a significant advance in the quality of the diagnosis
processes by images, and thus, increasing the diagnostic applications. However, these principles
in technology have brought with them new challenges in relation to the validation of the image
acquisition processes (Andisco, et al, 2014). Computed Tomography (CT) uses the principle of
X-ray attenuation for the acquisition of diagnostic images. Since its discovery in the 1970s, it has
become one of the most important methods of diagnostic imaging, since it allows the observation
of structures of low contrast, like soft tissues (Biester, et al., 2012; Andrade, 2008; Calzado et
al., 2010).

The development of technologies associated with CT scanners which allows a greater speed of
data acquisition, greater efficiency and precision in the representation of structures, bring with
them an increase in the risks for the individuals exposed to this examination. CT test is the radio
diagnostic exam was responsible for being the largest contributor in doses in the population

compared to the other existing techniques (Augusto, 2009).
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2. MATERIALS AND METHODS

2.1.CT scanner

The CT scan of radiodiagnostic services was used in an institution with an agreement for the
development of research, in the city of Belo Horizonte (MG-BR). The scanner is of multi-slice

type that allows realizing explorations in helical mode.

The experiments were performed on a head phantom in cylindrical shape of 16 cm in diameter
and 15 cm in length, made of polymethylmethacrylate (PMMA). The cylinder has five openings,
four at the periphery which are offset from one another by 90°, and one central. The openings are
1.25 cm in diameter and 15 cm in length. The center of the peripheral openings is 1 cm from the
surface. The head phantom was placed in the isocenter of the gantry aligning the openings simi-
larly as the positions 3, 6, 9 and 12 of an analog clock, through the help of the equipment posi-
tioning lasers. The Figure 1 shows the head phantom placed in the isocenter of the gantry of the
CT scanner.

Figure 1. Phantom head in the isocenter gantry.

Dose measurements were performed using the GAFCRHOMIC XR-QA?2 radiochromic film. The

film leave was cut in strips measuring 0.5 x 12.5 cm and placed into special rods, also made of
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PMMA, developed to accommodate these strips. The Figure 2 shows one of the rod loaded with
one of the radiochromic film strip.

Figure 2. Rod charged with radiochromic film strip.

A RADCAL ACCU-GOLD, 10X6-3CT pencil ionization chamber with a range detection from

200 nGy to 1 kGy was used to obtain the dose deposited on the head phantom. This chamber has

4% uncertainty for X-rays generated with voltages up to 150 kV (Radcal, 2015).
2.2.Methodology

The protocols used in helical mode scans are described in the Table 1.

Table 1. Acquisition Protocols.

Beam
Voltage Charge : .
thickness Pitch
(kV) (mA.s) (mm)
80
100 100 40 0.984

120
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The rods loaded with the radiochromic film strips were positioned inside the head phantom to
make a scan of 10 cm in length in its central region programming the equipment in helical mode.
The strips present a darkening proportional to the amount of energy deposited when exposed to
radiation (Tawfik, 2012). Figure 3 shows a non-irradiated strip (a) and a radiated strip (b) digit-
ized and processed in grayscale.

Figure 3. Radiochromic film strip non-irradiated (a) and irradiated (b).

After the exposition, the strips were digitized and processed to obtain the darkening intensity val-

ues and then, these values were converted to dose values in mGy. The dose values were correct-
ed considering the coefficients of linear attenuation for X-rays with energies of 50, 60 and 80
keV (NIST, 2015). For the analysis and validation of the image quality, the image of the central
slice was selected in order to study the interference of the secondary radiation that it generates.
For this, four regions of interest (ROIs) were defined in the image to be compared within the

parameters of diagnostic image quality.

3. RESULTS AND DISCUSSIONS

The volumetric CT dose index (CTDI,) were calculated using the average values of the central
region in each of the positions where the film strips were placed. The expression by which the
values of CTDI,, were calculated was:
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1
CTDIvol = ; (CTDlloo,central + 2 x CTDIlOO,per) (1)

Where CTDl1go, centrar 1S the dose index value found at the central position and CTDlyqg, per IS the
average dose index value at the peripheral positions of the head phantom. The dose index values

calculated with equation (1) for each one voltage values are described in Table 2.

Table 2. Volumetric dose index values.

Voltage CTDlvol

(kV) (mGy)
80 6.24
100 13.25
120 23.73

For the same charge (100 mA.s) the dose index were proportional to the increase in the voltage val-
ues of the X-ray tube, experiencing an increase in dose in relation to the lowest calculated dose
value of 112.33% and 280.28%, respectively.

The dose profiles found for each one of the positions were referenced to perform the calibration
of the radiochromic film strips and to perform the conversion of intensity values in grayscale for
absorbed dose. The absorbed dose profiles for the voltage values of 80, 100 and 120 kV are pre-
sented in Figure 4.
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Figure 4. Absorbed dose profile for 80, 100 and 120 kV.
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The lowest dose value recorded with a voltage value of 80 kV was 6.36 + 0.45 mGy at position
6. At position 12 the highest dose value was recorded, which was 9.13 £ 0.28 mGy , with a dif-
ference of 43.55% between them. For the 100 kV voltage, the lowest recorded value was in the
central position of 11.65 = 0.46 mGy, with a difference of 27.47% with the highest recorded val-
ue of 14.85 + 0.38 mGy in the position 12. With the equipment programmed at 120 kV voltage,
the highest dose value was recorded at position 12 with 22.57 £ 0.41 mGy, being 21.74% higher

than the lowest dose recorded in the central position with 18.54 + 0.59 mGy.

The noise was calculated as the percentage value of the standard deviation in relation to the av-
erage value of Hounsfield (HU) scale intensity. Equation (2) defines the percentage noise value

for each selected region of the image.
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SD
Noise(%) = 100(2
oise (%) Average + 1000 *100(2)

Therefore, the calculation was performed in each of the four ROIs selected in the central slice

image. The results are shown in Table 3.

Table 3. Percentage noise index.

Noise (%)
Region
80 kv 100 kv 120 kV
1 9.31 6.32 5.03
2 9.48 6.24 5.04
3 9.56 6.08 5.29
4 9.65 6.49 5.30
Average 9.50 6.28 5.16
DS 0.15 0.17 0.15

It is possible to observe that the images present greater noise for the voltage of 80 kV than for
120 kV, verifying that, for lower voltage levels, the percentage of quantum noise recorded in CT
images is higher and must be compensated by increasing of the X-ray tube current (mA). In or-
der to corroborate the possibility of reducing the dose in head examinations in adult patients, the
protocols for this type of examination were verified using optimized values of current (mA),
obtaining noise smaller then 1%. For this, the automatic exposure control tool was used to de-
termine the ideal current for a fixed noise value. Therefore, it was defined in noise index tool the
of this CT scanner the value of 5.9, because that represents a noise smaller then 1% for an image
reconstruction of 40 mm. Defined these electrical current values the noises were next to 0.5%.
Tab. 4 shows the optimized acquisition parameters of voltage, current, tube time and charge in
helical mode for a pitch 0.984, and dose index obtained for routine protocols of the

radiodiagnostic service and for the optimized protocol that is proposed.
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Tab. 4 Routine and optimized protocols for head CT scans.

Protocol Voltage  Courrent  Rotation Charge CTDIvol

(kV) (mA) time (s) (mA.s) (mGy)

Routine 120 200 0.5 100 23.73
120 200 0.8 160 37.97

Optimized 100 300 0.8 240 32.71
80 450 0.8 360 23.40

As the routine protocol studied for this equipment presented a noise of about 5.16 %, it was de-
cided to optimize that protocol both to reduce the deposited dose and to improve the image quali-
ty. When comparing the results, it can be verified that the protocol optimized for 80 kV there is a

dose reduction of 1.39% in relation to the routine protocol, but this protocol has a smaller noise.

4. CONCLUSIONS

The irradiations of the central region of the head phantom, using radiochromic film strips, al-
lowed to observe that when using the parameters of the radiodiagnostic service (120 kV voltage),
there is a greater dose deposition in comparison to the other parameters used in this study.

Despite the increase in the percentage of noise in the images due to the reduction in the voltage
values of the tube, the images were within the limits of the percentage of noise acceptable for
diagnosis.

The results obtained allow us to conclude that the routine protocols defined for head examina-
tions in adult patients still deposit high doses of radiation, regardless of whether the equipment
has the automatic control system, since head examinations do not use automatic exposure con-

trol, due to the fact that the diameter of the skull does not vary considerably. However, the dose
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values found are within the reference value that is 50 mGy for routine headache established by

Brazilian legislation.
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Abstract

Computed Tomography (CT) scans promote a higher dose
deposition than conventional radiology exams. These tests
contribute significantly to the increase in the patient and
collective dose, being a public health concern worldwide.
There is a great need to improve protocols to seek lower
doses while maintaining the diagnostic image quality. The
development of phantoms allows the testing of different
acquisition protocols. For this, the phantoms must present
an absorption characteristic of the X-ray beam similar to the
represented patient. In this study were tested two cylindrical
head phantoms of polymethylmethacrylate (PMMA). One
CT head phantom is the head standard test with 16 cm in
diameter and the other head phantom developed is smaller
at 12 cm in diameter. Both phantoms are 15 cm long.
Different acquisition protocols were performed on a GE CT
scanner, LightSpeed VCT model with 64 channels. The
central slice of the phantoms was irradiated successively,
and using a pencil ionization chamber, to obtain the CT air
kerma indexes in PMMA (C, .11 100) @nd CT dose indexes
(CTDI). From these results, the CT Dose Index values
weighted and volumetric (CTDI , CTDI ) were obtained for
10 cm scans of the central region of the head phantoms,
in helical mode. The scans were performed using different
voltage values (80, 100 and 120 kV) and charge (mA.s).
Absorbed dose values (CTDI ) using routine protocols for
head scans ranged from 39.22 to 49.67 mGy. Proposed
optimized protocols varied from 20.89 to 31.93 mGy and
reduced the absorbed dose by up to 57.94% in the smallest
phantom, with 12 cm in diameter.

Keywords

Computed tomography, Phantom, Dosimetry

Introduction

Computed Tomography (CT) is one of the most used
exams for radiologic diagnostic in medicine. It is a very

fast test that can produce high quality images. However,
the increasing demand for CT had a considerable impact
on doses provided to patients and on the exposure of
the population as whole, being a public health concern
worldwide [1,2]. According to UNSCEAR report the
use of CT contributed with 62% of the collective dose
from diagnostic radiological tests [3]. Many factors
collaborated to the increased demand for CT scans,
including the constant technological evolution of the
equipment associated to greater availability and a
relative tendency to decrease exam costs [4,5].

Patients undergoing CT scans can range from
neonates to oversized adults. However, radiation doses
in CT are generally measured in cylindrical PMMA
phantoms, that represent a standard adult patient.
These phantoms are designed to simulate a head, 16 cm
in diameter, and a body, 32 cm [6,7].

It is difficult to obtain reliable quantitative values of
patient doses from any measurements performed in
these standard phantoms, because patients have sizes
and body compositions that can differ markedly from
the phantoms, such as pediatric and obese patients.
The development of phantoms allows testing different
acquisition protocols [8,9]. For this, the phantoms must
have an X-ray beam absorption characteristic similar to
the represented patient.

The increasing demand for CT scans in pediatric
patients is mainly due to the high rates of traumatic
injuries from car accidents, falls on bicycles, blunt
trauma, traumatic brain injury, as well as a significant
increase in the incidence of childhood neoplasms, being
the CT images used in the diagnostic process. Therefore,
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acquisition protocols should be used that determine the
reduction of the radiation dose without compromising
the diagnostic quality [10,11].

The risks of stochastic effects increase in children
due to the tissue radiosensitivity allied to the long-life
expectancy. The dose deposited in a pediatric patient is
directly related to the energy that was retained during
the process of exposure to ionizing radiation [12,13].

In this study, two CT head phantoms were used,
the standard head phantom and another with smaller
volume to observe the dose distribution and to obtain
the dose index (CTDI). Also, different acquisition
protocols were tested using different values of X-ray
tube supply voltage (80, 100 and 120 kV) and load
(mA.s).

Materials and Methods

The experiment was conducted using a GE CT
scanner, LightSpeed VCT model with 64 channels. For the
development of this work, experimental measures have
been obtained using two head phantoms, both made
in polymethyl-methacrylate (PMMA). These phantoms
were constructed by the research team of the Center
for Research in Biomedical Engineering (CENEB) of the
Federal Center for Technological Education of Minas
Gerais (CEFET-MG), being a representative of a standard
adult and a pediatric patient’s head. The standard adult
head phantom is cylinder with 16 cm in diameter and
15 cm in length. This phantom is considered the default
for the dose reference in head CT scans. The pediatric
head phantom is cylinder and has a dimension of 12 cm
in diameter and 15 cm in length, representing a smaller
head, like a pediatric patient.

This cylindrical phantom has five openings for
positioning the dosimeters, one central and four at the
peripheral openings, which are displaced from each
other by 90°. The openings are 1.27 cm in diameter and
15 cm in length. The center of the peripheral openings is

1 cm from the edge of the phantom. The Figure 1 shows
an illustration with the measurements of the adult and
pediatric phantoms made with PMMA.

The standard adult head phantom is considered
for dose reference in head CT scans. Therefore, all
head CT scans performed on a given equipment are
accompanied by a report that informs an estimated
value of patient absorbed dose (CTDI) based on the scan
of this phantom. The Figure 2 shows the image of these
phantoms placed in the isocenter of the gantry of the
CT scanner.

Dose measurements have been performed by
positioning the head phantom in the isocenter of the
gantry and aligning the openings like as the positions 3,
6, 9 and 12 of an analog clock, through the help of the
CT scanner lasers. The phantom openings are filled with
PMMA rods which must be removed one by one for the
positioning of the pencil chamber, targeting the dose
measurements in the five regions.

A pencil ionization chamber RADCAL ACCU-GOLD
model 10X6-3CT was used to measure a CT air kerma in
PMMA (Ck’ PMMA,lOO) in each opening of both phantoms.
First, a scout was made in order to check the correct
alignment of the phantoms as well as to demarcate
the central slice position. Furthermore, the central
slice of the phantoms was irradiated successively. For
each chamber positioning, five measurements were
performed, getting a minimum of 25 measurements for
each protocol and for each phantom. In the central slice
irradiations, the remaining openings were filled using
PMMA rods. From these results, the CT Dose Index
values, weighted and volumetric (CTDI , CTDlvoI)' were
obtained for 10 cm scans of the central region of the
head phantoms, in helical mode. The CTDI and CTDI
were calculated according to the Eq. 1 and 2 [13,14]:

CTD]W = é.QCTD‘llOO,centml + % CTD]IOO,perj
(1)

A
Y W
16 cm 0 0 0
0 0 (
12 cm
!( 2 -/ ‘_f_
~ < >
15 cm 15 em
(a) (b)
Figure 1: Head phantoms dimensions: (a) Adult standard and (b) Pediatric.
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Figure 2: PMMA head phantom images: (a) Adult standard and (b) Pediatric.

Table 1: Routine protocol of CT head scan.

Voltage Current Charge Tube time B e a m Pitch Reconstruction
Thickness
(kV) (mA) (mA.s) (s) (mm) (mm)
‘ 120 200 100 0.5 40 0.984 1.25
CTDI the current recorded in the central slice, new scans
CTDI,, = ——— (2) were made to test fixed current values, lower than the
pitch .
value suggested by the automatic current control scan.
where, CTDI is the dose index value found at  For each current value tested, noise was calculated in

100, central
the central position and CTDI _is the average dose
, per

index value at the peripheral positions of the head
phantom. The scans were performed using different
voltage values (80, 100 and 120 kV) and charge (mA.s).
In order to obtain the CT Dose Index (CTDI) values from
the air kerma values the measurements were adjusted
using a conversion factor (F ) air/PMMA. The F. used
are 1.0418, 1.0324, and 1.0106 for the X-ray beam
generated with 120, 100 and 80 kV, respectively [14-16].

The protocol for irradiation the phantom central
slice, in axial mode, used the following parameters:
Current of 100 mA, charge of 100 mA.s, tube rotation
time of 1s, beam thickness of 10 mm and three voltage
values (120, 100 and 80 kV).

Helical scans of 10 cm in length were also performed
in the central region of the head phantoms, aiming to
define a current value adjusted by the equipment’s
automatic exposure control (auto mA), using the
different voltage values. Usually, in the initial slices of
the scanthereis an adjustmentin the current value (mA)
in the first slices irradiated and after these adjustments
the current stabilizes, since all the slices of the phantom
have the same size.

With the current reference value defined based on

Santos and Mour&o. Int J Radiol Imaging Technol 2022, 8:099

the image of the central slice and the best current value
was determined for each phantom and voltage.

The protocols used in the scans of the central region
of the phantom used pitch values closest to 1, that is
available in the CT equipment. Table 1 shows the CT
head scanning protocol used in the service routine,
regardless of the patient’s size or age.

In order to validate the quality of the CT images, a
noise analysis of the central slice image was performed
in each helical CT scan, aiming at maintaining the
diagnostic quality of the images. The noise value had
its maximum acceptable limit of 1%, considering that
the phantom is homogeneous [15-17]. This noise
limitation, using a homogeneous material, implies in
the generation of diagnostic images of the human body.
Then, as a control parameter for testing new protocols,
it was defined that the noise threshold in the central
slice image should be 1% to guarantee the diagnostic
guality of the patient’s image.

Four regions of interest (ROI) were selected in the
image and were analyzed. The noise (N) was calculated
as the percentage value of the standard deviation in
relation to the average value of the Hounsfield scale
(HU) through Equation 3.

e Page 3 0of 6 e
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Table 2: Values of C

w100, ., C @nd CTDI in mGy standard deviation for head phantoms.

Position Phantom
Adult standard (16 cm) Pediatric (12 cm)
120 kV 100 kV 80 kV 120 kV 100 kV 80 kV
Central 17.52 + 0.03* 11.28 £ 0.09 5.94 + 0.01 22.99 +0.07 14.84 + 0.06 8.02 + 0.04
3 19.48 £ 0.02 12.94 + 0.22 7.10 £ 0.06 23.84 £0.24 15.57 £ 0.14 8.61+£0.10
6 18.17 £ 0.09 11.98 + 0.11 5.84 £ 0.02 21.98 £0.18 14.24 + 0.15 7.72 £0.08
9 19.04 £ 0.04 12.83 £ 0.08 6.94 + 0.06 23.67 £0.22 15.46 £ 0.08 8.61 £ 0.09
12 21.39+0.38 14.10 £ 0.08 8.93+0.10 25.26 + 0.54 17.29 £ 0.22 9.87+0.13
Cw(mGy) 18.85+0.10 12.40 £ 0.11 6.69 £ 0.04 23.46 £ 0.39 15.37 £ 0.12 8.47 £ 0.08
CTDI, (mGy) 19.64 £ 0.10 12.80 £ 0.12 6.76 £ 0.04 2444 +0.40 15.87 £0.12 8.56 £ 0.08
*Standard deviation
Table 3: Routine and optimized protocols.
Phantom Protocol Voltage Charge CTDI,,
(kV) (mA.s) (mGy)

Adult Routine 120 200 39.92 £ 0.21*
(16 cm) Opt. 1 120 160 31.93+0.16

Opt. 2 100 240 31.22+£0.28

Opt. 3 80 420 28.87 £0.18
Pediatric Routine 120 200 49.67 £ 0.82

Opt. 4 120 100 24.83 +0.41

Opt. 5 100 144 23.23+0.18

Opt. 6 80 240 20.89 £ 0.20
*Standard deviation

SD the voltage of 80 kV the values are always the lowest
N%==——-100 3) since the other parameters used were the same. Since
HU +1000 ®) P

Results
Dose measurements

Table 2 shows the average values and standard
deviation of punctual and weighted air kerma in PMMA
(Ck’mPMNIA and C ) and absorbed dose (CTDI ) that were
obtained from C, 100pnmA measured in the five positions
of the phantoms, using the parameters defined for the
central slice (10 mm) irradiation with the charge fixed

in 100 mA.s.

The protocol using the voltage of 120 kV has the
highest absorbed dose value recorded in position 12 of
21.39 mGy in the adult phantom and 25.26 mGy on the
pediatric phantom. The minimum value happened in
the position 6 for both phantoms with the 80 kV voltage,
with the value of 5.84 mGy in adult and 7.72 in pediatric
phantom. The proximity between the doses at points 3
and 9 indicates the good positioning of the object in the
gantry isocenter.

Analyzing the measurements obtained, the pediatric
phantom has dose values always higher, since the other
parameters of central slice irradiation is the same. The
cut area of the pediatric phantom is smaller than the
adult, promoting a higher dose deposition. Also, with
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average energy of the beam of 80 kV is lower, promoted
smaller doses deposition. Although, the 120 kV voltage
generates the highest dose depositions.

Optimized CT scan protocols

Table 3 shows the results of absorbed doses (CTDI )
and standard deviation obtained when it was used the
routine and optimized protocols in both phantoms with
the use different voltage values and optimized charge
in the X-ray tube during the scans of the central region
of the phantoms. In optimized protocols, the optimized
charge value (mA.s) was adjusted to the point where
the noise in the central slice was less than 1%. The other
parameters: Pitch, tube rotation time, beam thickness
and image reconstruction were the same of the routine
protocol (Table 1).

In the tests for new protocols, it was decided to use
same pitch of 0.984 of the routine protocol, which is
the closest possibility to the value 1 available in this CT
machine.

The absorbed doses of the new protocols tested in
the adult standard head phantom varied from 28.87
to 31.93 mGy, with the lowest dose occurring with the
Opt. 3 protocol that use a voltage of 80 kV and 420
mA.s. The noise value verified in the central image of

e Page 4 of 6 »



https://doi.org/10.23937/2572-3235.1510099

DOI: 10.23937/2572-3235.1510099

ISSN: 2572-3235

this scan was 0.978%, which is the established criterion
for maintaining the diagnostic quality of the image.
The Opt. 3 protocol promoted a dose reduction in the
patient of 27.68%, with the absorbed dose going from
39.92 to 28.87 mGy.

In the pediatric phantom with 12 c¢cm, the lowest
absorbed dose was 20.89 mGy for the Opt. 6 protocol of
80 kV, 240 mA.s. The noise value verified in the central
image of this scan was 0.929%, which is the established
criterion for maintaining the diagnostic quality of the
image. The Opt. 6 protocol promoted a dose reduction
in the pediatric phantom of 57.94%, with the absorbed
dose going from 49.67 to 20.89 mGy. Also, the absorbed
dose in the routine of the pediatric phantom had a dose
of 19.63% higher than the adult phantom. The Figure 3
shows a graphic with the absorbed dose values (CTDI )
for the adult and pediatric phantom considering the
different protocols defined in Table 3.

Observing the absorbed dose values obtained for
the tested protocols, it is verified that the adult and
pediatric phantom had a better CT scan with the voltage
of 80 kV. The optimized protocols selected with the
low absorbed dose obtained noise values below 1%,
being a good alternative to be used aiming the reducing
of absorbed dose of the patient and maintaining the
diagnostic quality of the image.

It is also worth noting that the tested protocols
showed in Table 3 were selected among several others
tested with the variation of the mA.s value until a noise

low than 1% was obtained in the analysis of the image
of the central slice. The mA.s and pitch variation cannot
be chosen randomly, since there are discrete values in
the CT equipment menu that are possible to be tested.

Conclusions

Patients undergoing CT scans can range from
newborns to large adults. However, CT radiation
doses are usually measured on PMMA phantoms
representing a standard adult patient. It is difficult to
obtain reliable quantitative values of patient doses
from any measurements performed on this standard
head phantom because patients have body sizes
and compositions that may differ from the standard
phantom, as is the case for pediatric patients, small
women, and patients bigger and obese. Therefore, the
development of the phantoms used in this work allows
representing different sizes of patients and testing
different acquisition protocols for head scans.

This work highlights relevant information on dose
reduction in adult and pediatric head CT scans, being of
great importance to argue for the adoption of optimized
protocols without losing the diagnostic image quality.
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Resumo

Os exames de Tomografia Computadorizada (TC) promovem uma deposicdo de dose maior do que os exames de
radiologia convencionais. Esses exames aumentaram significativamente as doses dos pacientes e a dose coletiva, se
tornando uma preocupacao de saude publica global. H4 uma grande necessidade de aprimorar protocolos para buscar
doses menores mantendo a qualidade da imagem diagndstica. O desenvolvimento de objetos simuladores permite testar
diferentes protocolos de aquisicdo. Neste estudo foram testados dois objetos cilindricos simuladores de cabega de
polimetilmetacrilato (PMMA). Um dos objetos simuladores de cabega de TC é o modelo padréo de cabega com 16 cm de
didmetro e o outro objeto simulador de cabeca desenvolvido € menor com 12 cm de didmetro. Ambos os objetos
simuladores tém 15 cm de comprimento. Diferentes protocolos de aquisicdo foram realizados num tomaégrafo Philips,
modelo Access com 16 canais. A fatia central dos objetos simuladores foi irradiada sucessivamente e as medigoes foram
realizadas usando uma camara de ionizagédo do tipo lapis para obter os indices de kerma no ar em PMMA (Ckpmma,100) €
os indices de dose de CT (CTDI). A partir desses resultados, foram obtidos os valores de indice de dose em TC ponderado
e volumétrico (CTDlw, CTDl\o) para varreduras de 10 cm da regido central dos objetos simuladores da cabeca, no modo
helicoidal. As varreduras foram realizadas utilizando diferentes valores de tens&o (80, 100 e 120 kV) e carga (mA.s). Os
valores de dose variaram de 5,59 a 21,51 mGy. O maior valor de dose registrado foi de 21,51 mGy para o objeto simulador
de cabega menor e 19,25 mGy para o objeto simulador de cabega padrao com 120 kV. Considerando a geragéo de imagens
com o mesmo objetivo diagndstico, os resultados obtidos mostraram que o indice de dose volumétrica (CTDI,.) apresentou
maior valor de dose no objeto simulador de 12 cm de didmetro. Este objeto simulador tem um volume menor que o de
cabeca padrao.

Palavras-chave: Tomografia Computadorizada; Objeto Simulador; Dosimetria; Qualidade de Imagem.

Abstract

Computed Tomography (CT) scans promote a higher dose deposition than conventional radiology exams. These exams
have significantly increased patient and collective doses and have become a global public health concern. There is a great
need to improve protocols to seek for lower doses while maintaining the diagnostic image quality. The development of
phantoms allows the testing of different acquisition protocols. In this study were tested two cylindrical head phantoms of
polymethylmethacrylate (PMMA). One CT head phantom is the head standard test with 16 cm in diameter and the other
head phantom developed is smaller at 12 cm in diameter. Both phantoms are 15 cm long. Different acquisition protocols
were performed on a Philips CT scanner, Access model with 16 channels. The central slice of the phantoms was irradiated
successively and measurements were performed using a pencil ionization chamber to obtain the CT air Kerma indexes in
PMMA (Cx pmma,100) and CT dose indexes (CTDI). From these results, the CT Dose Index values weighted and volumetric
(CTDlw, CTDl,.) were obtained to 10 cm scans of the central region of the head phantoms, in helical mode. The scans were
performed using different voltage values (80, 100 and 120 kV) and charge (mA.s). Dose values varied from 5.59 to 21.51
mGy. The highest recorded dose value was 21.51 mGy for the smaller head phantom and 19.25 mGy for the standard head
phantom with 120 kV. Considering the generation of images with the same diagnostic objective, the results obtained showed
that the volumetric dose index (CTDI,.) presented a higher dose value in the 12 cm diameter phantom. This phantom has
smaller volume than the standard head phantom.

Keywords: Computed Tomography; Phantom; Dosimetry; Image Quality.

1. Introduction scans, including the constant technological evolution
of the equipment associated to greater availability and
a relative tendency to decrease exam costs (4,5).
Dose reduction in pediatric patients is already a
concern among professionals from different areas of
health, with international dose reduction programs,
such as Image Gently, which aims to raise awareness

Computed Tomography (CT) is one of the most
used exams for radiological diagnosis in medicine. It
is a very quick test and produces high quality images.
However, the increasing demand for CT tests has a
considerable impact on doses provided to patients
and on the exposure of the population as whole, being X
a public health concern worldwide (2). According to ?nrgﬁhnogd Sprotf;]a asts 'OESLS’ ?;zﬁcéo tt?]z d?j\éeslgpmv?i?r:ogi
UNSCEAR  2020/2021 report, the use of CT  compromising image quality in pediatric exams and
contributed with 62% of the collective dose from  provides specific guidelines for medical physicists
diagnostic - radiological tests (3). Many factors  (45) The risks of stochastic effects increase in
collaborated to the increase in the demand for CT  chjidren due to the tissue radiosensitivity allied to the
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long-life expectancy. The dose deposited in a
pediatric patient is directly related to the energy that
was retained during the process of exposure to
ionizing radiation (5,6).

The increasing demand for CT scans in pediatric
patients is mainly due to the high rates of traumatic
injuries from car accidents, falls on bicycles, blunt
trauma, traumatic brain injury, as well as a significant
increase in the incidence of childhood neoplasms,
being the CT images used in the diagnostic process
(7,8). A retrospective study of a cohort of pediatric
patients exposed to CT scans demonstrated that
cumulative doses of 60 mGy to the brain may triple
the risk of brain tumor (9). Therefore, acquisition
protocols should be used that determine the reduction
of the radiation dose without compromising the
diagnostic quality.

Patients undergoing CT scans can range from
neonates to oversized adults. However, radiation
doses in CT are generally measured in cylindrical
PMMA phantoms, that represent a standard adult
patient. These phantoms are designed to simulate a
head with 16 cm in diameter, and a body with 32 cm
(10,11)

It is difficult to obtain reliable quantitative values of
patient doses from any measurements performed on
these standard phantoms, because patients have
sizes and body compositions that can differ markedly
from the phantoms, such as pediatric and obese
patients. The development of phantoms allows testing
different acquisition protocols (12,13). For this, the
phantoms must have an X-ray beam absorption
characteristic similar to the represented patient.

In this study, two CT head phantoms were used, the
standard head phantom and another with smaller
volume to observe the dose distribution and to obtain
the dose index (CTDI). Different protocols were used
in the phantom CT scans using three X-ray tube
voltages.

2. Materials and Methods

The experiment was conducted using a Philips
scanner, Access model with 16 channels. For the
development of this work, experimental measures
have been obtained using two head phantoms, both
made in polymethylmethacrylate (PMMA). These
phantoms were constructed by the research team of
the Center for Research in Biomedical Engineering
(CENEB), being a representative of a standard adult
and a pediatric patient's head size. The standard adult
head phantom is cylindrical with 16 cm in diameter
and 15 cm in length. This phantom is considered the
standard for the dose reference in head CT scans.
The pediatric head phantom is also a cylinder and has
a dimension of 12 cm in diameter and 15 cmin length,
representing a smaller head. The Figure 1 shows the
image of these phantoms placed in the isocenter of
the CT scanner gantry.

Figure 1. PMMA head phantom: (a) Adult standard; and (b)
pediatric.

These cylindrical phantoms have five openings for
positioning the dosimeters, one central and four at the
peripheral openings, which are displaced from each
other by 90°. The openings are 1.25 cm in diameter
and 15 cm in length. The center of the peripheral
openings is 1 cm from the edge of the phantom.
Figure 2 shows an illustration with the dimensions of
the adult and pediatric phantoms made of PMMA.

‘ %
12 em T i £r
LH

1S cm 1Scm

(a) (b)

Figure 2. Head phantoms dimensions: (a) Adult standard; and (b)
pediatric.

Dose measurements have been performed by
positioning the head phantom in the isocenter of the
gantry and aligning the openings like as the positions
3, 6, 9 and 12 of an analog clock, through the help of
the CT scanner lasers. The phantom openings are
filled with PMMA rods which must be removed one by
one for the positioning of the pencil ionization
chamber, targeting the dose measurements in the five
positions.

A pencil ionization chamber RADCAL ACCU-GOLD
model 10X6-3CT was used to measure the CT air
kerma in PMMA (Ckpmwma 100) in each opening of both
phantoms. The ionization chamber was calibrated in
the LABPROSAUD - Laboratory of Health Products -
Calibration Laboratories Service - lonizing Radiations.
First, a scout was made in order to check the correct
alignment of the phantoms as well as to demarcate
the central slice position. Furthermore, the central
slice of the phantoms was irradiated successively. For
each chamber positioning, 5 measurements were
performed, getting a minimum of 25 measurements
for each protocol and for each phantom. In the central
slice irradiations, the remaining openings were filled
using PMMA rods. From these results, the CT Dose
Index values, weighted and volumetric (CTDlw,
CTDlval), were obtained for 10 cm scans of the central
region of the head phantoms, in helical mode (14,15).
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The CTDIw and CTDlvo were calculated according to
the Equations (1) and (2):

1 2
CTDIW = 3" (CTDlloo,central + 3" CTDIlOO,per) (1 )

CTDI,,
CTDIVOl = pitch (2)

where CTDl1oocentral is the dose index value obtained
at the central role and CTDl1o0,per is the average dose
index value at the peripheral roles, in a 100 mm
central axial region around the center position of the
head phantom. The scans were performed using
different voltage values (80, 100 and 120 kV) and
charge (mA.s). To obtain the CT Dose Index (CTDI)
values from the air kerma values the measurements
were adjusted using a conversion factor (Fc)
airfPMMA. The Fc used were 1.0418, 1.0324, and
1.0106 for the X-ray beam generated with 120, 100
and 80 kV, respectively (15,16).

The protocol for irradiation of the phantom central
slice, in axial mode, used the following parameters:
current of 100 mA, charge of 100 mA.s, tube rotation
time of 1 s, beam thickness of 10 mm and three
voltage values (120, 100 and 80 kV).

Helical scans of 10 cm in length were also
performed in the central region of the head phantoms,
aiming to define a current value adjusted by the
equipment's automatic exposure control (auto mA),
using the different voltage values. Usually, in the initial
slices of the scan there is an adjustment in the current
value (mA) in the first slices irradiated and after these
adjustments the current stabilizes, since all the slices
of the phantom have the same size. Head acquisition
protocols often use a constant current value (mA), as
the axial section of the head does not have large
diameter variations.

With the current reference value defined based on
the current recorded in the central slice, new scans
were made to test fixed current values, lower than the
value suggested by the automatic current control
scan. For each current value tested, pixel noise value
was calculated in the image of the central slice and
the best current value was determined for each
phantom and voltage.

The protocols used in the scans of the central
region of the phantom used pitch values closest to 1,
that is available in the CT equipment. Table 1 shows
the CT head scanning protocol used in the service

reconstructed image in 1.25 mm, already defined in
the routine protocol of the service. Both increasing the
pitch and decreasing the mA.s promote an increase in
the pixel noise of the image [17,18].

Unlike human organs, which are composed by the
association of different tissues, PMMA s
homogeneous; on the Hounsfield scale, PMMA has a
value around 118.7 for images generated with an X-
ray beam of 120 kV. As it is a homogeneous material
it is possible to evaluate the variation of pixel noise in
the images generated by different acquisition protocol
tested. In acceptance tests of CT equipment during
installation, the pixel noise must be less than 1% for
tests with a PMMA phantom [17,18,19].

In order to validate the quality of the CT images, a
noise analysis of the central slice image was
performed in each helical CT scan, aiming at
maintaining the diagnostic quality of the images. The
noise value had its maximum acceptable limit of 1%,
considering that the phantom is homogeneous
[19,20]. This noise limitation, using a homogeneous
material, implies in the generation of diagnostic
images of the human body. Then, as a control
parameter for testing new protocols, it was defined
that the noise threshold in the central slice image
should be 1% to guarantee the diagnostic quality of
the patient's image. This value is recommended by
the manufacturer when testing for acceptance of CT
equipment after installation [18,19,20,21].

Four regions of interest (ROI) were selected in the
image and were analyzed. The noise (N) was
calculated as the percentage value of the standard
deviations in relation to the average value of the
Hounsfield scale (HU) through Eq.3.

100

N% = HU+1000 " ©)

3. Results
3.1. Dose Measurements

Table 2 shows the average values and standard
deviations of punctual and weighted air kerma in
PMMA (Ck100pvma and Cw) and weighted CT Dose
Index (CTDIw) that were obtained from Ck 100,PmMmA
measured in the five positions of the phantoms, using
the parameters defined in Table 1 with the charge
fixed in 100 mA.s.

Table 2. The Values of Cw and CTDIw in mGy for head phantoms.

routine, regardless of the patient's size or age. Phant Voltage Cu CTDI.
antoms — (kv) (mGy) (mGy)
Table 1. Routine protocol of the CT scanner. ;
Vot o  cn - 120 18.48+0.32 19.25+0.33
oltage Curren arge Time . Ad
kv A A. ult
(kV) (mA)  (mAs)  (s) (16 cm) 100 11.07+0.16 11.5420.17
120 737 1105 15 1.0625 80 5.36+0.10 5.59+0.10
Source: The Author (2023). 120 2065£0.23  21.51:0.24
Pediatric 100 12.49£0.10  13.02+0.11
. . . , (12 cm)
Dose reduction in patients CT scans was
) ) . 80 6.15+0.06 6.40£0.06
performed by increasing the pitch value to close to 1, _
i i -irradiation and varving th *Standard deviations
thus decreasing patient re-irradia on a d varying the Source: The Author (2023).
charge value (mA.s). Three different values of
available voltages were tested and keeping the
Associagéo Brasileira de Fisica Médica ® 3
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The protocol using the voltage of 120 kV has the
highest absorbed dose value recorded of 19.25 mGy
in the adult phantom and 21.51 mGy on the pediatric
phantom. The minimum value happened in the adult
and pediatric phantoms with the 80 kV voltage, with
the values of 5.59 mGy and 6.40 mGy respectively.

Analyzing the measurements obtained, it is verified
that with the pediatric phantom the values are always
the highest, since the other parameters used were the
same; the volume of the pediatric phantom is smaller
than the adult, promoting a higher dose deposition.

3.2. Optimized CT Scan Protocols

Table 3 shows the results of volume CT Dose Index
(CTDlvol) obtained when the routine and optimized
protocols were used in both phantoms with different
voltage values and optimized charge in the X-ray tube
during the scans of the central region of the
phantoms. In optimized protocols, the optimized
charge value (mA.s) was adjusted to the point where
the noise in the central slice was less than 1%. The
other parameters: pitch, tube time, thickness beam
and image reconstruction were the same of the
routine protocol (Table 1).

Table 3. Routine and optimized protocols.

Protocol Voltage | Charge CTDIvoL
Phantoms | ' rotoco (kV) (mA.s) (mGy)
Routine 120 110.5 20.02 + 0.34*
Adult Opt. 1 120 35 6.34 £ 0.11
16
(16cm) Opt. 2 100 60 6.51 + 0.09
Opt. 3 80 130 6.83+0.12
Routine 120 110.5 22.87 £0.39
Pediatric | Opt.4 120 25 5.06 + 0.06
(12cm)
Opt. 5 100 40 4.90 £ 0.04
Opt. 6 80 90 543 +£0.05

*Standard deviation
Source: The Author (2023).

In Table 3 it is possible to observe the variation of
the absorbed dose values for both phantoms for the
analysis of the protocol that presents the lowest dose
for the patient, maintaining the image quality. In the
adult head phantom, the absorbed dose in the routine
protocol had a higher dose of 20.02 mGy and with the
optimized protocols smaller doses were obtained. The
optimized protocol Opt.1 with 120kV had the lowest
value of 6.34 mGy with a reduced dose of 68.33% in
relation with the routine protocol.

On the other hand, the pediatric head phantom
presented a significant variation in the absorbed dose
values. The absorbed dose in the routine of the
pediatric phantom had a higher dose than the adult
phantom with a dose of 22.87 mGy that is 14.23%
higher. The optimized protocol Opt. 5 with 100kV
reduced the dose in the pediatric phantom in 78.6% in
relation with the routine protocol. Figure 4 shows a
graphic with the CTDlvol values for adult and newborn

phantoms obtained according with the average
current and pitch.

30 5

B Routine
B 120 kv

CTDlyg) ( mGy)

Adult Pediatric
Phantoms

Figure 4. CTDlv values for adult and pediatric head phantoms
obtained with routine and optimized protocols.

Observing the absorbed dose values obtained for
the tested protocols, it is verified that the pediatric
phantom had a better CT scan with the voltage of 100
kV. The optimized protocols selected with the low
absorbed dose obtained noise values below 1%,
being a good alternative to be used aiming the
reducing of absorbed dose of the patient and
maintaining the diagnostic quality of the image.

It is also worth noting that the tested protocols
showed in Table 3 were selected among several
others tested with the variation of the mA.s value until
a noise lower than 1% was obtained in the analysis of
the image of the central slice. The mA.s and pitch
variation cannot be chosen randomly, since there are
discrete values in the CT equipment menu that are
possible to be tested.

5. Conclusion

The absorbed dose index values were determined
during head CT scans with the standard adult and
pediatric PMMA phantoms.

This work made it possible to highlight relevant
information on dose reduction in head CT scans in
adults and children, which is of great importance to
argue for the adoption of optimized protocols without
loss of diagnostic image quality. In addition, the use
of optimized protocols increases the useful life of the
CT X-ray tube, generating less expenses for the
radiodiagnosis service.

Dose values were significantly higher in the
pediatric phantom using the same routine protocol
than the adult. In the generation of images with the
same diagnostic objective, the volumetric dose index
showed a higher dose value in the pediatric phantom,
corresponding to a head with smaller volume,
compared to the value measured in the standard head
phantom.
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ABSTRACT

The research and development in technology applied to computed tomography has been improve in the image
quality, resulting in the best identification of diseases, and therefore an increase in the number of exams, among
them the head exams can be highlighted. In order to promote a radioprotection and reduction on the dose of the
general public some international agencies have stipulated dose limits to be followed and the implementation of
the principles of ALARA in all establishments that use ionizing radiation. One of these principles is the
optimization that should be treated with substantial attention, because the reduction of radiation doses can be
feasible as long as it does not compromise the tomographic images; such practice is difficult to perform due to
the lack of proper guidance. In optimization of the CT exams, not only the lowest dose is evaluated to obtain
diagnostic image, but also should be knowledge the dose distribution throughout the scanned area. In this work
were used a cylindrical head phantom of PMMA, a GE Discovery CT scan with 64 channels, and radiochromic
films. The films were positioned in the phantom in their central region for the dose evaluation using the
automatic control for the voltages of 80, 100 and 120 kV. The images were acquired from the scan of the
phantom and the film readings were obtained through digital images. The results show an evaluation of the
longitudinal kerma profiles, dose delivered, and the image noise was also observed using the central slice
images.

1. INTRODUCTION

The evolution of the technology in Computed Tomography (CT) increased the agility of the
processing data, an improvement in the image quality, and time reduction and tomography
exams costs. These characteristics can highlight this technique among the other methods of



production in the medical image. In this context, there has been an increase in the number of
examinations in recent years, for example is estimated that in the year of 2010 in the United
States it was about 1 million examinations performed by CT. Therefore, this influenced by
the increase of radiation dose used in these systems, the international agencies responsible for
radioprotection propose protocols for dosimetry and optimization of CT exams [1, 2, 3, 4].

The CT examination protocol optimization consists in the measurement of the dosimetric
quantities using a phantom, ionization camera and radiochromic films (method suggested by
several other studies). In order to evaluate the dose levels obtained, these were compared with
the diagnostic reference levels determined by international and national recommendations for
the multiple average dose (MSAD), which is stipulated for an adult with standard measures,
50 mGy for head, 35 mGy for lumbar spine and 25 mGy for abdomen [1, 2, 5, 6].

According to the American Medical Physics Association, suggest the use of the dosimetric
quantification in terms of the computed tomography dose index (CTDI), which is basically
the dose measurement in a single CT slice. However, the code of practice TRS-457 published
by the International Atomic Energy Agency (IAEA) present the measurement in kerma index
(C), which measures the air kerma free in air or air kerma in PMMA in one rotation of the X-
ray tube. The quantities suggested by both are acquired in an analogous way, but differ in the
concepts and calculations [7, 8].

There is CT software that modulates the current in the tube according to the anatomical shape
and body density. This software contributes to choose the best current parameters choice that
reduces the dose in regions with higher radiosensitivity. There can be emphasized that not
always the smallest dose is associated with better image and, consequently, better diagnosis
(3, 7]

Therefore, the main objective of this paper is propose an optimization of the head exam
protocol using automatic exposure control (AEC) and to present the feasibility associating the
best image quality with the lowest dose in helical CT scanner.

2. MATERIAL AND METHODS

The materials used were a Gafchromic XRQA?2 radiocromatic film strips (0.5 wide by 12 cm
length), one scanner HP, a 64-channel GE Discovery CT scanner, a cylindrical PMMA
simulator of 16 cm in diameter and 15 cm in length, which has 5 openings of 1.25 cm in
diameter and their positions correspond to one central hole and four peripherals, such their
locations identified as clock hours at 3am, 6am, 9am, 12pm; and one ionization pencil
chamber, Accu-Gold model 10X6-0.6CT. The ionization chamber was calibrated by a
standard calibration laboratory and to guarantee its reliability, the dose constancy test was
performed.

2.1. Optimization of the head exam protocol
Using a laser orientation, the phantom was positioned in the CT isocenter region, as presented

in figure 1, with the following parameters: AEC activated, fixed the noise index in 10, slice
thickness of 40 mm, reconstruction image of 5 mm, tube rotation time of 0.8 s, and pitch in

INAC 2017, Belo Horizonte, MG, Brazil.



0.984. Images were acquired for the voltages of 80, 100 and 120 kV. From each image
acquired, the central slice current was selected; they were used in the optimized protocol.

Figure 1: Positioning of the phantom at the CT scanner.

Using the optimized current and parameters: fixed the noise index in 10, slice thickness of
40mm, reconstruction of Smm, tube rotation time of 0.8s, and pitch in 0.984. Irradiations
were performed without the radiochromic films, with the objective of the analysis image
noises, and the irradiations using the films positioned in the PMMA support, placed into the
five openings of the head phantom. One film strip was used for the measurement of the
background radiation. Radiations were performed for the voltages of 80, 100 and 120 kV
with the scout. For comparison purpose, the irradiations with and without the film of the head
protocol used in the hospital (non-optimized protocol) were performed with the parameters:
AEC activated, fixed the noise index in 4.94, slice thickness of 20 mm, reconstruction of 1.25
mm, Tube rotation time of 0.7 s, and pitch in 0.969.

Film strips were scanned by the color image scanner in JPEG format, 300 ppi and reflection
mode. The readings were performed through the ImageJ software [10], using the red channel,
because the film has greater sensitivity in this region and selected an ROI of 10 cm long by
0.22 cm in height.

For the calibration of the radiochromic film was performed by measurements of kerma with
the ionization chamber. The measurements with the ionization chamber were performed for
the voltages of 80, 100 and 120 kV, fixed current at 200 mA and tube rotation time of 0.5 s,
slice thickness of 10 mm, measurements were taken with the ionization chamber in all 5
phantom openings, which was positioned in the isocenter. These measures were then
corrected for the optimized charge using equation (1). It is possible to used, because the
Kerma is proportional a charge to low voltage [9].

Co (1)
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Since K is the new value kerma (converted to the optimized charge range), K, is the kerma
measured with the ionization chamber, C, is the optimized charge, C, is the charge used for
measurements with the chamber.

The results of the films and the ionization chamber were related and then the calibration
coefficient of the film was obtained, with this coefficient the data of the film in kerma were
obtained and then the calculation of the CTDI,,,; and the MSAD.

2.2. Image evaluation for optimized and non-optimized protocol

The image evaluation was done through the RadiAnt DICOM View software [11], where it is
possible to open DICOM format images. The images obtained from the optimized protocol
were then analyzed through a ROI selection of the simulator central slice, from this region the
standard deviation value and the mean of the Hounsfield scale value were taken for the
calculation of the image noise, according to equation 2. This is used to calculate the noise of
CT images, so the mean of the grays colors is increased by 1000.

R=—2 2
M + 1000

Since R is the image noise, o is the standard deviation, and M is the average intensity value
in Hounsfield scale.

3. RESULTS AND DISCUSSION

In table 1 are presented the calibration coefficients of the film, CTDlIyo, and MSAD were
calculated for the optimized and non-optimized protocols, using the simulator, ionization
chamber and radiochromic film.

Table 1: Results of calibration coefficients, MSAD and CTDIva for the optimized and
non-optimized adult head exam protocol

Protocol Optimized Not optimized
Voltage (kV) 80 100 120 120
Weighted calibration
coefficient (mGy. 0.353 0.394 0.390 0.781

Intensity™!)
CTDIvol of the

radiochromic film (mGy) | 5303 8.906 9.022 67.867
CTDLo of the ionization | ¢\ /. 8.596 8.581 67.098
chamber (mGy)
MSAD (mGy) 8.016 8.459 8.458 64.43

Table 1 shows that the lowest CTDIyo1 value for the dosimeters used was the protocol whose
voltage was 80 kV, but the values of 100 and 120 kV presented their values very close.
Comparing 80 kV protocol with the one used in the hospital, it was possible to reduce the
mean dose by approximately 87.5%.
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Comparing the calculated MSADs for the optimized protocols presented lower doses than
those suggested by the NRD for adult head examinations, and in the case of the non-
optimized protocol it exceeded the recommended dose of 50 mGy.

The image noise value is presented in table 2. The standard deviation represents the
uncertainty associated with the image and the average of the grays colors is the signal
produced by the system, the calculated noise is the ratio between these quantities. It is
observed that the noises for the optimized protocols are close and below 1%, since the
protocol used by the hospital was below 0.5%.

Table 2: Data noise for optimized and non-optimized protocol.

Protocol Optimized Not Optimized
Voltages (kV) 80 100 120 120
Standard deviation 7.705 7.642 7.48 4.908
Average Hounsfield 87.06 103.34 112.55 110.75
value (intensity)
Noise (%) 0.708 0.693 0.672 0.442

The protocols optimized and not optimized in its methodology used the AEC with the fixed
noise index. Comparing table 1 with table 2, it is observed in the non-optimized protocol that
it has a high dose and a low noise that in contrast in the optimized protocols there is a low
dose and a noise considered medium, but this noise is acceptable for the image Diagnosis.

Figure 2, shows the relationship between dose (calculated from the radiochromic film) and
noise. It is possible to observe which is the better protocol of acquisition to be chosen,
through the protocol that presented less noise and lower dose for the patient, without
interfering in the image quality.

07104  80kV
] |
0,705 -
0,700 -
0,695 100 kV
4 ]
0,690 -

0,685 —

Noise (%)

0,680

06757 120 kV
b ]

0,670 —

. — .
8,2 8,3 8,4 8,5 8,6 8,7 8,8 8,9 9,0 9,1
CTDI_ (mGy)

Figure 2: Graph of the CTDIva versus noise for optimized 80, 100 and 120 kV protocols.
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Note that the protocol that has the best dose-noise ratio is the 80 kV protocol, because its
noise is close to 100 and 120 kV protocols, presenting a noise value of 0.051% higher, and
has the lowest dose between them. Comparing the optimized 80 kV protocol with the non-
optimized protocol, this optimized protocol has a noise value of 0.62% higher than in the
non-optimized.

The kerma profiles of the optimized and non-optimized protocols for the five regions of the
simulator are shown in figures 3, 4, 5 and 6, and it is possible to note that, the kerma is higher
in position 12 than positions 6 and central position. The central position is lower due to
attenuation in the peripheries of the simulator and in region 6 is due to attenuation of the CT
table.

Figures 4 and 5 show the kerma profiles proximity for all regions of the simulator, since the

beam is more penetrating and contributes to the kerma increase in the region 6 and central
position, and consequently there is a kerma decrease in the positions 3, 9 and 12.

13
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Figure 3: Kerma profile for optimized protocol of 80 kV.

INAC 2017, Belo Horizonte, MG, Brazil.



(Aow) ewiay

Distance (cm)

Figure 4: Kerma profile for optimized protocol of 100 kV.
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Figure 5: Kerma profile for optimized protocol of 120 kV.
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Figure 6: Kerma profile for the non-optimized protocol.

3. CONCLUSIONS

The advantages of using the radiochromic film in the service protocols optimization are: the
time reduction to the acquisition of the dosimetric data compared to the use of the ionization
chamber, can provide information when the kerma profile for later analyzes and easy
handling.

The use of the AEC contributed to a quick and efficient choice of the best current to be used.
In the case of the optimized protocols and the one used by the service, both were acquired
with different methodologies, but in common they used the AEC and fixed the noise index. In
the method used in the optimization of the service protocol the dose was reduced by up to
87.5% and a noise below 1% in homogeneous area, which is acceptable for the CT image.
The high dose is due to the choice of the noise index fixation, which consequently interferes
in the increase in the dose in the patient, so the analysis of the dose-noise ratio must be made
to choose the best protocol to be used by the service.

The obtained MSAD results presented for the optimized protocols below the value of the
NRD, being the protocol of 80kV the lowest value with 8.016mGy, and for the non-optimized
protocol was 22.4% above the suggested value.
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Abstract

A computed tomography dose index can be used to quantify the radiation dose received duringa CT scan and it is an indicator of the
radiation dose to the polymetaylenmetaAcrylate (PMMA) standardized phantom. The objective of this study was 2-fold. The first was
to measure the computed tomography (CT) radiation dose for the head and body polymetaylelenmetaAcrylate (PMMA) phantoms
and to determine the accuracy of the CT radiation dose parameter displayed on the CT scanner console; these were measured in this
investigation and compared with the dose displayed on the CT scanner console. The dose was calculated using the formalism
described in the American Association of Physics in Medicine (AAPM) Report 96. The second was to compare the dosimetric results
of the head and body polymetaylelenmetaAcrylate (PMMA) phantoms with dose reference levels published in international journals,
as well as to measure the central cumulative dose (DL/ (0)), as recommended by the American Association of Physics in Medicine
(AAPM) report | 11. This is a new, cutting-edge methodology for estimating the CT radiation dosage provided by the abdomen,
thorax, and head of a PMMA phantom. We used a Philips Big Bore CT scanner with 16 slices. A CT dosimeter head phantom with a
diameter of 16 cm, a CT dosimeter body phantom with a diameter of 32 cm, a 100 mm pencil chamber (PC), and a 20 mm short
chamber (SC) were employed. These were coupled to an electrometer and a dosimetric readout device. The measured volume
computed tomography dose index (CTDIvol) values were in good agreement with the CT radiation dose displayed on the cor-
responding CT scanner console. The percentage disagreement was less than 10%, with a maximal difference of 1.7% and 5.5% for the
body and head phantom, respectively. The central cumulative dose (DL (0)) measurements (for L'=100 mm) also matched nominal
or the corresponding computed tomography dose index (CT) scanner console volume computed tomography dose index (CTDIvol)
values. In this case, the agreement is always below 3% for abdomen scans and 1.0% for head examinations. This result implies that the
radiation dose supplied by the |6-slice computed tomography (CT) system was in good agreement with the international dose
reference level and we observed something different.

Keywords
radiation dose, computed tomography dose index, dosimetric reference levels, computed tomography scan

Introduction T [
CTDI = — / D(z)dz=. ¢)
Computed tomography (CT) is a highly effective tool used Ly

by radiologists to detect illness in the human body. It was
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Where,T is the total x-ray slice collimation.

The dose profile in the crania-caudal direction is denoted by
-D (z).!

The general irradiation of a patient undergoing sequential
computed tomography dose index (CT) examination to il-
lustrate the CTDI approach in the patient dosimeter is shown
in Figure 1,> where each circle represents a unitary dose
expressed in arbitrary units. The dose absorbed in the patient
slice of interest (highlighted in the figure) is given by the five

Figure |. The typical dose profile in a sequential computed
tomography (CT) examination is moving along the z-axis. The dose
in the slice of interest is calculated by adding the contributions in the
slice.*

central CT irradiations in the figure. The figure also shows that
the first and final irradiations (placed at a distance from the
slice of interest) do not contribute to the dose in this ana-
tomical region. Consequently, the dose in the patient slice of
interest is given by adding the contributions in the slice of
interest (highlighted in the figure). It is equal to 10 in arbitrary
units (Figure 1).

The relationship between the CTDI and the dose in the
patient slice is defined in equation (1). For simplicity, the
patient slice was assumed to be 10 mm (x-ray) slice thickness
(T =10 mm). As shown in Figure 2, the pencil chamber (PC)
averages Rx (X-ray) contributions to the dose over its length,
L. As a result, in Figure 2, a final reading M = 1 in arbitrary
units was obtained.

This reading M is also expressed by the relation
M=1[ LZ D(Z)dz allows rewriting equation (1) as follows:'

L
CTDI = —M @)

Equation (2) yields a CTDI of 10 (au) for L = 100 mm and
T =10 mm. This is the same value of the dose absorbed in the
patient slice obtained above by adding the dose contributions
as shown in Figure 1. This numerical equivalence is crucial
because it indicates that the CTDI value of a clinical CT scan is
a dosimetric indicator estimating the dose in a patient slice.
The weighted CTDI is the average dose over the central slice
of a series of contiguous slices obtained during a head or body
CT examination.”® The CTDI measured using dosimetric
phantoms is also referred to as the weighted computed to-
mography dose index (CTDIw). It is given by the following
equation:

1 2
CTDI, = §CTDIC + gCTDIp, 3)
where CTDIc = CTDI at the central position of the PMMA

phantom' and CTDIp = the CTDI averaged over the four
peripheral positions of the PMMA phantom.

Rx

‘T=10 mm
+—

.

I 11—

—
L= 100 mm
= N

Rx

T=10mm
—_— —

t M=1ina.u.

«—
L=100 mm

Figure 2. The pencil chamber (PC) reading averages the Rx (X-ray) contributions over its length, L.
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Figure 3. Set-up for CTDI determination.

For helical CT examinations, the parameter estimating the
dose in a patient slice is the CTDIvol.” It is defined as follows:
CTDIw
CTDI,, = , )
Py

where py is the pitch factor.'~

The central cumulative dose DL’ (0) was introduced by the
new modern American Association of Physics in Medicine
(AAPM) to address the shortcomings of the conventional
CTDI-based dosimetric approach.® This dosimetric indicator
is defined as the dose in a patient slice caused by a CT ex-
amination with a scan length of L. The method is highly
practical because it allows for direct measurements of all
clinical helical scans using short camber (SC) in the typical
dosimetric head and body PMMA phantoms. DL’ (0) is the
equilibrium dose (Deq) that is comparable to the CTDIvol for
a scan length of L =100 mm.*° utilizing dose measurements
obtained from the phantom’s central hole (Deq, ¢) and those
obtained from the phantom’s peripheral hole (Deg, p)''°

1 2

where

DL (0) c=is refers to the DL (0) measured in the central
position of the dosimetric phantom and DL’ (0)p = is the
mean value of DL’ (0) measured in the peripheral lo-
cations of the same phantom.

Equation (5) explains one of the advantages of the
American Association of Physics in Medicine (AAPM) do-
simetric approach. It enables the assessment of (CTDIvol) by
performing central cumulative dose (DL’ (0)) measurements
for L =100 mm on clinical scans.'® The purpose of the present
study was to estimate the CT dose index for head and body
PMMA phantoms and to determine the accuracy of the CT
radiation dose parameter displayed on the CT scanner con-
sole.” The CT dose index was estimated using the American
Association of Physics in Medicine (AAPM) Report 96

formalism. The study was performed on a Philips 16-slice CT
scanner with a 100 mm pencil ionization chamber. The
measured body and head phantom doses were compared to
selected international dose reference levels and varying de-
viations were observed. The role of the medical physicist in
this study is to track and measure the dose to patients using
appropriate indicators.'"'?

Materials and Methods

The measurements were performed on a Philips Big Bore
16-slice CT system installed at the Radiotherapy De-
partment of the S. Chiara Hospital, Trento, Italy. The study
involved the use of a standard CTDI head phantom, a
standard CTDI body phantom, and a Radical 3CT pencil
chamber (PC) with a length of 100 mm and a short 10 x 5
ionization chamber (SC) with a charge collection length of
20 mm. Both the chambers were coupled with a Radical
9010 electrometer (Figure 3).

The characterization of the computed tomography (CT)
scanner involved preliminary measurements of the CTDI in
free air, and the PC (pencil chamber) was placed at the CT
center. The selected scan parameters of the series of single-
rotation CT protocols were 90-120-140 kV, 100-200-
400 mAs, and a slice thickness ranging from 3 mm to 24 mm.

The second series of measurements assessed the CTDIvol
with head and body phantoms. These provided a direct
comparison between measured CTDIvol values and the
nominal value displayed on the CT scanner console and
compared international dose reference levels.*'*"'> The scan
parameters for both types of phantom head and body were
120 kV, 100 mA, and a slice thickness of 24 mm.

The final dosimetric evaluations involved the measurement
of the central cumulative dose DL’ (0) of the helical head,
abdomen, and thorax scans with a scan length L of 100 mm
and different scan parameters. In these conditions, we ob-
tained DL (0) = CTDIvol. Therefore, we estimated equation
(5). DL’ (0) was then compared with the corresponding
nominal volume CTDIvol and to the CTDIvol international
reference levels. The CT dosimetric values were estimated in
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Table I. Normalized Measured CTDI in free air for Different Voltages (kV), Tube Charges (mAs), and X-Ray Slice Collimations (mm).

Voltage (kV) Charge (mAs) Rx (X-ray) slice thickness (mm) PC Readings (mGy) Normal. CTDI in free air (mGy)
90 100 24 1.53 6.4
120 100 24 3.27 13.6
140 200 24 4.76 19.8
120 100 24 3.27 13.6
120 200 24 6.54 13.6
120 400 24 13 13.5
120 100 24 3.27 13.6
120 100 12 1.86 15.5
120 100 6 1.02 17.0
120 100 3 73 244

30 console as shown in Table 2. According to various published

data, the experimental CTDIvol values demonstrate signifi-

. Q cantly high agreement between the nominal (console) CTDI

'S \ value and measured CTDI values.'* On the other hand, as

élf; - 20 \\‘\ described in the earlier sections and in the literature.' As

e 4 —— explained in the previous section, the CTDI-based approach

'é E e shows certain limitations in dose assessment for helical scans.

= % 10 The present study provided certain central cumulative dose

e (DL’ (0)) measurements on helical CT scans to overcome this

80 5 drawback.'” These reveal, confirming a good agreement of the

Tg E data with the corresponding CT scanner console volume

= 0 CTDIvol and, subsequently, the robustness of the advanced

= 0 5 10 15 20 25 AAPM approach. In addition, CTDIvol of 11.6 and 10.6 mGy

Rx slice thickness (mm) obtained for abdomen and thorax scans match the prescrip-

Figure 4. Normalized computed tomography dose index (CTDI) in
free air (mGy) for different Rx (x-ray) slice thicknesses.

the American Association of Physics in Medicine (AAPM)
report 96.°

Results

The result of the (CTDI for free air measurements, in par-
ticular, the experimental data, verify that the CTDI calculated
in accordance with equation (2) depends on the selected
voltage, with higher values corresponding to a higher voltage
in as shown in Table 1. The CTDI measurements in the present
study, in accordance with data in the literature, showed a linear
relationship between CTDI and mAs.'® The experimental data
also verified the relationship between X-ray slice thickness
and CTDI in free air. In particular, narrow slices, for example,
3 mm, see Figure 1, emphasize the rule of over beaming.’

This result increased CTDI values and the Rx (X-ray) slice
thickness will be decrease as shown in Figure 4.

The radiation dose delivered by the head and body PMMA
phantom was in good agreement with the dose displayed on
the corresponding computed tomography (CT) scanner

tions of international standards as seen in Table 3, which
specify dose reference levels of 15 mGy for body examina-
tions. A similar result was obtained for the head scan the
measured and displayed on the corresponding CT scanner
console CTDIvol values (<56 mGy) which were below the
reference level of 60 mGy.*

The comparison of the dose delivered to head and body
phantoms with international publication is shown in Table 4. The
present study also shows that the dose delivered to patients by the
16-slice CT scanner is below the international dose reference
levels for head and body phanton.>*10:13-15.18

Discussion

The American Association of Physics in Medicine (AAPM)
Report 96 formalism and the comprehensive methodology for
the evaluation of radiation dose in the CT report of the
American Association of Physics in Medicine (AAPM) task
group 111 were used to evaluate CT radiation dose
exposures.”® The CTDI value was calculated in free air at tube
potential (90.120, 140) kV, tube current (100, 200, and 400)
mAs and X-ray slice thickness (3, 6, 12, and 24) mm were
estimated in this study. The X-ray slice thickness increases the
radiation dose for free air decrees and vice versa. The present
study was to estimate the CTDI for head and body phantoms
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Table 2. Percentage Disagreement Between CTDIvol Measurements And The Reported Result Of The Corresponding Dose Displayed on

the console (Nominal CTDIvol on the CT Console).

PC readings at different phantom locations (mGy)

CTDlvol (mGy)

Body region Center 3 6 9 12 Calculated Displayed CTDI disagreement (%)
Head 2.29 2.48 231 2.46 2.60 10.0 10.2 1.7
Body 77 1.81 1.48 1.82 1.65 5.8 6.1 5.5

Table 3. Comparison of the Measured Central Cumulative Dose (DL/(O)) to the Dose Displayed on the Console.

SC readings in different phantom

locations (mGy)

Charge Pitch (unit Measured DL (0) Displayed CTDlvol DL (0)-CTDlvol
Exam (mAs/sl) less) Center 3 6 9 12 (mGy) (mGy) Disag. (%)
Abdomen 220 1.188 6.92 13.85 1392 1449 153 1.9 1.6 -2.5
Thorax 200 1.063 6.10 13.69 11.79 13.72 13.48 10.8 10.6 -2.0
Head 550 313 5228 572 53.16 57.44 61.28 55.6 55.9 0.5

Table 4. Comparison of the Dosimetric Results of the Head and Body Phantom with International Dose Reference Levels.

CTDlvol (mGy)

Examination This study Europe (2004) UK (2003) ACR (2008) Norway (2018) Sweden (2019)
Body 5.8 15 14 25 13 12
Head 10.0 60 65 75 60 60

and to determine the accuracy of the CT radiation dose pa-
rameter displayed on the CT scanner console using a 16-slice
CT scanner, short ionization chamber, and pencil ionization
chamber. The result of the CTDI in the present study was a
good agreement for the corresponding CT scanner console
value and also the selected international does reference level
and varying deviations were observed. The measured CT
radiation dose for head and body phantoms was less than the
international dose reference level. We advised radiologists to
utilize there must be carefully selection of technical parameter
of CT scanner that control exposure of patient radiation dose
and regular checking of scanner performance with measure-
ment of the CT dose index parameter. The purpose of the
present study was computed tomography. The CT dose
measurement is a very important measurement in the ac-
ceptance of any CT scanner after installation. The CT radiation
dose parameter is accepted.

Conclusions

Computed tomography (CT) is a highly effective tool used by
radiologists to detect illness inside the human body and deliver a
high dose to patients compared with other imaging modalities.
The CT radiation dose reported by the computed tomography
console during a CT scan examination is based on the CTDI
stated in reports by the American Association of Physics in
Medicine (AAPM). The CTDI is a standardized measure of the

dose output of the CT system. The present study showed a
deviation of 1.7 % and 5.5 % using the American Association of
Physics in Medicine’s (AAPM) report 96 dose estimation for-
malism. The measured computed tomography (CT) radiation
dose or dosimetric values of certain clinical CT scans are less
than the international diagnostic reference levels (DRLs). In
particular, this work is in agreement with other studies when it
shows that a series of clinical CT scans match the prescriptions
of international standards concerning patient exposure.’ In
general, the present study describes the most important exam-
inations and activities of specialists in medical physics working
on computed tomography (CT) radiation dose measurements.
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Abstract: Computed tomography examinations have caused high radiation doses for patients, espe-
cially for CT scans of the brain. This study aimed to optimize the radiation dose and image quality in
adult brain CT protocols. Images were acquired using a Catphan 700 phantom. Radiation doses were
recorded as CTDI,, and dose length product (DLP). CT brain protocols were optimized by varying
parameters such as kVp, mAs, signal-to-noise ratio (SNR) level, and Clearview iterative reconstruc-
tion (IR). The image quality was also evaluated using AutoQA Plus v.1.8.7.0 software. CT number
accuracy and linearity had a robust positive correlation with the linear attenuation coefficient (i) and
showed more inaccurate CT numbers when using 80 kVp. The modulation transfer function (MTF)
showed a higher value in 100 and 120 kVp protocols (p < 0.001), while high-contrast spatial resolution
showed a higher value in 80 and 100 kVp protocols (p < 0.001). Low-contrast detectability and the
contrast-to-noise ratio (CNR) tended to increase when using high mAs, SNR, and the Clearview IR
protocol. Noise decreased when using a high radiation dose and a high percentage of Clearview IR.
CTDI,, and DLP were increased with increasing kVp, mAs, and SNR levels, while the increasing
percentage of Clearview did not affect the radiation dose. Optimized protocols, including radiation
dose and image quality, should be evaluated to preserve diagnostic capability. The recommended
parameter settings include kVp set between 100 and 120 kVp, mAs ranging from 200 to 300 mAs,
SNR level within the range of 0.7-1.0, and an iterative reconstruction value of 30% Clearview to 60%
or higher.

Keywords: dose optimization; iterative reconstruction; image quality; radiation dose

1. Introduction

Computed tomography examinations have caused high radiation doses for patients,
especially for CT scans of the brain [1]. Currently, CT machines use various technologies
or innovations to reduce the radiation dose to patients or to ensure the most negligible
radiation dose. In addition, there are also efforts to use low-radiation protocols and develop
algorithms or image processing to improve image quality, resulting in better image qual-
ity [2-7]. Historically, CT protocols were established by the vendor and were not modified
or optimized after being used for a long time. Image quality and radiation dose were
not considered.

In radiation protection principles, optimization is considered an essential process
to ensure that patients receive the appropriate amount of radiation for the examination
and that image quality is sufficient for diagnosis [8-11]. Computed tomography (CT) is
a diagnostic imaging modality that uses high radiation doses to create images and may
expose the patient to radiation risk [12,13]. CT scans of the head expose sensitive tissue,
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especially the lenses of the eyes, which can be damaged and develop cataracts if the
radiation dose exceeds a certain level [13-17].

According to a report by the United States and Canada, CT scan machines have
been widely used in many countries and continued to increase among adults, but at a
slower pace in more recent years from 2000 and 2016 [18]. The United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) reported an average annual
effective dose received in the United States. The significant increase in the use of ionizing
radiation for medicinal reasons resulted in a total increase from 3.0 mSv in 1980 to 6.2 mSv
in 2006. CT scan data showed 1.5 mSv of effective dose and contributed a radiation dose to
patients of approximately 24.2% of the normal dose received in daily life [1,18]. Many pa-
rameters affect the patient’s radiation exposure, such as kVp, mA, mAs, pitch, scan range,
slice thickness, and the reconstruction algorithm. Acquisition parameters also affect image
quality and the performance of images for diagnosis [15,19-22].

Several iterative reconstruction (IR) algorithms are currently available from various
CT vendors. IR algorithms are designed to reduce image noise, improve low-contrast
detail, reduce artifacts and radiation dose, and maintain high contract resolution. Iterative
reconstruction (IR) algorithms are divided into two types: statistical IR algorithms or
hybrid and model-based IR algorithms (MBIR) [23]. Statistical IR algorithms are performed
using iterative filtration in projection and image space. ASIR, ASIR-V, AIDR3D, iDose, and
SAFIRE are commercial statistical IR. MBIR algorithms which are performed using forward
projection from the current image estimate in image space to projection space for simulating
projection data. After comparing simulated and measured projection data, an image data
update can be computed via the back projection of a correction term. The iterative cycle
is repeated until a predefined stopping point is reached. VEO, IMR, ADMIRE, and FIRST
were the MBIR algorithms [23,24]. ClearView IR operates iteratively in both projection
space and image space. The noise that accompanies low-dose acquisitions can be removed
while preserving all edges.

Objective and subjective evaluation methods can be used to analyze image quality in
CT images [25-28]. In the objective evaluation method, images are evaluated quantitatively
using the QA CT phantom. The subjective evaluation method involved the image quality
being evaluated by radiologists or experts, who score the image quality. The typical quan-
titative parameters used to evaluate the image quality include CT number accuracy and
linearity, high-contrast spatial resolution, modulation transfer function (MTF), low-contrast
detectability and contrast-to-noise ratio (CNR), image noise, uniformity, and mean CT
number [29,30].

Optimization protocols should balance radiation and image quality because acquisi-
tion parameter changes could affect the image quality. Therefore, the objectives of this study
were to optimize the CT brain protocols by varying kVp, mAs, SNR, and the Clearview
iterative reconstruction (IR) algorithm and to evaluate the image quality using the qualita-
tive method, using Catphan700 phantom to obtain the image. Image quality evaluation
can use AutoQA Plus software and demonstrate CT number accuracy and linearity, high-
contrast spatial resolution, modulation transfer function (MTF), low-contrast detectability
and contrast-to-noise ratio (CNR), image noise, uniformity, and mean CT number.

2. Materials and Methods

This study used a Catphan700 phantom to acquire images, and the CT scanner
was Neusoft in a model of NeuViz 128 (Neusoft Medical Systems, Shenyang, China)
with 128 slices. The optimized protocols were adjusted by varying kVp, mAs, SNR, and
Clearview iterative reconstruction. After finishing the scanning, a radiation dose of CT was
recorded as CTDIvol and DLP.

2.1. Image Acquisition Protocols

The scan parameters are presented in Table 1. All CT scans were performed with the
same scan parameters, and all data acquisitions were taken 3 consecutive times.
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Table 1. Data acquisition protocols used for dose optimization in default clinical brain protocols of
the Neusoft NeuViz 128 CT scanner.

Parameters Default (Optimized Protocol)
kVp 120 (80, 100, 140)
mAs 300 (100, 200, 400)
Rotation time 1.0s
Pitch 0.5
Slice thickness 5 mm
SNR level 1.0(0.3,0.7,1.3,1.7)
FOV 250 mm
Kernel F20
IR 50% (20%, 30%, 40%, 60%) Clearview
Matrix 512 x 12

2.2. Data Acquisition and Image Quality Evaluation

The Catphan 700 phantom was used to acquire the image by scanning according to
three clinical routine scans for the brain. The AutoQA Plus v.1.8.7.0 software (QA Bench-
mark, LLC, Ellicott City, MD, USA) was used to analyze image quality.

2.3. Catphan 700 Phantom

A Catphan 700 phantom (The Phantom Laboratory Incorporated, Salem, NY, USA) was
used to evaluate all image quality [31,32]. The phantom has a cylindrical shape and contains
6 modules, including CTP682 (geometry sensitometry and point source module), CTP714
(30-line pair high-resolution module), CTP515 (subslice and supra-slice low contrast),
CTP721 (wave insert), CTP723 (bead blocks), and CTP712 (uniformity section). CT scans of
the Catphan phantom were obtained using Neusoft NeuViz 128 (Neusoft Medical Systems,
Shenyang, China) [33]. Quality control (QC) testing was performed annually for all CT
scanners and the CT number was also calibrated.

2.4. CT Number Accuracy and Linearity

The module CTP682, containing different sensitometry targets, was used to perform
CT number accuracy and linearity [34-36]. This module has sensitometry targets made from
Teflon®, Bone 50%, Delrin®, Bone 20%, acrylic, Polystyrene and low-density polyethylene
(LDPE), polymethylpentene (PMP), Lung foam #7112, and air, including a water container.
In the circular region of interest (ROI), approximately 80% of each target size was selected
and the measured mean CT number was recorded for each target. The mean CT number
of each target was compared to the range of actual CT numbers from the specifications
of the phantom. The linearity was also tested using Pearson’s correlation coefficient (r)
between the measured CT number and each target’s linear attenuation coefficients ().
The CT numbers’ accuracy should not exceed the tolerance limit from the recommendation
range of the Catphan 700 phantom.

2.5. The High-Contrast Spatial Resolution and Modulation Transfer Function (MTF)

High-contrast spatial resolution is the ability of a system to distinguish high-contrast
objects from neighboring objects [37]. Two broad methods exist to analyze high-contrast
spatial resolution by calculating the modulation transfer function (MTF) and objective
analysis or resolution bar pattern assessment [37-39]. The spatial resolution is measured
by calculating a small wire’s point spread function (PSF) with 0.05 mm tungsten (module
CTP682). PSF generates line spread functions (LSFs) in both vertical and horizontal direc-
tions. The MTF was calculated by taking the Fourier transform and shown in the value
line pair/cm at 50%, 10%, and 2% of the MTFE. The CTP714 high-resolution module with
1-30 line pair per cm gauges was used to evaluate high resolution. The tolerance levels of
spatial resolution in the CT brain scan should exceed 5 Ip/cm [36]. The expected values of
MTF at 50%, 10%, and 2% exceeded 3, 5, and 7 cycles/cm, respectively [31,40,41].
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2.6. Low-Contrast Detectability and Contrast-to-Noise Ratio (CNR)

Low-contrast resolution refers to the ability of a system to distinguish between low-
contrast structures and their background [6,34,42,43]. Module CTP515 was used to de-
termine CNR, which contains low-contrast supra-slice targets with diameters of 15, 9, §,
7,6,5,4,3, and 2 mm, and contrast levels of 0.3%, 0.5%, and 1.0%. CNR measured the
difference between target signals and background signals. Low-contrast detectability was
also calculated and shown as the theoretical contrast—detail curve. The curve showed the
minimum contrast level at the given diameter that should be visible. CNR performance
should meet the standards at 1 for the adult head protocol [34].

2.7. Image Noise, Uniformity, and Mean CT Number

The CTP71 was used for the measurement of uniformity and image noise [31,34,36,44].
Image uniformity was measured by using the difference value of the maximum HU of the
center and the 4 peripheral ROl at 3, 6, 9, and 12 o’clock locations. The noise level was
defined as SD and measured at the center with a diameter of ROI 40% of the phantom.
The mean CT number represents the center ROI mean for a phantom’s 10% ROI size.
The difference between the mean CT value of each peripheral ROI and the center ROI
should not exceed 5 HU and the noise level should not exceed 5 [34]. The mean CT number
should not exceed 12 + 10 HU.

2.8. Radiation Dose

The CTDIvol and dose length product (DLP) were used as dose indices for the CT and
collected from the dose report. The DLP was calculated by multiplying the CTDIvol by the
scan length [21,45].

2.9. Statistical Analysis

Quantitative data from image quality evaluation and radiation dose were expressed
as means. CT number linearity was tested by using Pearson’s correlation. CT accuracy was
compared with the tolerance values of recommendation. The parameters for the evaluation
of image quality were analyzed using AutoQA Plus software and compared with the
default protocol or the reference and tolerance values of the American College of Radiology
(ACR) or the International Electrotechnical Commission (IEC). Radiation doses (CTDIvol,
DLP) were compared with the default protocol and the percentage difference from the
default protocol was also calculated. Statistical analysis was performed with one-way
ANOVA followed by Tukey post hoc test for comparisons between groups.

3. Results
3.1. CT Number Accuracy

Table 2 shows that the correlation coefficient found was between 0.998 and 0.999.
It indicates that CT numbers and linear attenuation coefficients have a very high positive
relationship. For the default clinical brain protocols at 120 kVp, 300 mAs, SNR 1.0, and
50% Clearview IR algorithm, the CT numbers did not pass the evaluation criteria for Teflon
and Delrin. When the kVp was changed to 80 kVp, Acrylic, Bone 50%, LDPE, Bone 20%,
Polystyrene, and PMP did not pass the criteria, while Teflon and Delrin did not pass the
criteria at 100 kVp. At 140 kVp, Bone 20% and Delrin did not pass the criteria. When the
mAs were changed to 100, 200, and 400 mAs, with SNR levels of 0.3, 0.7, 1.3, and 1.7, and
20%, 30%, 40%, and 60% Clearview IR, Teflon and Delrin did not pass the criteria.

3.2. Modulation Transfer Function (MTF)

All optimized protocols demonstrated that the MTF passed the evaluation criteria for
all percentages of MTF at 50%, 10%, and 2%, with tolerance levels of 3, 5, and 7 cycles/cm,
respectively (Table 3). Varying kVp revealed that protocols at 100 and 120 kVp had an
MTF value that was 50%, 10%, and 2% higher than protocols at 80 and 140 kVp (p < 0.001).
When the mAs were optimized to 100, 200, 300, and 400 mAs, it was found that the MTF
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values at 50%, 10%, and 2% showed a higher MTF when the mAs were increased. When
the SNR levels were varied to 0.3, 0.7, 1.0, 1.3, and 1.7, it was found that the MTF value
increased as the SNR level increased. Finally, when the IR was at 20%, 30%, 40%, 50%, and
60% Clearview, it was discovered that the MTF value showed a similar value of MTF at
30%, 40%, 50%, and 60% Clearview, while a 20% MTF showed the worst MTF value.

Table 2. CT number accuracy in each optimized protocol and material, and correlation coefficient (r)
showing the relationship between CT number and attenuation coefficient.

Materials 80 kVp 100 kVp 120 kVp 300 mAs 140 kVp 120 kVp 120 kVp 120 kVp
300 mAs 300 mAs (Default) 300 mAs 100 mAs 200 mAs 400 mAs
Air —973.8 —-971.9 —967.8 —968 —968 —968 —969.1
Lung —806.5 —805.1 —798.5 —800.3 —798.4 —800 —800
PMP —211.2 —190.8 -177.1 —-171.1 —176.5 —176.6 —176.5
LDPE -123.9 —103.7 -90 —82.1 —89.1 —88.8 -89
Polystyrene —67.5 —46.9 —33.6 —27.7 —34.7 -33.3 —33.8
Water -0.9 1.3 2.8 0.7 35 35 3.3
Acrylic 98.5 112.6 122.6 127.1 1235 124.6 123.3
Bone20 302 168.5 186.9 223.6 186.2 187.1 187.5
Delrin 330.4 2447 301.1 360.9 300.3 301.3 301.1
Bone50 908.3 643.1 629.9 636 628.2 631 629
Teflon 969 813.5 882 931.1 882.4 882.1 883.1
r 0.998 0.998 0.999 0.999 0.999 0.999 0.999
Materials SNR0.3 SNR 0.7 SNR1.3 SNR 17 Clezza(r)iﬁew Cleigjzew Cleigjﬁew Clezgjzew
Air —969.6 —968.6 —966.7 —967.6 —969.9 —969.6 —970.2 —965.3
Lung —800.5 —7994 —798.3 —797.8 —800.7 —799.7 —801.5 —797.8
PMP -177.5 -176.9 —177.4 —176.5 —176.6 —176.9 —177.5 —175.9
LDPE —90.8 —89.3 —88.8 —89.2 —89.3 —89.9 —89.7 —89.6
Polystyrene —35.5 —34.7 —33.9 —34.3 —34.6 —34.5 —35 —33.6
Water 22 2.5 1.8 2.6 2.7 3.7 14 32
Acrylic 122.6 124.1 1233 123.8 123.6 123.2 123 123.3
Bone20 188.8 186.4 187.7 188.3 188.8 189.1 187.8 184
Delrin 300.4 299.8 300.1 300 299.3 300.7 299.7 300.8
Bone50 628.6 629.3 628.1 629.1 628.6 628.8 628.4 628.3
Teflon 881.6 881.7 879.7 880.4 882.4 881.1 879.9 882.7
r 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999
Table 3. MTF at 50%, 10%, and 2% of optimized protocols.
MTF (%)  80kVp300  100kVp 120 kVp 300 mAs  140kVp300  120kVp 120 kVp 120 kVp
mAs 300 mAs (Default) mAs 100 mAs 200 mAs 400 mAs
50 3.74 4.37 418 3.86 4.03 4.28 45
10 6.85 7.07 7.1 6.69 6.97 6.97 6.97
2 8.33 8.34 8.82 8.41 8.09 8.09 8.31
MTE (%) SNR 0.3 SNR 0.7 SNR 1.3 SNR 1.7 Clei?\ﬁew Cle::g\ﬁew Cleig\ﬁew Cleig\ﬁew
50 441 441 441 441 3.95 412 412 4.29
10 6.87 6.93 6.94 7.02 6.83 6.95 7.12 7.12
2 8.45 8.5 8.52 8.62 8.54 8.55 8.59 8.59
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100mAs

100 kVp

200 mAs

3.3. High-Contrast Spatial Resolution

Figure 1 shows that the 80 kVp and 100 kVp protocols had higher high-contrast
spatial resolution than the 120 kVp and 140 kVp protocols (p < 0.001). The mAs, SNR, and
percentage Clearview IR algorithm did not affect the high-contrast spatial resolution.

120kVp 140 kVp SNR=03 SNR =07 SNR=10 SNR=13 SMNR=17

300 mAs 400 mAs 20% Clearview 30% Clearview 40% Clearview 50% Clearview 60% Clearview

VARY TUBE VOLTAGE PROTOCOLS VARY TUBE CURRENT PROTOCOLS

MODULATION

—— A
- Vi ——
3ult
——1 i —_—
VARY SNR PROTOCOLS VARY %CLEARVIEW IR PROTOCOLS

T At
e

Figure 1. High-contrast spatial resolution of optimized protocols.

3.4. Low-Contrast Detectability

Figure 2 shows low-contrast detectability in the C-D model. It was found that in-
creasing the kVp, mAs, SNR, and % Clearview IR caused an improvement in the low-
contrast detectability in the low-contrast object and for objects with a small diameter.
Conversely, decreasing the kVp, mAs, SNR, and % Clearview IR caused a decrease in
low-contrast detectability.

3.5. Contrast-to-Noise Ratio (CNR)

Figures 3-5 show CNR at percentage contrast objects of 1%, 0.5%, and 0.3% with
various object diameters. It was found that increasing the radiation dose by increasing
kVp, mAs, and SNR produced a higher CNR, especially for protocols of SNR 1.7 and
SNR 1.3. Increasing the % Clearview IR also caused a higher CNR. Conversely, decreasing
radiation via decreased kVp, mAs, and SNR showed a decrease in low-contrast detectability.
The higher % Clearview IR showed an improvement in CNR.



J. Imaging 2023, 9, 264 7 of 16

BO kVp 100 kVp 120 kVp M0 kVp SNR=03 SNR=07 SNR=10 SNR=13 SNR=17
100mAs 200 mAs 300 mAs 400 mAs 20% Clearview 30% Clearview 40% Clearview 50% Clearview 60% Clearview
VARY TUBE VOLTAGE PROTOCOLS VARY TUBE CURRENT PROTOCOLS

VARY SNR PROTOCOLS VARY %CLEARVIEW IR PROTOCOLS

CONTRAST [ %

Figure 2. Low-contrast detectability of optimized protocols.
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Figure 3. Contrast-to-noise ratio at 1% contrast with various diameters of optimized protocols.
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Figure 4. Contrast-to-noise ratio at 0.5% contrast with various diameters of optimized protocols.

Figure 5. Contrast-to-noise ratio at 0.3% contrast with various diameters of optimized protocols.

3.6. Image Noise, Uniformity, and Mean CT Number

Figure 6 shows the noise levels from various optimized protocols. Noise levels were
found to be acceptable within a tolerance of 5 HU for protocols of 120 kVp, 140 kVp,
200 mAs, 400 mAs, SNR 0.7, SNR 1.3, SNR 1.7, and all percentages of the Clearview IR
algorithm. Figure 7 shows that all protocols failed to meet the acceptable range of 4 HU.
Figure 8 demonstrates that the mean CT number of all protocols was within the acceptable
range of 12 + 10 HU, except for protocol 80 kVp, which had a low mean CT number.

3.7. Radiation Dose

Figures 9 and 10 show the CTDIvol and DLP of the optimized protocols. The default
clinical protocol of brain CT exhibited CTDIvol and DPL at 37.2 mGy and 827.4 mGy*cm,
respectively. It was found that protocols of 80 kVp, 100 kVp, 100 mAs, 200 mAs, SNR 0.3,
and SNR 0.7 had lower CTDIvol and DPL than the default clinical protocol (p < 0.001),
while 140 kVp, 400 mAs, SNR 1.3, and SNR 1.7 showed higher CTDIvol and DLP than the
default clinical protocol (p < 0.001). CTDIvol and DLP were not affected when the levels of
the Clearview IR algorithm changed. Table 4 shows the percentage difference in CTDIvol
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and DLP compared to the default clinical protocol. The lower CTDIvol and DPL protocol
could decrease CTDIvol to 33.3-80.1% mGy and DLP to 33.4-80.4% mGy*cm. A higher dose
protocol could increase CTDIvol to 33.6-147.6% mGy and DLP to 30.3-141.8% mGy*cm.

80 kVp 0o kVp 120 kVp KO kVp SNR=03 SNR=07 SHR =10 SNR=13 SNR =17

100mAs 200 mAs 300 mAs 400 mAs 20% Clearview IO% Clearview 40% Clearview 50% Clearview 60% Clearview
NOISE
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) 2.6
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Figure 6. Noise level of optimized protocols.
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Figure 7. Uniformity of optimized protocols.
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Table 4. Percentage difference in CTDIvol and DLP compared to default clinical protocols.
80 kVp 100 kVp 120 kVp 300 mAs 140 kVp 120 kVp 120 kVp 120 kVp
300 mAs 300 mAs (Default) 300 mAs 100 mAs 200 mAs 400 mAs
% Diff
of CTDIvol —69.9 —39.0 0.0 45.2 —66.7 —33.3 33.6
% Diff
of DLP —-70.7 —40.4 0.0 41.8 —67.4 —34.8 30.3
20% 30% 40% 60%
SNR 0.3 SNR 0.7 SNR1.3 SNR 1.7 Clearview Clearview Clearview Clearview
% Diff
of CTDIvol —80.1 —57.3 454 147.6 0.0 0.0 0.0 0.0
% Diff
of DLP —80.4 —58.3 453 141.8 0.0 0.0 0.0 0.0
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Figure 10. DLP (mGy*cm) of optimized protocols.

4. Discussion

Optimization is considered an essential process in the principles of radiation protection
to ensure that patients receive the appropriate amount of radiation for the examination
and that image quality is sufficient for diagnosis. Computed tomography (CT) is one of
the diagnostic imaging modalities that uses high radiation doses to form images and may
contribute to the radiation risk to the patient. CT scans of the head expose sensitive organs,
particularly the lenses of the eyes, which may be damaged and develop cataracts if the
radiation dose exceeds a certain threshold. This study aimed to optimize the protocol for
CT brain scans, a routine protocol used in clinical practice. The protocol was adjusted with
the following scanning parameters: kVp (80, 100, 120, 140), mAs (100, 200, 300, 400), SNR
(0.3,0.7,1, 1.3, 1.7), and the Iterative Reconstruction algorithm (20%, 30%, 40%, 50%, 60%
Clearview). Moreover, quantitative image quality was also evaluated using the Catphan700
phantom to acquire images and evaluate the CT number accuracy and linearity, MTF, high-
contrast spatial resolution, low-contrast detectability, CNR, image noise and uniformity;,
and mean CT number. CTDIvol and DLP values were also recorded and evaluated in
various adjusted brain protocols.

The results demonstrated that CT number accuracy was within the specified range for
most materials and showed a linear relationship between each material’s linear absorption
coefficient (1) and CT number. The correlation coefficient (r) was within the range of
0.998165 to 0.999701, showing a strong positive relationship. For the 80 kVp protocol
adjustment, it was found that the CT number accuracy showed out-of-range CT numbers
in many materials because the average energy was decreasing, affecting the absorption
coefficient (i) and resulting in the CT number increasing [35]. Usually, 120 kVp is used for
CT scans; this machine has an effective energy of approximately 60 keV. Reducing the energy
to 80 kVp will affect the average energy and CT number accuracy. In addition, the factors
affecting the CT number accuracy depend on the filter and patient’s slice thickness [46,47].
Therefore, the CT number measurement for diagnosis should be considered carefully
because of the high error of CT number six. Some materials in another protocol also showed
an error in CT number accuracy. It has been recommended that water calibration should
be performed regularly to help maintain the accuracy of CT numbers, especially the CT
number accuracy of the water material [36].

High-contrast spatial resolution is used to distinguish small objects with high contrast.
It can be measured in two ways, using MTF and high-resolution bar patterns. MTF values
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of 50%, 10%, and 2% of all protocols were found to have passed the 3 Ip/cm, 5 Ip/cm,
and 7 lIp/cm benchmarks, respectively. The results demonstrated that the 80 and 140 kVp
protocol showed lower MTF values than 100 and 120 kVp because of the increasing
noise at 80 kVp and the scatter radiation at 140 kVp [48]. Increasing mAS and SNR
could increase radiation, resulting in low noise levels. The 20% Clearview IR showed the
worst MTF because the power of IR at 20% was not enough to improve the image quality.
High-resolution assessments using bar patterns at 80 and 100 kVp protocols showed higher
high-contrast spatial resolution because the lower kVp could increase the high-contrast
resolution of the images. According to the previous study, the factors affecting MTF and
spatial resolution were not only the reconstruction algorithms, but also the detector width,
effective slice thickness, object-to-detector distance, X-ray tube focal spot size, and matrix
size. These factors also affect MTF and spatial resolution [49,50]. Research by Yali Li et al.
found that 10% of MTF was 6.98 + 0.40 lp/cm, correlating with a subjective assessment
showing 7 Ip/cm. Moreover, Clearview is suitable for low-dose protocols because it reduces
noise and artifacts [42]

Low-contrast detectability is the ability to separate low-contrast objects from the
background. It was found that protocols that use low radiation doses tend to have decreased
low-contrast resolution, such as the SNR 0.3 protocol, 80 kVp protocol, and 100 kVp
protocol. The protocols with improved low-contrast resolution were the SNR 1.7 protocol,
140 kVp protocol, and 60% Clearview protocol. In addition, it was found that the CNR
value decreased with the percentage contrast of the object decrease and the small diameter
of the object. Studies by Manson EN et al. and Gulliksrud K et al. showed that noise
was an essential factor that reduced low-contrast resolution and CNR [51,52]. Moreover,
higher radiation dose protocols and a higher percentage of reconstruction algorithms could
improve the low-contrast resolution and CNR [51].

The evaluation of image uniformity was undertaken to measure the stability of the
CT number by comparing the CT number values in the center of the phantom with the
peripheral edges of the phantom. It was found that the uniformity of the images was not
within the criteria specified in every protocol, with values exceeding +4 HU. Noise is the
average of the standard deviation (SD) measured at the center of the phantom. Protocols
that use high radiation doses, such as high mAs, high kVp, and high IR % Clearview,
tend to decrease noise. Research by Yali Li et al. found that the protocol that increased
the radiation dose and iterative reconstruction algorithm reduced noise and improved the
image quality [42].

CTDIlvol and DLP were used to evaluate the radiation dose and to act as a dose
index in the CT. Annual quality controls are conducted in CT to measure the CTDIvol,
and the value shown in the CT display was not different from the acceptable threshold of
+20%. The DLP value obtained from CTDIvol multiplied by scan length according to the
clinical default protocol of CT brain showed 37.2 mGy of CTDIvol. Increasing mAs, kVp,
and SNR showed a higher CTDIvol, while increasing the percentage of the Clearview IR
algorithm did not affect CTDIvol, but did affect image quality [43,53]. Research by Ozdil
Baskan et al. [2] demonstrated that many parameters reduced the radiation dose to some
extent, such as kVp, mAs, automated tube current modulation, adaptive dose collimation,
and appropriate noise-reduction reconstruction algorithms. Adjusting such parameters
will affect the image quality; therefore, adjusting the parameters should be considered.
The data demonstrate that a higher % Clearview IR could enhance the MTF, CNR, and
low-contrast detectability, and suppress the noise level. In other words, when decreasing
the radiation dose or using low protocol, IR can improve and maintain image quality in the
acceptable range [54,55].

Because this study was carried out on a Catphan phantom, CT images of patients
should also be analyzed. Furthermore, optimization was performed in one CT machine
from a specific manufacturer; the optimization parameter, algorithm, and image quality
result could differ if another manufacturer were used. We propose that this research be
conducted in the CT brain’s low-dose protocol to evaluate the performance of the Clearview
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IR algorithm for noise reduction. Other parameters that affect radiation dose and image
quality could be investigated, and radiologists” subjective evaluations should be included
for the overall image quality evaluation. Moreover, the proper training of radiologist and
technologist staff is very important to select the most appropriate CT image acquisition
and reconstruction parameters to improve image quality and optimize patient radiation
exposure. It was found that staff training on radiation dose and dose optimization applied
in pediatric CT scans showed efficacy for dose reduction and increasing dose awareness in
patients [56,57].

5. Conclusions

The default clinical brain protocol should be optimized for image quality and radiation
dose balance. kVp should be set between 100 and 120 kVp because adjusting the kVp below
100 kVp results in a large discrepancy in the CT number. The mAs should be in the range
of 200-300 mAs, because adjusting the mAs value to 200 will reduce the radiation dose,
but the image quality in CNR and low-contrast detectability will be similar to the default
brain protocol. The SNR level should be in the range of 0.7-1.0, because adjusting the SNR
level to 0.7 will reduce the radiation dose but result in a CNR, low-contrast detectability,
and noise within an acceptable range. However, the value of uniformity will increase.
Iterative reconstruction should be adjusted to a value between 30% Clearview and 60%
Clearview or more. Adjusting Clearview to 30% or more will result in CNR, low-contrast
detectability, and noise reduction without affecting radiation dose. However, the noise and
non-uniformity of CT images increased when using low-dose protocols.
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Article History: This study is to develop an automated method to determine the spatial

resolution of computed tomography (CT) images on line-pair objects of the
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American College of Radiology (ACR) CT accreditation phantom. The
ACR phantom was scanned using a GE Healthcare 128-slice CT scanner
with seven different reconstruction filters of E1, E2, E3, LU, S1, S2, S3. The

automated method involved building a standard deviation map (SDM),

Publication Issue segmenting the line-pair objects within SDM images, determining the

Volume 10, Issue 2
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region of interest (ROI) within line pair object, and determining a
resolvable line-pair object with dynamic threshold which is dependent on

image noise. The scanning parameters were fixed at 120 kVp and 160 mAs.
Page Number

256-262

The results of automated method were compared with those from manual
measurements performed by five human observers. The automatic method
produced spatial resolution results of 0.7, 0.7, 0.7, 0.7, 0.6, 0.6, and 0.6
lp/mm for filters E1, E2, E3, LU, S1, S2, and S3, respectively, while the
manual measurements yielded results of 0.6, 0.6, 0.6, 0.7, 0.6, 0.5, and 0.5
Ip/mm. The differences between the manual and automatic measurement
results were small, with a maximum difference of 0.1 lp/mm. Hence, the
automatic measurement of spatial resolution on line-pair objects of the

ACR CT accreditation phantom is a feasible and reliable method.

Keywords: CT scanner, ACR CT accreditation phantom, reconstruction

filter, automatic, spatial resolution

I. INTRODUCTION 2020). In CT practice, acceptable image quality of CT
Computed tomography (CT) is an imaging modality should be achieved with low radiation dose (Sanders

commonly and widely used clinically (Chokami et al., et al., 2016). Therefore, many advanced techniques to
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obtain good quality images have developed, such as
iterative reconstruction (IR) technique, tube current
modulation (TCM) technique, and so on (Solomon et
al., 2020, Christianson et.al, 2015). Good image
quality is characterized by several parameters, one of
which is spatial resolution (Goldman et al., 2007, Love
et al., 2013, Anam et al., 2018).

Spatial resolution refers to ability of an imaging
system to distinguish small objects that are close
together (Briillmann and Schulze, 2015; Bushberg et
al, 2020). Every object in the image is blurred so that
if there are two small objects that are close together at
a very close distance, then they may appear as one
object because the two objects are overlapping each
other. Practically, spatial resolution of the image can
be identified from the last resolvable number of line-
pair objects separated at a certain distance in
centimeters or millimeters. The last line-pair object is
observed by visual observation of white lines (line-
pairs) on a black background (Bushong, 2020; Seeram,
2016; Staude et al., 2011). It is important to note that
visual observation on the last resolvable line-pairs
object is observer-dependent (Gopal, 2009).

Droege and Morin have developed a method of
measuring spatial resolution numerically by making
region of interest (ROI) on line-pair objects to get the
response and reconstructed a curve of modulation
transfer function (MTF) from them (Droege and
Morin, 1982). It is noted that MTF curve is an
acceptable comprehensive representation of spatial
resolution of an image. MTF is usually obtained from
point spread function (PSF), line-spread function
(LSF), or edge-spread function (ESF), and not from
line-pairs object. Therefore, the work of Droege and
Morin is important contribution for providing an
alternative approach to obtain MTF curve. However,
the proposed method by Droege and Morin is still
carried out manually so it may not impractical in
routine quality assurance (QA) procedures, especially
in busy medical centers. Hence, we developed a new
alternative algorithm for automated method for

measuring spatial resolution on line-pair object to

overcome weaknesses of manual method. In this
regard, we employed recent technique in CT image
processing, i.e. standard deviation map (SDM)
described in AAPM TG 233 (AAPM). Therefore, the
purpose of this study is to automatically measure the
spatial resolution of CT images on line-pair objects of
ACR CT accreditation phantom using the SDM.

II. METHODS AND MATERIAL

A. Phantom images

We used spatial resolution module of the ACR CT
accreditation phantom. This module consists of eight
line-pair objects with sizes of 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1.0 and 1.2 lp/mm. Image samples of the module are
shown in Figure 1. Window-width (WW) and
window-level (WL) at 100 and 1100 Hounsfield unit
(HU) are recommended for visual observation of line
pairs [15,16] (Figure 1b). We scanned the phantom
with a GE Revolution EVO 128-slice CT scanner with
input parameters shown in Table 1. The images were
stored in Digital Imaging and Communications in
Medicine (DICOM) format. Image samples with

various reconstruction filters are shown in Figure 2.

() (b)
Figure 1. Image sample of ACR CT Accreditation

phantom displayed with two different windows: (a)
with soft tissue window, and (b) with window-width
(WW) of 100 HU and window-level (WL) of 1100 HU.
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Table 1. CT input parameters in this study

(GUI) for automatic

measurement of spatial resolution is shown in Figure

graphical user interface

Parameters Value 3.
Scan type Helical T =y
Convolution kernels Standard f R R :
Revolution time 0.8 seconds g
Tube current 160 mA .
Tube voltage 120 kV
Slice thickness 1.25 mm
Field of view 211 mm
Pitch 0.531 I
Reconstruction filter El, E2, E3, LU, S1, Figure 3. Graphical user interface (GUI) automatic
S2,S3

(2)

Figure 2. Image samples of ACR CT Accreditation
phantom reconstructed with various reconstruction
filters: (a) E1, (b) E2, (c) E3, (d) LU, (e) S1, (f) S2, and
(g) S3.

B. Automatic Spatial Resolution Measurement

We proposed a new algorithm for automatic spatial
resolution measurement on the line-pair object of
ACT CT accreditation phantom. The automatic
measurement for spatial resolution in this study was

integrated to the software IndoQCT [17]. The

measurement of spatial resolution

The main idea for automatic spatial resolution
measurement on the line-pair objects is by using a
SDM. This method was started with opening the
original image (Fig. 4a). The original image was then
converted to SDM [18]. The conversion is carried out
with a 3 x 3 pixels of sliding window to calculate the
SD at each pixel location within the image. This
process changed the image in HU to an SDM
displayed with a hot colormap (Fig. 4b). In this SDN,
the pixels that appear brighter indicate a higher SD.
After that, detection of the line-pair object was
performed by segmentation on the SDM with a
threshold of 20 HU (Fig. 4c) and erosion on the binary
image with the purpose of eliminating small objects.
This process produced a binary image that contains
line-pair objects and free of artifacts (Fig. 4d). To
detect all line—pair objects and avoid hollows in line-
pair objects, the holes in the line-pairs objects were
filled (Fig. 4e). Centroids of each line-pair object were

then determined with equation (1).

1
Xcens Yeen) = N Iiv=1(xi:3/i) (1)

Circle ROIs with adjusted radius were then placed on
the SDM based on each centroid coordinate of line
pairs (Fig. 4f). The average values of SD were taken
from inside the ROL.
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(b)

(d) ®

Figure 4. Steps of automatic spatial resolution
measurement on line-pair object: (a) original image,
(b) standard deviation map (SDM) with hot colormap,
(c) binary image obtained with threshold of 20 HU, (d)
eroded binary image, (e) hollow line-pair objects is
filled, (f) circular region of interests (ROls) placed on
each line-pair object of SDM.

(b

Figure 5. Images for manual observation: (a) Image
with soft tissue window, (b) image with window-
width (WW) of 100 HU and window-level (WL) of
1100 HU, and (c) zoomed-in image.

The last resolvable line-pair object was calculated
with a certain dynamic threshold depending on the
image noise, as shown in Equation (2).

threshold = (25%5Dmax)
300

2)
This threshold corresponds to the last resolvable line-
pair object that can still be distinguished by human
observation.

C. Human observer

The manual measurement was determined by five

human observers. This method was carried out on

images with recommended window settings to
increase line-pair visibility (Fig. 5b). Furthermore, the
image was zoomed-in to make the line-pair object to
be clearer for observers (Fig. 5c). The observers
selected the last resolvable line-pair object based on
their subjectivities. The method was applied to all
reconstruction filters (i.e. E1, E2, E3, LU, S1, S2, and
S3). Results from five human observers were averaged

to obtain one value of spatial resolution.

III. RESULTS AND DISCUSSION

Figure 6 shows six SDMs of the spatial resolution
module of the ACR CT accreditation phantom and
ROIs located within the lair-pair objects. It is seen
that our software accurately locates the ROIs
automatically for all reconstruction filters of El, E2,
E3, LU, S1, S2, and S3. The results of the automatic
and manual measurements of spatial resolution are
tabulated in Table 2. It appears that all spatial
resolution values are greater than 0.5 lp/mm, which is
fairly good for image with matrix size of 512 x 512. It
is found that automatic method tends to produce
greater spatial resolution than from manual
observation, with maximum difference between both

is 0.1 Ip/mm.

(8)

Figure 6. SDMs of the spatial resolution module of the
ACR CT accreditation phantom and locations of ROIs
within the lair-pair objects for various reconstruction
filters: (a) E1, (b) E2, (c) E3, (d) LU, (e) S1, (f) S2, and
(8) 3.

International Journal of Scientific Research in Science and Technology (www.ijsrst.com) | Volume 10 | Issue 2



Didik Rahmadi et al Int ] Sci Res Sci & Technol. March-April-2023, 10 (2) : 256-262

Table 2. Comparison of the results of spatial resolution measurements between automatic and manual

measurements on the ACR CT accreditation phantom.

Measurements of spatial

Reconstruction Noise (HU) resolution (lp/mm) Difference
filter Automatic Manual (Ip/mm)
Mean + SD Mean + SD Mean + SD
El 9.1+0.3 0.7+0.0 0.6+0.0 0.1
E2 9.7+04 0.7+0.0 0.6+0.0 0.1
E3 14.6 + 0.6 0.7+0.0 0.6+0.0 0.1
LU 15.3+ 0.6 0.7+0.0 0.7+0.0 0.0
S1 7.3+0.3 0.6+0.0 0.6+0.0 0.0
S2 6.8+0.3 0.6+0.0 05+0.0 0.1
S3 6.4+0.2 0.6+0.0 05+0.0 0.1

This study aimed at development of an automated
method for measuring spatial resolution using line-
pair object of the American College of Radiology
(ACR) CT accreditation phantom and to evaluate its
performance on various reconstruction filters. The
reconstruction filters used in this study were
categorized into three groups: edge filters (E1, E2, E3),
lung filters (LU), and smoothing filters (S1, S2, S3).

The results of this study showed that results of the
automated measurements are comparable to those
from human observations. The maximum discrepancy
between both is only 0.1 lp/mm, with results of
automatic method tends to be greater than those from
manual observations. This indicates that the manual
measurement of the last resolvable line-pair object is
perceived similarly to the human eye. Although
individual observations may produce slightly different
results, the average calculated spatial resolution is

expected to be close to the automatic measurement.

Our method relies on the standard deviation map
(SDM) which is influenced by image noise. Therefore,
testing the method on various types of reconstruction
filters is essential. Reconstruction filters have their

own unique characteristics noise level, noise texture,

spatial resolution. In addition, the reconstruction can
cause some artifacts and impact the resulted images.
However, morphological operations such as erosion
and dilation can be used to overcome these artifacts
that may disturb an automatic spatial resolution
measurement. Additionally, some filters can shift the
CT number of the line pair forming material, resulting
in variations in the SDM and incorrect counting of

line pair objects. An adaptive dynamic threshold to

image noise is a promising approach to address this
problem. Nonetheless, the effect of artifacts other
than those in the images used in this study is still
unknown. Therefore, it is recommended to measure a
spatial resolution from images with minimal artifacts.
The results demonstrated that edge and lung filters
produced the highest spatial resolution value of 0.7
lp/mm, while the smoothing filter had the lowest
spatial resolution value of 0.6 lp/mm. This indicates
that reconstruction filters of edge and lung filters
have a greater spatial resolution than smooth filters
[19,20]. Table 2 shows the spatial resolutions for each
reconstruction filter, providing useful information for
researchers in an

and practitioners selecting

appropriate filter for their specific needs.
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The developed automatic method provides a reliable
and efficient method for measuring the spatial
resolution of CT images using the line-pair object of
the ACR phantom. However, testing the developed
method on other parameters, such as various tube
current, tube voltage, pitch, slice thickness, does not
carry out yet. In addition, the method has been tested
on images from one CT scanner. Therefore,
comprehensive evaluations of the method should be

carried out in the next studies.

IV.CONCLUSION

In conclusion, an automated method for measuring
spatial resolution in CT images using the line-pair
objects of the ACR phantom has been successfully
developed. The automatic method runs well for
various reconstruction filters. Results of the automatic

the

measurements, with only small difference of 0.1

measurements are comparable to manual

lp/mm. We also observed that the software is robust
against artifacts in images produced by different

reconstruction filters.
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ARTICLE INFO ABSTRACT

Keywords: Exploration to maximize CT image and reduce radiation dose was conducted while controlling for multiple

CT image quality factors. The kVp, mAs, and iteration reconstruction (IR), affect the CT image quality and radiation dose

CNR absorbed. The optimal protocols (kVp, mAs, IR) are derived by figure of merit (FOM) based on CT image quality

cr dose index. (CTDLyq) (CNR) and CT dose index (CTDI,,). CT image quality metrics such as CT number accuracy, SNR, low contrast

ﬁfrl;:;f;?:gfsgu?gn (IR) materials’ CNR and line pair resolution were also analyzed as auxiliary assessments. CT protocols were carried
out with an ACR accreditation phantom and a five-year-old pediatric head phantom. The threshold values of the
adult CT scan parameters, 100 kVp and 150 mAs, were determined from the CT number test and line pairs in
ACR phantom module 1and module 4 respectively. The findings of this study suggest that the optimal scanning
parameters for adults be set at 100 kVp and 150-250 mAs. However, for improved low- contrast resolution,
120 kVp and 150-250 mAs are optimal. Optimal settings for pediatric head CT scan were 80 kVp/50 mAs, for
maxillary sinus and brain stem, while 80 kVp /300 mAs for temporal bone. SNR is not reliable as the
independent image parameter nor the metric for determining optimal CT scan parameters. The iteration
reconstruction (IR) approach is strongly recommended for both adult and pediatric CT scanning as it markedly
improves image quality without affecting radiation dose.

1. Introduction

Due to the rapid growth in scanning technology and computer
calculation speed, there has been an increase in the use of Computed
Tomography (CT) examination. According to the NCRP No. 160, the
largest increase in population radiation dose was found in patient
exposure to medical procedures (National Council on Radiation
Protection and Measurements, 2009). Radiation dose increases with
higher CT image quality due to the use of higher voltage and/or electric
current. Explicit consideration of the relationship of CT image quality
to applied dose is crucial in CT radiation protection. Ensuring high CT
image quality with reduced radiation exposure is invariably an issue for
radiologists and researchers. Of the CT procedures, pediatric CT scans
account for nearly 5-11% of all procedures. (Miglioretti et al., 2013).
This patient population remains vulnerable and requires specific
examination of the effects of CT and methods to reduce radiation dose.

The metrics for image quality assessment for CT scanners and
radiation dose were proposed in the ICRU Report 87 and remains an

* Corresponding author.

E-mail addresses: chang.kwoping@gmail.com, kpchang@ems.tcust.edu.tw (K.-P. Chang).
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international standard (ICRU Report No. 87, 2012). Pahn's study,
based on ICRU No. 87 examined metrics such as noise magnitude, CT
numbers, and uniformity, which were assessed on large samples of
ROIs and low-contrast resolution (CNR, SNR). These were then
quantitatively evaluated as a function of lesion contrast (Pahn et al.,
2016). Brunner measured the dose and evaluated image quality using a
phantom under clinical scan conditions to perform an objective image
analysis using metrics such as high-contrast resolution, noise, and
high/low contrast CNR (Brunner et al., 2013). Yang proposed the low-
dose pediatric PET-CT protocols to optimize CT and reduce radiation
dose (Yang et al., 2014). Several studies have investigated the effect of
iterative reconstruction (IR) algorithm on the CT image quality and
reducing the radiation dose. Choi's study validated the IR algorithm for
use in reducing image noise while maintaining image quality (Choi
et al., 2013). Brady demonstrated that a maximum dose reduction of
82% is possible using IR approach while producing diagnostically
accurate pediatric CT scans (Brady et al., 2012).

The current literature focusing on CT image quality and radiation
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dose, generally focuses on only one or a few metrics to explore
adjustments in the parameters of interest effects on the image quality
versus dose independently. The effect of adjustments of the known
parameters (kVp, mAs, IR, metric of interest: CNR, CT number, SNR,
etc.) are complex and may be interrelated, which may alter the CT
image quality and radiation dose. This study aims to determine the
optimal CT scanning protocols based on all possible metrics, while
conducting an overall evaluation of the effects of the scan parameters
on CT image quality and radiation dose.

The optimal protocols (kVp, mAs, IR) are derived by figure of merit
(FOM) based on CT image quality (CNR) and CT dose index (CTDI,).
CT image quality metrics such as CT number accuracy, SNR, low
contrast materials’ CNR and line pair resolution were also analyzed as
auxiliary assessments. The effects of the iterative reconstruction (IR)
algorithm on image quality have been explored to further optimize the
CT scan parameters. All tests were carried out with an ACR accredita-
tion phantom. Due to the increased risks for children of radiation
exposure, the optimal conditions of the pediatric CT examination were
also investigated on a five-year-old pediatric phantom.

2. Materials and methods

The 128-row multiple slice CT scanner (Brilliance iCT, Philips
Medical Systems) was used to perform the CT investigation on the
standard phantom (ACR phantom) to simulate the adult CT scan and
the CIRS five- year- old pediatric head phantom. Multiple parameters
were employed for CT scan as follows: Tube voltage, kVp: 80,100, 120.
Tube current-time, mAs: 50, 100,150, 200, 250, 300, 350, and 400.
Axial Head 2D mode, thickness =2 mm. Each parameter was tested
with and without the iterative reconstruction (IR) algorithm
(Reconstruction mode iDose?, level 3) in order to assess the effect of
IR on image quality.

2.1. CT examination on phantoms and CT image quality analyses

Two phantoms were used for CT testing to investigate multiple
protocols and their effects on the image quality and radiation dose. The
image quality was evaluated using (1) the accuracy of the CT number
(HU) compared to the standard values of the standard phantoms. (2)
The contrast-to-noise ratio (CNR), (3) the signal-to-noise ratio (SNR),
(4) low contrast materials’ CNR, (5) line-pair resolution.

The definition of CNR and SNR are as follows:

CT#eor = CTH,|
5Dy

CNR=
1)

snr=THeor

@
where CT#go; and CT#p, are CT number of ROI and background
respectively; SDror and SDyg are standard deviation of ROI and
background respectively. CNR used absolute values as CT#gop in
specific tissues may be less than CT#y,. (if the average physical density
of the ROI selected is less than that of the surrounding region).

The ACR accreditation phantom is equipped with four modules and
only modules 1, 2 and 4 were used in this study (Fig. 1(a)). Module 1
was used to assess CT number accuracy. The cylinders houses five
different materials. The standard CT numbers are: polyethylene: —95
(-87 to —-107), bone: 995 (850-975), acrylic: 120 (110-135), and air:
—1000 (=970 to —1005). The background material is water- equivalent
(CT number: 0 (-5 to +5)). The materials in module 1 were also used
for CNR, SNR and FOM assessments. The region of background was set
at 3—6 mm away from the circumference of the ROI. Module 2 was
used to assess low contrast resolution. A 25 mm cylinder is used to
verify the cylinder-to-background contrast level (Fig. 1(b)). CNR, SNR
and FOM were assessed using the same method as applied in Module 1.
Module 4 was used to assess the high contrast(spatial) resolution. The

SDR()I
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Fig. 1. (a) The ROISs selected in the ACR phantom. Top (left) polyethylene; Top (right)
bone; Bottom (left) acrylic; Bottom (right) air. (b) ACR phantom module 2 (low contrast).
(c) Module 4 in ACR phantom (line pair).

line pair numbers/cm were similarly analyzed using multiple protocols.
CT image analyses for the specific materials (e.g. polyethylene) were
performed at the same slice of the CT images using multiple protocols
(kVp, mAs, with/without IR).

The pediatric phantom (ATOM, CIRS; 5-year-old pediatric phan-
tom) was used to analyze the CNR and FOM in the cranial region
(Fig. 2). The head phantom was of particular interest as cranial
scanning is very common in pediatric CT scans. All parameters (kVp,
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Fig. 2. The ROIs selected in the ATOM CIRS pediatric phantom. Top: maxillary sinus;
Middle: temporal bone-mastoid process; Bottom: brain stem).

mAs, IR) and the metrics(CNR, SNR and FOM) for optimization were
similarly investigated in the ACR phantom.

2.2. Radiation dose assessments

Radiation dose was assessed by CTDI,,; which allows for evaluation
of the entire radiation dose at the ROL It is an useful index when
comparing protocols and technical parameters (AAPM Report No 204,
2011). The CTDI,,(mGy) values were calculated by the CT scanner and
displayed on the CT scanner consoles.

2.3. Overall evaluations on image and radiation dose

To assess the overall effects and a possible trade-off between image
quality and radiation dose, FOM, was used and defined as:

_ CNR?
CTDI

vol

FOM
3)

The FOMs of all regions of interest in the phantoms were examined.
CT image quality metrics (e.g. CT number accuracy, SNR) were also
analyzed as auxiliary assessments.

Table 1
CT results for the bone in ACR phantom with voltage 100 kVp.

Radiation Physics and Chemistry 140 (2017) 260-265

Table 2
CT image of bone of ACR phantom with the current 200 mAs.

kVp

80 80+" 100 100+ 120 120+"
CT(ROI) 1206.2 1205.9 956.6 958.8 826.5 825.5
S.D(ROI) 15.3 15.1 9.7 8.2 7.3 7.2
CT(bg) 3.8 15.6 1.3 1.9 -1.3 -4.6
S.D(bg) 11.6 11.5 10.5 8.9 6.6 59
Noise 15.3 15.1 9.7 8.2 7.3 7.2
CNR 45.7 53.8 51.1 58.1 51.4 64.2
CTDI 8.3 8.3 16.9 16.9 27.6 27.6
SNR 79.1 79.6 98.2 117.5 114.0 114.2
FOM 251.6 348.3 154.7 199.9 95.9 149.4
CT number” test X X oV oV A A

@ : + means plus the IDOS (Iteration reconstruction algorithm in Philips CT scanner
software)

b . the standard value of bone CT values are 850—975. All CT(ROI) in this case are
within this range

3. Results

3.1. CT number, CNR, SNR, CTDI,,,; and FOM evaluation of ACR
module 1

As shown in Table 1, an example of the CT image analysis of the
ROI(bone) in Module 1 of the ACR phantom below100 kVp remains
within the standard value range. As shown in Table 2, some CT
numbers under same protocols but with 80 kVp were at the extreme
of deviation or out of the standard range completely. This may be
attributed to the low energy photons (80 kVp) being insufficient for
penetration of the ACR phantom (16 cm length x20 cm diameter).

The CNR values with iDose* (Iterative statistical algorithm, IR)
were consistently higher than those without IR (as shown in Table 1,
Table 2 and Figs. 3(a)—(b)). The CNR increases from 10% to 40% at the
ROIs in the ACR phantom. CNR clearly increases with kVp and mAs
(Figs. 3(a) and (b) respectively).

As the CTDI,,, is independent of the IR method, the FOM improves
with IR for all protocols (as shown in Table 1). Therefore, the FOM
comparisons amongst protocols (mAs, kVp, ROIs) have been evaluated
only with IR (iDose®, level 3). As previously described, 80 kVp results
in CT number errors and thus was excluded from the FOM for the
comparative analysis. The FOM results for specific materials in the
ACR phantom are shown in Table 2 and Fig. 3(c). The optimal protocol
was 100 kVp (marginally better than 120 kVp). The tube current times’
(mAs) effect on FOM of bone is shown in Fig. 3(d). FOM is inversely
proportional to mAs in bone. It was determined that 50-250 mAs with
IR is the optimal range. In summary, 100 kVp/50-250 mAs are the
preferred protocols when CT scanning on the bone. The results of SNR

mAs
50 50+ 100 100+ 150 150+ 200 200+ 250 250+ 300 300+ 350 350+ 400 400+

CT (ROD) 956 957 958 958 958 957 957 958 957 959 959 958 956 957 957 957
S.D. (ROD) 22.5 16.2 14.0 13.2 10.9 10.3 9.7 8.2 10.7 8.1 8.6 7.5 7.7 6.5 7.9 6.5
CT (b.g.) 11.6 7.4 4.2 6.9 7.0 6.4 7.1 7.1 7.8 7.4 5.6 7.3 6.7 7.5 6.1 6.9
S.D.(b.g.) 30.8 25.7 23.5 22.3 20.7 16.0 18.6 16.4 17.8 13.2 15.8 13.4 14.8 13.2 14.6 129
Noise 22.5 16.2 14.0 13.2 10.9 10.3 9.7 8.2 10.7 8.1 8.6 7.5 7.7 6.5 7.9 6.5
CNR 30.6 37.0 40.6 42.6 46.0 59.4 51.1 58.1 53.3 71.9 60.2 71.2 64.2 72.1 64.9 73.8
CTDIvol 4.2 4.2 8.4 8.4 12.6 12.6 16.9 16.9 21.1 21.1 25.3 25.3 29.5 29.5 33.7 33.7
SNR 42.4 59.2 68.5 72.8 88.0 93.3 98.2 118 89.1 119 112 128 124 148 122 148
FOM 224 326 196 216 168 280 155 200 135 245 144 201 140 176 125 162
CT number* v v v v v v v v v 4 v v v v v %

*: + means plus the IDOS (Iterative reconstruction algorithm in Philips CT scanner software)

2 : the standard value of bone CT values are 850—975. All CT(ROI) in this case are within this range
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Fig. 3. (a) Effect of kVp on CNR and CTDI,,, of selected ROIs under 200 mAs in module 1 of the ACR phantom, under 100 kVp. (b) Effect of mAs on CNR, CTDI,, of ROIs in module 1
of the ACR phantom, under 100 kVp. (¢) FOMs of ROIs (polyethylene, bone, acrylic and air) of ACR phantom with IR. (d) Effects of mAs and IR on FOM of bone in ACR phantom under

100 kVp.

were similar to those of CNR for most protocols (Table 1). However, in
the range of 100-120 kVp (Table 2), SNR is in poor agreement with
CNR, which will be addressed in the discussion section.

3.2. ACR Module 2 evaluation (low contrast)

The effect of kVp on low contrast was illustrated in Table 3. Results
show that the CNR increases with kVp and mAs (Fig. 4(a)). The optimal
parameters of low contrast material in ACR phantom module 2 are
120 kVp/150-250 mAs (Fig. 4(b)).

Table 3

CT image of ACR phantom module 2 (low contrast region) with the current 200 mAs and
IR.

kvp

80 100 120
CT(ROI) 78.3 91.1 99.0
S.D(ROI) 10.1 6.4 5.9
CT(bg) 71.9 85.0 91.8
S.D(bg) 222 15.4 9.6
CT(ROI)-CT(bg) 6.4 6.1 7.1
CNR 0.3 0.4 0.7
CTDI 8.3 16.9 27.6
SNR 7.8 14.2 16.8
FOM (10~3) 10.1 9.2 19.9
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3.3. ACR module 4 evaluation (line pair)

The line pairs resulted in similar sharpness for all kVps (6 Ip/cm).
When using tube current-time less than 150 mAs, the pair was less
than 6 Ip/cm. Therefore, the line pair resolution is independent of kVp
and minimum 150 mAs is recommended for CT scanning.

3.4. Pediatric phantom evaluation

The iteration reconstruction (IR) increases the FOM markedly for
most ROIs as shown in Table 4. The optimal protocol for scanning
maxillary sinus is 80 kVp/50 mAs, temporal bone is 80 kVp/300 mAs
and brain stem is 80 kVp/50 mAs in the pediatric phantom(Fig. 5(a)).
CNR tends to increase with kVp (Fig. 5(b)), however, high voltage
(120 kVp) resulted in worse FOMs (Fig. 5(b)). The optimal CNR
protocol incorporated 100 kVp for the temporal bone. To summarize,
80 kVp is preferable for pediatric CT scans. When consideration is only
CNR for image quality, the 100 kVp is preferable for the temporal bone.
IR is strongly recommended for pediatric CT scanning.

4. Discussion

Whether or not the radiation dose of diagnostic exposure levels is
harmful to human biology, remains a controversy (e.g. radiation
hormesis (Baldwin and Grantham, 2015). From this perspective, the
well-accepted image quality parameter, CNR, may be considered the
dominant factor for optimization of CT scans. However, the optimal
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Fig. 4. (a) CNR and CTDI,, of low contrast material in ACR phantom module 2. (b)
FOM of low contrast material in ACR phantom Module 2 under 100 kVp.

protocols for scanning adults or children are not readily determined by
CNR alone(or any other metrics, i.e. SNR, CT number, noise). Also, the
image oriented parameters are dependent on exposure oriented para-
meters, such as kVp, mAs, IR, as well as tissues under investigation
(Rampado et al., 2012). How these factors may yet interact remains
unclear and needs to be further explored, which is the purpose of the
current study.

When scanning bone, using 80 kVp in the ACR phantom results in
low CT numbers outside the standard range. This may be due to low
peak voltage (80 kVp) which provides insufficient penetration of bone.
The CT number range, as the basic requirement for CT scanning is not
appropriate for adult CT scanning. The high peak voltage (120 kVp)

Table 4
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Fig. 5. (a) FOM and CTDI,, of ROIs (maxillary sinus, temporal bone and brain stem) in
the pediatric phantom. (b) The kVp effect on CNR and FOM of the ROIs (maxillary sinus,
temporal bone and brain stem) under 50 mAs with IR.

would result in the CT number within the margin of the standard
range.

When kVp increases in ACR module 1, all of the CTror, SDror, CThg
and SDy,; decrease, while the difference of CTror and CTy, increases as
shown in Table 1. Therefore, CNR increases with kVp. In addition, CNR
will also increase with mAs. It is inferred that high peak voltage
provides sufficient penetration of photons. High current will give more
photons which will reduce the noise (or standard deviation as shown in
Table 1and Table 2). However, higher photon energy and current time
will result in greater radiation dose in the ROI, as previously stated
(also shown in Tables 1, 2 and Figs. 3(a) and (b)).

Some studies utilized the SNR as the one of the parameters to

The results of CT image of the temporal bone of the pediatric phantom with the voltage 80 kVp.

mAs

50 50+" 100 100+ 150 150+ 200 200+ 250 250+ 300 300+ 350 350+ 400
CT(ROI) 958.7 967.4 958.4 963.0 953.5 962.7 960.2 962.0 960.2 965.4 969.8 963.6 965.7 961.3 957.9
S.D(ROID) 58.5 35.8 47.2 41.5 42.7 39.0 37.6 31.7 46.4 25.7 23.2 36.2 24.3 41.2 50.8
CT(bg) 18.5 29.8 15.9 25.0 8.5 26.3 85 17.2 22.8 16.2 28.9 11.8 21.1 18.2 24.3
S.D(bg) 38.8 34.0 27.6 23.4 20.1 25.1 20.2 19.7 26.9 18.7 29.3 7.2 20.9 10.4 22.6
Noise 58.5 35.8 47.2 41.5 42.7 39.0 37.6 31.7 46.4 25.7 23.2 36.2 24.3 41.2 50.8
CNR 24.2 27.6 34.1 40.0 47.1 37.3 47.0 47.9 34.8 50.9 32.1 131.4 45.1 91.1 41.3
CTDI 2.1 2.1 4.2 4.2 6.3 6.3 8.3 8.3 10.4 10.4 12,5 12.5 14.6 14.6 16.7
SNR 16.4 27.0 20.3 23.2 22.3 24.7 25.5 30.3 20.7 37.5 41.7 26.7 39.8 23.3 18.9
FOM 279.4 362.5 277.1 381.3 351.9 220.6 266.2 276.5 116.5 248.8 82.2 1381.5 139.3 568.5 102.2

2 : + means plus the IDOS (Iteration reconstruction algorithm in Philips CT scanner software), where 400 mAs only without IDOS due to the automatic setting of IDOS setting
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assess the CT image quality (Choi et al., 2013; Linsen et al., 2016). The
present study, incorporates both CTror and SDgor which is inversely
correlated with kVp (Tables 1 and 2). The effect of kVp on SNR remains
unclear (from Eq. (2)), which is apparent as SNR varies inconsistently
with kVp in the range of 100-120 kVp (Table 2). It could be concluded
that SNR may not be used as the independent image standard nor the
metric for determining optimal protocols.

As radiation dose (CTDI,,)) increases with kVp and mAs, a trade-off
exists between CNR and CTDI,, for determining the FOM, as is
exemplified in other research (Yang et al.,, 2014; Goldman, 2007;
McNitt-Gray, 2002). In this study, the optimal settings for the
parameters of kVp and mAs for scanning adult bone (Tables 1 and 2,
Fig. 3(c)—(d)) were 100 kVp/50—-250 mAs.

For the line-pair test in Module 4 of ACR phantom, the threshold
current- time is 150 mAs, below which the contrast would be outside
the standard. Therefore, the best parameters for adult CT scanning are
100 kVp/150—250 mAs. For the low contrast region (Module 2 in ACR
phantom), the SDy, is significantly decreased with increasing kVp as
shown in Table 3; therefore FOM of the low contrast region will be
proportional to kVp. There is an distinct trade-off between spatial
resolution and low contrast resolution in CT imaging (Bissonnette
et al., 2012). The optimal parameters of FOM for low contrast region
are 120 kVp/150-250 mAs as shown in Fig. 4(b). In summary, the
FOM parameters remain dependent on the ROI in adult CT scanning.
Iteration regression (IR) is strongly recommended for adult CT
scanning. The use of IR reduces noise (standard deviation of ROI's
and back-ground's CT number) (as shown in Table 1 and Figs. 3(a),
3(b), 4(d)) without affecting the CTDI,,,, while increasing the CNR and
FOM, which is in agreement with other studies (Choi et al., 2013;
Andersen et al., 2014).

In summary: For adult CT scanning, high tube voltage and tube
current-time results in better quality for CNR and consequently
increased radiation dose. From FOM comparisons, it is recommended
that the scanning parameters for adults are set at 100 kVp and 150-
250 mAs. The optimal protocol for better low contrast resolution is
120 kVp and 150-250 mAs. IR is advised as it further increases the
CNR by up to 40% without increasing the radiation dose.

In pediatric brain phantom CT scanning, IR approach can increase
the CNR and FOM for all ROIs. Regarding adult CT scans, IR is also
recommended in pediatric CT scan. From the FOM comparison,
80 kVp /300 mAs and 80 kVp/50 mAs are optimal for temporal bone
and other ROISs respectively. This is reasonable as low kVp is preferable
due to limited thickness of the pediatric head phantom. Higher mAs for
temporal bone will decrease significantly the SDy,(Table 4), thus
increasing the CNR and FOM. However, as good image quality is most
relevant for patient scanning, the 100 kVp with lower mAs and IR are
determined as the optimal protocol for pediatric CT scanning.

5. Conclusions

The threshold values of adult CT scan parameters, 100 kVp and
150 mAs, were derived from the CT number test and line pairs in ACR
phantom module 1and module 4 respectively. It is recommended that
the scanning parameters for adults be set at 100 kVp and 150-
250 mAs. However, for better low- contrast resolution, 120 kVp and

Radiation Physics and Chemistry 140 (2017) 260-265

150-250 mAs are suggested settings. For pediatric head CT scan,
80 kVp/50 mAs were found to be optimal for maxillary sinus and brain
stem, while 80 kVp /300 mAs is appropriate for temporal bone. SNR is
not sufficient as the independent image parameter nor the metric for
deriving the optimal CT scan settings. The iteration IR approach is
strongly recommended for both adult and pediatric CT scanning as it
further increases the CNR by up to 40% without increasing the
radiation dose.
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Iterative Reconstruction in Head CT: Image
Quality of Routine and Low-Dose Protocols in
Comparison with Standard Filtered
Back-Projection

BACKGROUND AND PURPOSE: IR has recently demonstrated its capacity to reduce noise and permit
dose reduction in abdominal and thoracic CT applications. The purpose of our study was to assess the
potential benefit of IR in head CT by comparing objective and subjective image quality with standard
FBP at various dose levels.

MATERIALS AND METHODS: Ninety consecutive patients were randomly assigned to undergo nonen-
hanced and contrast-enhanced head CT at a standard dose (320 mAs; CTDI, 60.1) or 15% (275 mAs;
CTDI, 51.8) and 30% (225 mAs; CTDI, 42.3) dose reduction. All acquisitions were reconstructed with
IR in image space, and FBP and images were assessed in terms of quantitative and qualitative 1Q.

RESULTS: Compared with FBP, IR resulted in lower image noise (P = .02), higher CNR (P = .03), and
improved subjective image quality (P = .002) at all dose levels. While degradation of objective and
subjective 1Q at 15% dose reduction was fully compensated by IR (CNR, 1.98 = 0.4 at 320 mAs with
FBP versus 2.05 = 0.4 at 275 mAs with IR; 1Q, 1.8 versus 1.7), 1Q was considerably poorer at 70%
standard dose despite using the iterative approach (CNR, 1.98 + 0.3 at 320 mAs with FBP versus
1.85 = 0.4 at 225 mAs with IR, P=.18; 1Q, 1.8 versus 2.2, P = .03). Linear regression analysis of CNR
against tube current suggests that standard CNR may be obtained until approximately 20.4% dose
reduction when IR is used.

CONCLUSIONS: Compared with conventional FBP, IR of head CT is associated with significant im-
provement of objective and subjective |Q and may allow dose reductions in the range of 20% without

compromising standard image quality.

ABBREVIATIONS: CNR = contrast-to-noise ratio; CTDI = CT dose index; CTDI,.; = volume CT dose
index; DLP = dose-length product; FBP = filtered back-projection; GM = gray matter; |Q = image
quality; IR = iterative reconstruction; IRIS = iterative reconstruction in image space; MDCT =

multidetector row CT

he technical evolution of MDCT has not only revolution-

ized image quality and scanning speed but has also dramat-
ically increased the number of CT examinations in the indus-
trialized world. As a result, there is a growing concern
regarding the associated radiation dose.' Today, >70 million
annual CT scans are obtained in the United States and may be
responsible for about 2% of all incident cancer cases."” As
head CT has evolved as the technique of choice to assess trau-
matic and nontraumatic neurologic conditions, its use has be-
come particularly frequent in both the adult and pediatric
populations.’

In the past decade, various dose-reduction strategies, such
as automated tube current modulation, low voltage scanning,
and noise-reduction filters, have been explored but could not
prevent a steady increase of average effective dose with ad-
vanced scanner technology.*” Unfortunately, the most
straightforward technique in lowering dose, notably the re-
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duction of tube current, is associated with unacceptable in-
crease of image noise. This effect is partly due to limitations in
the current standard reconstruction method of FBP. With
FBP, increased spatial resolution is directly correlated with
increased image noise and is traded against noise by applica-
tion of different reconstruction kernels.

Only recently, an alternative mathematic algorithm, IR,
was introduced to CT. To a certain extent, IR allows decou-
pling of spatial resolution and image noise and may thus be
used to lower noise at standard or improved resolution of
images.'”"! In IR, a correction loop is introduced in the image
reconstruction process. Once an image has been reconstructed
from the measured projection data, a ray-tracing in the image
is performed to calculate new projections that exactly repre-
sent the reconstructed image, as if the reconstructed image
had been the measurement object of a CT scan. This step,
called forward projection, simulates the CT measurement. If
the image reconstruction were perfect, no deviation between
measured and calculated projections would be observed. In
reality, due to the approximate nature of FBP reconstruction
typically used for image reconstruction, there is a deviation
between measured and calculated projections. This is used to
derive correction projections, reconstruct a correction image,
and update the original image. Thisloop is continued until the
deviation between measured and calculated projections is



smaller than a predefined limit. Each time the original image is
updated, nonlinear image processing algorithms, so called
“regularizations,” are used to stabilize the resolution. While
the repeated calculation of correction projections removes ar-
tifacts introduced by the approximate nature of FBP, it is this
regularization procedure that is essential for the noise-reduc-
tion properties of an IR.'*> With proper regularization, image
noise can be lowered without loss of detail resolution,
which—as a consequence—allows reduction of radiation ex-
posure to the patient.

IRIS is 1 variant of IR that applies the regularization pro-
cedure to the image data in an iterative loop without forward
projection and calculation of correction projections.'” As a
consequence, IRIS aims at reduction of image noise and not at
reduction of potential image artifacts, such as conebeam arti-
facts, which are not a severe problem anyway in CT systems
with relatively small detector width in the z-direction. In the
IRIS approach, an iterative series of 3D nonlinear image-fil-
tering steps, corresponding to the regularization in a standard
IR, is performed after reconstruction of an initial high-resolu-
tion image by means of the FBP technique. This high-resolu-
tion image contains all measured information that is other-
wise partially suppressed in a standard CT reconstruction to
obtain acceptable image-noise levels. Depending on the clini-
cal task, 3-5 iterations of regularizations are performed. They
aim at maintaining or even enhancing spatial resolution, while
reducing image noise without degrading the image texture.

The primary asset to all forms of IR is that they are consis-
tently associated with significant reduction of image noise and
may thus be used to perform CT examinations at lower dose,
yet robust, image quality. Until now, this concept has been
demonstrated for thoracic, abdominal, and cardiac CT
examinations.">™"’

The aim of our study was to systematically assess IR at
various tube currents in head CT and thereby determine the
practicability of reducing dose without compromising stan-
dard image quality.

Materials and Methods

Patient Groups

The study was approved by the local institutional review board. Be-
cause unpublished customer and vendor experience suggests preser-
vation of diagnostic image quality at all dose levels used in our study,
informed consent of patients was waived and all examinations were
performed as standard of care.

The participants were 90 consecutive patients who were scheduled
for both nonenhanced and contrast-enhanced head CT and who were
randomly assigned to 1 standard and 2 low-dose CT protocols. Rea-
sons to perform the examination were manifold and included tumor
staging, exclusion of septic emboli, and ischemia.

Data Acquisition and Reconstruction

All CT examinations were performed by using a 128-section dual-
source CT scanner (Somatom Definition Flash; Siemens, Forchheim,
Germany). Image-acquisition parameters of the standard protocol
included a collimation of 40 X 0.6 mm, pitch of 0.55, rotation time of
1.0 second, tube voltage of 120 kV, and tube current of 320 mAs. Scan
parameters for low-dose studies were identical except for tube cur-
rent, which was reduced to 275 or 225 mAs, respectively. Contrast-

enhanced examinations were performed 180 seconds postadministra-
tion of 65 mL of iodinated contrast medium (Imeron 400 [iomeprol],
400 mg I/mL; Bracco Altana Pharma, Konstanz, Germany).

Raw data of all CT examinations were reconstructed by using both
mathematic algorithms, FBP and IR. Reconstruction parameters in-
cluded an H30s+ medium smooth convolution kernel for FBP and
the equivalent J30 medium smooth kernel for IR, a section-thickness
of 4.5 mm with a 4.5-mm increment, and an FOV appropriate to head
size. The time for reconstruction was recorded in 10 patients.

For a subset analysis of image sharpness, additional reconstruc-
tions were performed in 15 patients with bone window kernels, nota-
bly the H70 for FBP and the equivalent J70 for IR. Section-thickness
and increment in these reconstructions were 2 mm.

Dose Measurements

The CTDI,; and DLP were recorded for every CT examination. Ef-
fective dose (millisievert) was estimated by multiplying DLP with a
constant region-specific conversion coefficient of 0.0023 mSv/

(mGy X cm).?°

Quantitative Image Analysis

Assessment of quantitative image parameters was done by a board-
certified, not subspecialty-certified, reader with 1 year of training in
neuroradiology (H.B.). For each pair of FBP and IR reconstructions, 4
mm? regions of interest were placed in identical infra- and supraten-
torial WM and GM locations, the ventricle, and air, 5 mm outside the
skull at its widest circumference. Measurements from infra- and su-
pratentorial WM and GM regions were averaged for further analysis.
Signal intensity was defined as CT attenuation in Hounsfield units;
image noise, as the SD of attenuation within a region of interest. SNRs
and CNRs were calculated by using the following standard equations:

SNR = Mean HU of Tissue in Region of Interest/
SD of HU in Region of Interest

CNR = (Mean GM HU — Mean WM HU)/

[(SD GM HU)? + (SD WM HU)?]"2.

For a subset analysis of image sharpness, FBP and IR bone window
reconstructions of 15 patients were assessed by a Matlab tool (Math-
Works, Natick, Massachusetts) on a separate workstation. The pro-
gram measures CT attenuation values in Hounsfield units across pix-
els that are lined perpendicular to the skull circumference. Sharpness
is quantified as maximal slope (Change in HU/Pixel).

Qualitative Image Analysis

Qualitative analysis of images was independently performed by 2
board-certified, subspecialty-certified readers (A.K.) and (M.F.) with
3 and 4 years of training in neuroradiology. Before the grading of
study images, the reading radiologists were trained for consensus re-
garding our image-quality scoring system on 20 routine head CT
examinations. For randomized and anonymous analysis of study pa-
tients, subjects were randomly selected by 1 of our authors (B.B.) and
FBP and IR reconstructions of nonenhanced and contrast-enhanced
scans were simultaneously displayed to the readers, by using two
325 X 433 mm screen-size monitors with a 160 X 372 mm image size
per individual series. The order of display for FBP and IR series was
changed in a random fashion, and information on the type of recon-
struction or dose level was masked. All images were reviewed at a
PACS workstation (Centricity; GE Healthcare, Milwaukee, Wiscon-
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Table 1: Patient characteristics and radiation dose in CT protocols
with various tube currents

Characteristic 320 mAs 275 mAs 225 mAs P
Age 63 + 14 67 =13 66 = 12 54
Sex (male/female) 12/18 14/16 19/11 A7
CTDl,o (mGy) 60.1 51.8 423 —
DLP (mGy.cm) 1043 + 53 890 + 34 733 £ 52 <.0001
Effective dose (mSv) 22+01 1.8 £0.07 1510 <.0001

sin) with use of standard display settings (window level, 36; width,
80).

Subjective image quality was assessed in terms of noise, GM-WM
differentiation, sharpness of subarachnoid space margins, distinct-
ness of posterior fossa contents, and overall diagnostic acceptability.
Noise was graded as the following: 1, very low; 2, low; 3, considerable
with preserved diagnostic image quality; 4, high, causing nondiagnos-
tic image quality. All other parameters were scored as the following: 1,
excellent; 2, good; 3, suboptimal, but still diagnostic; and 4, unaccept-
able and nondiagnostic. Grades for image quality were averaged
across both readers for further analysis.

Statistical Analysis

Statistical analysis was performed with software (JMP, Version 6, SAS
Institute, Cary, North Carolina; Prism, Version 4.00, GraphPad Soft-
ware, San Diego, California). A P value < .05 indicated statistical
significance. An unpaired ¢ test and x test were used to compare
continuous and proportional patient characteristics between sub-
groups. Regarding objective imaging parameters, intraprotocol com-
parisons between FBP and IR were done by paired t tests. For com-
parisons between various tube currents or CT protocols, an unpaired
t test or 1-way analysis of variance with a subsequent Tukey multiple
comparison test was used.

The Wilcoxon signed rank test, Mann-Whitney U test, or Kruskal-
Wallis with the Dunn multiple comparison test was used for analysis
of subjective image-quality scores. Inter-rater agreement in the as-
sessment of image quality was quantified by weighted « statistics.

Results

Noncontrast and contrast-enhanced imaging was performed
in 90 patients; the characteristics of subjects within the distinct
study groups are shown in Table 1. Median time for recon-
struction was substantially longer with use of the iterative al-
gorithm, notably 68 seconds (range, 61-74 seconds) versus 25
seconds (range 22-27 seconds).

Radiation Dose

Dose-related parameters are summarized in Table 1. While the
CTDI,,; was 60.1 mGy in the 320-mAs reference group, it was
reduced to 85.5% in the low-dose group 1 (275 mAs) or 70.3%
in low-dose group 2 (225 mAs). Accordingly, compared with
1043 mGy.cm and 2.2 mSv in standard head CT, DLP and
effective dose were cut down to 85.3% with use of 275 mAsand
70.2% when applying 225 mAs.

Quantitative Analysis
A 15-patient subset analysis of image sharpness at bone win-
dow kernels demonstrated an insignificant 3% decrease with
the use of IR (396.9 £ 111.3 versus 386.3 * 117 change in
HU/Pixel; P = .55).

By contrast, analysis of attenuation values did not reveal
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any difference between tube currents and reconstruction algo-
rithms used. Accordingly, the reduction of noise in WM and
GM, liquor, and background for all of the 3 CT protocols
resulted in significant enhancement of SNR (Table 2) and
CNR (Fig 1) with IR postprocessing. The average improve-
ment of CNR by using IR versus FBP was 13% (1.82 * 0.4
versus 2.06 * 0.4; P < .0001).

Conversely, in both IR and FBP reconstruction, reduction
of tube current was associated with a significant increase of
image noise or degradation of SNR (Table 2) and CNR (Fig1).
In detail, with FBP, the decrease of CNR was 10% (1.98 * 0.4
versus 1.78 £ 0.4; P=.016) ina275-mAsand 17% (1.98 = 0.4
versus 1.65 * 0.4; P = .0008) in a 225-mAs low-dose protocol.

Hence, compared with the standard 320-mAs CT with
FBP, quantitative degradation of image quality by lowering
the tube current to 275 mAs was fully compensated when ap-
plying IR (1.98 * 0.4 versus 2.05 * 0.4, Fig 1). CNR in 225-
mAs datasets with IR was approximately 7% below the average
of a standard 320-mAs FBP protocol (1.98 £ 0.3 versus 1.85 =
0.4; P = .18, Fig 1).

Linear regression analysis of CNR against tube current sug-
gests that standard CNR may be obtained until about 20.4%
dose reduction (255 mAs) when IR is used (Fig 2).

Quualitative Analysis

With all tube currents, use of an iterative algorithm was asso-
ciated with significant improvement of scores for noise,
GM-WM differentiation, sharpness of subarachnoid space,
and overall diagnostic acceptability (Table 3 and Fig 3). The
benefit of IR was less consistent with regard to the visualiza-
tion of posterior fossa contents.

When compared with the 320-mAs FBP standard protocol,
lowering the tube current to 225 mAs resulted in considerable
deterioration of overall diagnostic acceptability with both re-
construction algorithms (1.8 versus 2.7 for FBP, P <.0001; 1.8
versus 2.2 for IR, P = .03). No difference was observed be-
tween 320 mAs with FBP and 275 mAs with IR reconstruction
(1.8 versus 1.7, P = .63; Fig 4).

The interobserver agreement in the assessment of various
image-quality parameters was good (weighted «, 0.68).

Discussion

The increasing use of MDCT has fueled a heightened concern
regarding potential hazards and has evoked an extensive inter-
est in minimizing radiation exposure. Unfortunately, many
traditional dose-reduction strategies (eg, low tube current and
voltage scanning or specific noise reduction kernels) come at
the price of degraded image quality. While for many applica-
tions of conventional body CT, a mild increase of noise may
not limit diagnostic accuracy, classic neuroradiologic issues
such as detection of acute ischemia, edema, or hemorrhage
require exceptional image quality and leave little room for
compromise. The reason lies with minute attenuation differ-
ences between WM and GM, the shielding of tissue by the
skull, and the inherently unfavorable SNR.

IR has long been discussed as a highly promising recon-
struction concept to achieve considerable dose reduction
without losing image quality. Unlike traditional FBP, the
method is based on a correction loop within the image-gener-
ation process, which leads to significant reduction of noise



Table 2: Mean and SD of SNR in various CT protocols with either IR or FBP®

Tube Current 320 mAs

Tube Current 275 mAs

Tube Current 225 mAs

IR FBP FBP IR FBP

Non-Enhanced

WM 88 2.1 79+1,P=0.01 8017 7.0 = 1.3, P<.0001 7615 6.7 = 1.4, P=.006

GM 109 +2 9.4 + 1.4, P< 0001 98+14 8.3 + 1.3, P< .0001 97+18 8.4 + 16, P< .0001

LQ 14+05 1.2 = 0.4, P< .0001 13+04 1.0 = 0.3, P< .0001 12+03 1.0 = 0.3, P< .0006

BG —448 —302, P< 0001 —385 —210, P < .0001 —295 —244, P< 0001
Contrast-Enhanced

WM 89+18 76+ 1.4, P<.0001 79+15 6.8 + 1.1, P< .0001 7814 6.5+ 1.0, P< .0001

GM M2=17 10.2 = 1.6, P= .001 10217 9.0 =14, P=.0008 94 +21 8617 P= .02

La 1.3+06 1.0 = 0.4, P< .0001 12+05 1.0+ 04, P=0.004 1.1+03 09 +04,P<.001

BG —385 —328, P<.0001 —222 —192, P< .008 —221 —191, P< 0001

Note:—LQ indicates liquor; BG, background.

@ Data are shown for WM, GM, LQ, and BG measurements in air outside the skull. P values refer to differences between IR and FBP.
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Fig 1. CNR in nonenhanced (A) and contrast-enhanced (B) head CT with the use of various
tube currents and reconstruction of data by FBP or IR. In the boxplot diagrams, the line
across the middle of the box identifies the median sample value; boxes extend from the
25th to the 75th quartile, and whiskers, down to the lowest and highest values.

with maintenance of image resolution.'' However, for a long
time, the required computational power for everyday use has
not been available and variations of the algorithm have only
recently been introduced into clinical routine. At this stage,
several studies have confirmed the capability of IR to achieve
robust image quality in low-dose abdominal, thoracic, and
cardiovascular CT examinations.'>™'*?!

Our study is the first to assess the iterative approach in head
CT. We find that IR achieves a significant reduction of image
noise, which is robust among various dose protocols and non-
enhanced and contrast-enhanced studies. Image sharpness is
decreased by approximately 3%, yet this difference proved in-
significant in a smaller subset analysis and does not translate
into deterioration of subjective image quality. In fact, the latter

2.3q
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210 220 230 240 250 260 270 280 290 300 310 320 330 340
Tube Current (mAs)

Fig 2. Regression plot of CNR against tube current with IR and FBP. According to linear
regression equation, the x-intercept is at a tube current of 255 mAs when y is at a standard
1.98 CNR (320-mAs FBP).

is improved by lower noise levels that correlate with increased
SNR and CNR due to the preservation of attenuation values.
While IR achieves robust objective and subjective image qual-
ity in an 85% low-dose protocol, a 30% dose reduction is as-
sociated with noticeable degradation of quality. In terms of
quantitative imaging parameters, a linear regression equation
suggests that standard quality may be preserved until approx-
imately 20% dose reduction whenever IR is used.

Due to the computational complexity, time for reconstruc-
tion was substantially increased with use of the iterative algo-
rithm. However, with a median reconstruction interval of 68
seconds, clinical efficiency was not affected. Also, as both the
method and computational power continue to evolve, a fur-
ther decrease of processing time is expected in the near future.

When compared with dose savings of 33%-50% or 36%—
75% in abdominal and thoracic applications, our findings for
head CT may appear somewhat modest.'>'”'>*' Apart from
conceivable variations in different vendors or products, the
most likely explanation for such discrepancies is the critical
CNR in the GM-WM differentiation and a more marked in-
crease of noise with the reduction of tube current in head CT.
Nonetheless, maintaining standard image quality at dose sav-
ings in the range of 20% still represents a considerable step in
terms of patient dose reduction and may particularly benefit
the large number of patients with serial follow-up
examinations.

In this context, the standards for image quality in our study
were derived from a relatively high-dose protocol, designed
for applications that require an exceptional CNR. Accord-
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Table 3: Mean and median of qualitative image scores in various CT protocols with either IR or FBP?

Tube Current 320 mAs

Tube Current 275 mAs

Tube Current 225 mAs

IR FBP FBP IR FBP

Non-Enhanced

Noise 1.2(1) 1.6(1.5), P=.003 16(2) 1.9(1.75), P= .001 2.0(2) 2.5(2.5), P< .0001

GM/WM 1.4(1) 1.8(2), P=.002 1.6(1.5) 2.2(2.25), P= 009 22(2) 2.9(3.0), P < .0001

SS 1.4(1) 1.7(2), P= .007 1.6(2) 20(2),P=01 2.1(2) 2.7 (3), P = .0006

PF 16(2) 20(2),P=1 20(2) 2.7(25), P= 001 2.8(3) 3.4(3), P=.0002

DA 1.3(1) 1.7(2), P= 002 1.7(2) 2.2(2), P= 0005 22(2) 2.8(2.5), P<.0001
Contrast-Enhanced

Noise 1.2(1) 14(15), P= 02 1.4(1) 1.8(1.75), P=.003 2.1(2) 2.5(25), P=.0002

GM/WM 1.3(1) 1.6(2), P=.002 1.6(1.5) 2.1(2), P= 001 2.1(2) 2.7 (3), P=.0004

SS 1.3(1) 1.6(2), P=.004 1.5(1.75) 1.9(2), P=.008 2.0(2) 2.6(3), P< .0001

PF 16(2) 20(2), P= 01 22(2) 25(25), P= 09 2.8(3) 30(3),P=2

DA 1.2(1) 1.8(2), P=.007 1.6(2) 2.0(2), P=.008 2.1(2) 2.6(2.5), P=.0003

Note:—SS indicates subarachnoid space margins; PF, distinctness of posterior fossa contents; DA, overall diagnostic acceptability.
“lmage-quality grading is provided for noise, GM-WM matter differentiation, sharpness of SS, PF, and overall DA. Median is in parentheses.
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Fig 3. Subjective grading of WM-GM differentiation in nonenhanced (A) and contrast-enhanced (B) head CT with use of various tube currents and reconstruction of data by FBP or IR. Data

are presented as means and ranges.

ingly, automatic tube current modulation was not applied and
the collimation was set to 40 X 0.6 mm. The resultant CTDI,,
and DLP of our routine protocol are in line with the European
diagnostic reference levels.”> Whether the associated level of
image quality always translates into a heightened accuracy or
better diagnosis is debatable; however, this problem is beyond
the scope of our current study. Notably, other institutions
have different standards for diagnostic confidence, and sys-
tematic analyses of routine protocols have shown a consider-
able variability of radiation dose and image quality between
institutions or scanners.”>** Undoubtedly, many everyday ap-
plications such as follow-up examinations of hematoma, tu-
mors, or the evaluation of ventricular shunts carry the poten-
tial for significant reduction of routine dose, which—
independent of individual standards for diagnostic
confidence—may be even more substantial when IR is used.
Finally, because iterative processing is still a very young ap-
proach, it is likely that more advanced and powerful variations
of the technique will emerge in the near future and, thereby,
enable additional dose savings.
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The first limitation of our study is the small sample size per
group, requiring confirmation of our findings in a larger pa-
tient series. Different tube currents were applied to different
patient cohorts so that a more accurate—yet practically almost
impossible—intrapatient comparison of protocols could not
be performed. As indicated above, the focus of our study was
on subjective and objective image quality; we did not assess the
diagnostic accuracy of IR low-dose acquisitions in comparison
with standard protocols.

Conclusions

Our data support the use of IR in head CT as a valuable tool for
significant dose reduction. The algorithm is robust in lowering
image noise and improves quantitative and qualitative imag-
ing parameters in both nonenhanced and contrast-enhanced
scans at variable radiation doses. The potential of IR to main-
tain standard image quality at =20% dose reduction justifies
larger clinical studies with a focus on diagnostic accuracy.

Disclosures: Thomas Flohr, Unrelated: employment Siemens.



Fig 4. Example of image quality at 320 (A and D), 275 (B and £), and 225 (C and f) mAs. At all dose levels, use of IR (D—A is associated with a considerable reduction of noise and
enhancement of image quality. As demonstrated in our study, this is achieved without significant loss of image sharpness. While image quality at 85% dose and IR (£) is similar to the
standard of reference (A), a 30% dose reduction results in substantial increase of noise despite using IR (A).
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Cranial CT with Adaptive Statistical Iterative
Reconstruction: Improved Image Quality with
Concomitant Radiation Dose Reduction

BACKGROUND AND PURPOSE: To safeguard patient health, there is great interest in CT radiation-dose
reduction. The purpose of this study was to evaluate the impact of an iterative-reconstruction
algorithm, ASIR, on image-quality measures in reduced-dose head CT scans for adult patients.

MATERIALS AND METHODS: Using a 64-section scanner, we analyzed 100 reduced-dose adult head CT
scans at 6 predefined levels of ASIR blended with FBP reconstruction. These scans were compared
with 50 CT scans previously obtained at a higher routine dose without ASIR reconstruction. SNR and
CNR were computed from Hounsfield unit measurements of normal GM and WM of brain paren-
chyma. A blinded qualitative analysis was performed in 10 lower-dose CT datasets compared with
higher-dose ones without ASIR. Phantom data analysis was also performed.

RESULTS: Lower-dose scans without ASIR had significantly lower mean GM and WM SNR (P = .003)
and similar GM-WM CNR values compared with higher routine-dose scans. However, at ASIR levels
of 20%-40%, there was no statistically significant difference in SNR, and at ASIR levels of =60%, the
SNR values of the reduced-dose scans were significantly higher (P < .01). CNR values were also
significantly higher at ASIR levels of =40% (P < .01). Blinded qualitative review demonstrated
significant improvements in perceived image noise, artifacts, and GM-WM differentiation at ASIR
levels =60% (P < .01).

CONCLUSIONS: These results demonstrate that the use of ASIR in adult head CT scans reduces image
noise and increases low-contrast resolution, while allowing lower radiation doses without affecting

spatial resolution.

ABBREVIATIONS: ACR = American College of Radiology; ASIR = Adaptive Statistical Iterative
Reconstruction; CNR = contrast-to-noise ratio; CTDI,,, = volume CT dose index; DLP = dose-
length product; ED = effective dose; FBP = filtered back-projection; GM = gray matter; HU =

Hounsfield unit; Ip = line pair

he use of CT is increasing rapidly at a rate of approximately

10% per year, and >68 million CT studies were performed
in the United States during 2008."” The foremost concern
with the increasing use of CT technology is the associated dose
of ionizing radiation and the potential risk of cancer develop-
ment later in life." The situation is even more worrisome in the
pediatric population, which is at greater risk than adults from
a given dose of radiation.! However, dose reduction in CT is
hindered by the increased image noise in lower radiation-dose
protocols by using the current FBP reconstructions.

CT imaging demands the development of more efficient
reconstruction techniques to diminish radiation dose. Itera-
tive reconstruction techniques promise to drastically reduce
image noise and artifacts, thereby allowing significant dose
reduction. Most of these techniques are computationally in-
tensive and require long reconstruction times. The most com-
prehensive iterative-reconstruction algorithm models the sys-
tem optics by taking into account the finite size of the pixel and
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the focal spot as well as the shape and size of the detector-cell
spacing. In addition, it also models the photon statistics in
x-ray attenuation. ASIR (GE Healthcare, Chalfont St. Giles,
UK) is a modified iterative-reconstruction technique that is
time-efficient and already clinically available. It models the
photon statistics in x-ray attenuation but does not model the
system optics. Thus, it is more computationally complex than
FBP but considerably less computationally complex than
more comprehensive iterative-reconstruction methods.? This
technique produces significant noise reduction that poten-
tially improves image quality and allows reduction in radia-
tion dose. High levels of ASIR processing create image texture
(smooth appearance) and noise characteristics unfamiliar to
radiologists.>* In clinical practice, one can use variably
blended images created with FBP and ASIR techniques to pro-
duce different levels of ASIR.

The purpose of this study was to evaluate the impact of
ASIR on both qualitative and quantitative measures of image
quality in reduced-dose head CT scans for adult patients. Our
hypothesis was that the use of ASIR decreases CT image noise
resulting in increased SNR and CNR ratios as well as improved
qualitative scores of contrast resolution without compromis-
ing spatial resolution. We evaluated its effect on quantitative
and qualitative measures of brain image quality in adult re-
duced-dose head CT scans at multiple ASIR levels in compar-
ison with regular-dose CT studies.
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Materials and Methods

Patient Selection

Institutional review board approval was obtained for this retrospec-
tive analysis of CT datasets, and Health Insurance Portability and
Accountability Act—compliant practices were used during this study.
We selected 100 consecutive non-contrast reduced-dose adult head
CT studies performed during April and May 2009 for all indications
by using a 64-section Discovery CT750HD CT scanner (GE Health-
care) with ASIR reconstruction capability. These were compared with
50 consecutive regular-dose adult head CT scans obtained on the
same scanner during March 2009 before the availability of ASIR. A
total of 150 CT scans were obtained from 140 patients. Ten patients
had scans with reduced- and regular-dose techniques.

Image Acquisition

One hundred scans obtained on the ASIR-capable scanner were ac-
quired by using a reduced-dose protocol. Imaging parameters for
these studies were as follows: 120 kV, fixed tube current of 200 mA
(140 mAs), pitch of 0.531:1, table speed of 10.62, gantry rotation
speed of 0.7 seconds, CTDI,, of 49.7 mGy (reported on the scanner
console), FOV of 22 cm, and matrix of 512 X 512. The scanning raw
data were used for FBP (standard kernel) reconstruction, which was
blended with varying degrees of the ASIR algorithm (0%, 20%, 40%,
60%, 80%, and 100%). This blending is a linear combination of FBP
and ASIR images, depending on the percentage of ASIR chosen (eg,
30% ASIR would be a blend of 30% ASIR and 70% FBP images). The
50 head CTs performed on the same scanner before ASIR availability
were performed at a relatively higher radiation dose in keeping with
our routine clinical protocols with imaging parameters as follows: 120
kV, fixed tube current of 250 mA (175 mAs), pitch of 0.531:1, table
speed of 10.62, gantry rotation speed of 0. 7 seconds, CTDI, ., of 66.51
mGy, FOV of 22 c¢m, and matrix of 512 X 512 with a standard FBP
kernel. Images were reconstructed as 5-mm-thick contiguous
sections.

CT Radiation-Dose Calculation

The CTDI,,, of a single CT section of both protocols (low and higher
routine doses) was reported on the basis of scanner output (dose
report), which is a fixed number when a fixed tube current is used in
the protocol. The average DLP, calculated as the CTDI,; multiplied
by the scan length (section thickness X number of sections) in centi-
meters was also reported. The ED DLP can be estimated from the
DLP, which is reported on most CT systems: ED (mSv) = k X DLP.
The conversion factor (k) for adult head is 0.0021.°

Phantom Study

A phantom study was performed independently from the assessment
of clinical CT scans. The effect of ASIR on image noise, low contrast
resolution, and high contrast resolution was evaluated by using an
ACR CT phantom following recommended guidelines.*” Phantom
raw data were acquired by using FBP reconstruction (with a standard
kernel) blended with varying degrees of ASIR algorithm (0%-100%,
10 blending levels) by using reduced-dose and higher routine radia-
tion dose CT protocols. CNR was assessed quantitatively following
ACR guidelines.”” CNR measurements were compared between the
reduced-dose and routine higher-dose protocols and among different
ASIR levels. We also qualitatively assessed high contrast resolution
comparing the identification of high-resolution bar patterns between
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Table 1: Evaluation parameters and 5-point grading system
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the reduced-dose and routine higher radiation dose groups and with
different levels of ASIR. This blinded assessment was performed by 2
experienced neuroradiologists (M.H.L. and S.R.P.).

Clinical CT Dataset Analysis
CT attenuation measurements were acquired by using circular
ROIs placed in normal deep GM (lentiform nucleus) and adjacent
normal WM structures (internal capsule) by using soft-tissue al-
gorithm brain images. ROIs were slightly adjusted to fit the mea-
sured anatomic structure to avoid volume-averaging artifacts.
SNR, defined as mean attenuation (in Hounsfield units) divided
by the SD® was calculated for each ROI. We calculated CNR, de-
fined as the difference in mean attenuation for 2 regions divided by
the square root of the sum of their variance,® comparing GM with
adjacent WM (GM-WM CNR). The ratio of the intensity of a
signal to the intensity of the noise (SNR) indicates the quality of
the signal intensity within an anatomic region, and CNR indicates
the capability of differentiating tissues of different electron atten-
uation in relation to the background noise.

The qualitative analysis was performed in 10 cases that had head
CT studies by using both reduced- and regular-dose techniques.

Anonymized image datasets were created at 0%, 30%, 60%, and
100% ASIR levels. The blinded qualitative visual analysis of these
datasets was performed by 2 experienced board-certified neuroradi-
ologists (O.R. and S.R.P). The reviewers were blinded to the radiation
dose and reconstruction algorithm. Evaluation parameters and the
5-point grading system are summarized in Table 1.

Statistical Analysis
ANOVA was used to determine statistical significance among the re-
duced-dose subgroups at each ASIR level and for determination of the
statistical significance of differences in SNR and CNR measurements
between the routine higher-dose non-ASIR datasets and the reduced-
dose datasets at each ASIR level. A nonparametric Kruskal-Wallis test
was used to determine statistical significance for the qualitative anal-
ysis data (Table 2).

All values were expressed as means = standard error of the mean.
STATA software Version 10.0 (StataCorp, College Station, Texas) was
used for statistical analysis.

Results

Patient Demographics

A total of 150 adult patients were included; 100 were scanned
by using a reduced-dose head CT protocol (mean age, 64 *+
1.69 years; range, 21-93 years; 39 men, 61 women), and 50



Table 2: Summary of image-reconstruction subgroups and statistical analysis

Clinical CT Datasets

Statistical Analysis for GM-SNR,
WM-SNR, and GM-WM CNR

Protocol Image Reconstruction
Routine dose (n = 50) 100% FBP
100% FBP

80% FBP + 20% ASIR
60% FBP + 40% ASIR
40% FBP + 60% ASIR
20% FBP + 80% ASIR
100% ASIR

Reduced dose (n = 100)

Control group

Dunnett multiple comparison test
Repeated-measures ANOVA P p

Table 3: Acquisition parameters of routine and lower-dose CT groups

Radiation Dose Reconstruction Technique CTDI,,, (mGy)? DLP (mGy.cm) Effective Dose (mSv)
Regular dose (175 mAs) 100% FBP 66.51 1270.34 = 24.46 2.66 = 0.05
100% FBP
20% ASIR + 80% FBP
0, 0
Lower dose (140 mAs) 40% ASIR + B0% FBP 497 932.25 + 11.46 1.95 +0.02

60% ASIR + 40% FBP
80% ASIR + 20% FBP
100% ASIR

2 Clinical scans were below the recommended ACR levels (CTD,q) of 75 mGy.%°

Table 4: Statistical differences (P values) between the regular- and lower-dose CT groups

Quantitative Measurements (P values)

Radiation Dose Reconstruction Technique GM-SNR WM-SNR GM-WM CNR
Regular (175 mAs) 100% FBP Control group
100% FBP .003° .003? 4
20% ASIR + 80% FBP 649 541 1
Lower-Dose (140 mAs) 40% ASIR + 60% FBP .302 668 .03°
60% ASIR + 40% FBP <.0001® <.0001° <.0001®
80% ASIR + 20% FBP <.0001® <.0001® <.0001®
100% ASIR <.0001® <.0001® <.0001®

@ Statistical significance between the lower-dose (with different ASIR/FBP levels) and regular-dose groups.

patients underwent routine higher-dose head CT scans as a
part of their clinical evaluation (mean age, 65 = 2.49 years;
range, 23—89 years; 21 men, 29 women).

There was no significant difference in mean age (unpaired
t test, P = .35) between the groups.

CT Radiation Dose

The CTDI,,; of a single CT section at 140 mAs (reduced-dose
group: fixed tube current of 200 mA at 0.7 s/rotation) and 175
mAs (routine higher-dose group: fixed tube current of 250 mA
at 0.7 s/rotation) was 49.07 and 66.51 mGy, respectively. The
average DLP and the ED at 140 mAs (reduced-dose protocol)
were 932.25 = 11.46 mGy.cm and 1.95 * 0.02 mSv; the same
values at 175 mAs (routine higher-dose protocol) were
1270.34 = 24.46 mGy.cm and 2.66 * 0.05 mSv, respectively
(Tables 3 and 4). The total dose in the reduced-dose group was
approximately 26.2% lower compared with the routine high-
er-dose protocol (based on CTDI,)).

Phantom Results

Noise measurements showed a gradual decrease in image
noise with higher ASIR levels with both protocols (reduced-
dose and higher routine radiation dose protocols) (Fig 1A).
Noise measurements at a 30%—40% ASIR level with the re-
duced-dose technique were comparable with the higher rou-
tine radiation dose protocol without ASIR (Fig 1A). CNR pro-

gressively increased with higher ASIR levels in both the
reduced-dose and higher routine-dose groups. CNR values
were comparable between reduced-dose scans at 20%—30%
ASIR and routine higher-dose scans without ASIR. Reduced-
dose scans with >30% ASIR levels resulted in higher CNR in
comparison with routine higher-dose scans without ASIR (Fig
1B). For the assessment of high-contrast resolution, =7 Ip/cm
bar patterns were resolved (higher than the required 5 Ip/cm
bar pattern based on ACR CT phantom guidelines). There
were no differences in the identification of these high-con-
trast-resolution bar patterns between the reduced-dose (with
different levels of ASIR blending) and higher routine-dose
groups (Fig 2).

Clinical CT Dataset Analysis

Quantitative Assessment. The mean ROI area for GM and
WM was 38.85 = 1.25 mm?. The mean GM and WM attenu-
ation values for the reduced-dose group (140 mAs) were 34.5
and 24.2 HU, respectively, and for the routine higher-dose
group (175 mAs), they were 35.5 and 25.6 HU, respectively.

There was a significant increase in GM and WM SNR with
increasing ASIR levels in the reduced-dose subgroups (P <
.01, repeated-measures ANOVA) (Fig 3). GM-SNR and WM-
SNRincreased from 6.61 = 0.11 and 5.06 = 0.11, respectively,
in the reduced-dose without ASIR subgroup to 16.87 = 0.52
and 11.81 = 0.39 in the reduced-dose with 100% ASIR sub-
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Fig 1. ACR phantom quantitative study.” A, Noise-level comparison between lower-dose and routine higher-dose protocols at different ASIR levels. Lower dose (200 mA) images at an
ASIR level of 30% have image noise comparable with that of routine higher-dose (250 mA) scans without ASIR. B, CNR analysis. Lower-dose scans at an ASIR level of 20% have CNR

comparable with that of routine higher-dose scans without ASIR.

Fig 2. High-contrast-resolution assessment by using the ACR phantom.” CT images obtained at a regular dose without ASIR (A), at a lower dose without ASIR (B), and at a lower dose
with 60% (C) and 100% (D) of ASIR blending demonstrate the effect of different ASIR levels and the lower-dose technique in comparison with the regular-dose technique on
high-contrast-resolution bar patterns. There are no apparent differences in the ability to discriminate individual bar patterns between these techniques.

group (P < .0001) (Fig 3). Mean GM-SNR and WM-SNR in
adulthead CTsat 175 mAs (higher-dose) were 7.94 * 0.20 and
6.22 * 0.14, respectively, which were not significantly differ-
ent from the mean GM-SNR and WM-SNR of scans acquired
at 140 mAs (reduced-dose) with ASIR level of 20% and 40%
(ANOVA, Dunnett multiple comparison test). The SNR val-
ues in the routine higher-dose group were significantly lower
compared with reduced-dose scans with =60% ASIR blend-
ing (all P <.0001) and significantly higher when ASIR was not
applied in the reduced-dose group (all P = .003) (Tables 3 and
4).

There was a progressive increase in GM-WM CNR with
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increasing ASIR levels in lower-dose subgroups (P < .0001,
repeated measures ANOVA). GM-WM CNR increased from
1.48 = 0.04 in the reduced-dose subgroup with 0% ASIR to
3.42 = 0.10 at 100% ASIR. Mean CNR between GM and WM
for routine higher-dose head CT studies was 1.61 = 0.05,
which was not significantly different from the values in the
reduced-dose CT subgroups with ASIR levels of 0% and 20%,
but it was significantly lower in comparison with the reduced-
dose subgroups with ASIR levels of =40% (all P < .0001) (Fig
3).

Qualitative Assessment. There was a significant decrease
in image noise and scatter-related artifacts when applying 60%
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Fig 3. Comparison of average SNR and CNR values between regular- and lower-dose (with variable ASIR) groups. GM-SNR (left), WM-SNR (middle), and GM-WM CNR (right) measurements
are plotted in the y-axis. The x-axis depicts the regular-dose group (without ASIR) and different lower-dose subgroups with increasing ASIR levels (0%—100%). Shaded areas demonstrate

equivalent average SNR and CNR values between the regular- and lower-dose groups.

Fig 4. Examples of nonenhanced head CT images of an adult patient obtained at a regular dose without ASIR (A), a lower dose without ASIR (B), and a lower dose with 60% (C) and

100% (D) of ASIR.
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Table 5: Qualitative assessment of regular-dose and reduced-dose clinical CT datasets with variable ASIR blending using the 5-point grading

system
Scatter-Related GM-WM Visibility of Small Image

Radiation Dose Reconstruction Technique Noise Artifacts Differentiation Structures Sharpness
Regular dose (175 mAs) 100% FBP 2.80 = 0.09 270 £0.10 2.82 +0.12° 2.85 +0.08 3.00 +0.26
100% FBP 2.10 = 0.06* 2.85+0.10 2.09 = 0.11 2.82 +0.09 3.09+0.25

Lower dose (140 mAs) 30% ASIR + 70% FBP 2.90 £ 0.10 3.00 +0.07 2.90 £ 0.11 3.00 +0.00 319+024
60% ASIR + 40% FBP 370 +0.12° 355 +0.11° 361 +£0.12° 3.05+0.05 328+0.30

100% ASIR 425+ 0.12° 3.70 = 0.14* 400 + 0.15% 3.00 =012 3.00 = 0.39

@ Qualitative assessment: mean scores = standard error.

and 100% ASIR in the lower-dose group in comparison with
the regular- and lower-dose groups without ASIR (P <.0001).
A statistically significant increase in GM-WM differentiation
was noted when using ASIR levels of 60% and 100% in the
lower-dose group in comparison with the regular dose and
lower-dose groups without ASIR (P < .0001) (Fig 4). The
image-quality indices in the routine higher-dose group (175
mAs) were not significantly different from similar indices
from scans acquired at 140 mAs (reduced-dose group) with an
ASIR level of 30%.

Regarding the visibility of small anatomic structures and
image sharpness, there was no statistically significant differ-
ence between the lower- (independent of ASIR level) and reg-
ular-dose groups (Table 5).

Discussion

Iterative methods for reconstruction of CT data are not new,
and algebraic iterative-reconstruction algorithms were actu-
ally used in the first CT scanners.”>”'® Mainly due to high
computational requirements (approximately 100-1000 times
in comparison with FBP algorithms),” the iterative-recon-
struction algorithms were displaced after a few years by the
now widely available FBP methods. However, iterative-recon-
struction algorithms are very accurate and perform better than
the FBP methods in many cases,''™'* particularly when dealing
with a small number of projections or noisy datasets.'*'> Iter-
ative reconstruction algorithms have been used more com-
monly in SPECT and PET imaging.’

Recently, iterative-reconstruction algorithms have become
increasingly used in CT imaging due to continuous improve-
ments in computer hardware and software. The use of itera-
tive-reconstruction methods appears to result in significant
improvements in overall image quality and noise reduc-
tion.*>'*"'? Our results demonstrate that the use of ASIR im-
proves measurements of SNR and CNR of GM and WM brain
structures in reduced-dose head CT scans for adult patients.
This effect appears to be related to the noise reduction pro-
duced by this type of iterative-reconstruction algorithm.>'*""?
These results were obtained with a commercially available CT
scanner with acquisition and postprocessing times similar to
those of routine FBP reconstructions on comparable multisec-
tion scanners.

The progressive decrease of quantum noise with CT images
acquired at progressively higher levels of ASIR blends results
in a more uniform appearance.'>'®> Consequently, radiologists
may perceive these images as overly smooth or “painted,” with
concern that critical findings or fine anatomic features may be
obscured.* These perceptions make the switch from FBP to
ASIR processing more difficult to accept. Based on our study
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of adult clinical CT and phantom datasets, there was no ap-
parent compromise of high- and low-contrast resolution with
increasing ASIR levels by using a lower-dose technique in
comparison with regular-dose datasets (Fig 2).

Additional studies will be helpful for evaluation of the po-
tential effect of this type of iterative-reconstruction algorithm
on diagnostic performance, particularly at very high ASIR lev-
els, and for definition of an “optimal” level of ASIR effect,
particularly with different section thicknesses. Our findings
demonstrate that the use of ASIR levels of 20%—-40% on re-
duced-dose scans (26.2% of dose reduction) by using 5-mm
thick images results in quantitative and qualitative indices of
image quality comparable with regular-dose scans, and ASIR
levels of >40% on reduced-dose scans with similar section
thickness result in significant improvement of image-quality
indices and noise reduction in comparison with regular-dose
scans reconstructed with FBP algorithms.”'*'® CT images
with moderate ASIR levels (eg, 60%) will show the expected
benefits of decreased image noise and increased contrast res-
olution while allowing a lower radiation dose without experi-
encing the more pronounced smoothing effect seen with
higher ASIR levels. Recent studies by using iterative-recon-
struction methods (including ASIR) in different anatomic lo-
cations have shown similar results with noise reduction and
improved image quality at lower radiation levels without com-
promising diagnostic accuracy.>>'*""?

One of the limitations of this study is that the reduced-dose
and higher routine-dose clinical CT scans were not obtained at
the same scanning session due to the fact that these studies
were for diagnostic purposes. However, the scans were ac-
quired by using very similar techniques (with the exception of
the radiation dose). Another limitation was evident during the
qualitative assessment: The readers reviewing the imaging da-
tasets were blinded to the radiation dose and degree of ASIR
blending of the CT datasets. However, high ASIR levels have
an expected smoothing effect on the appearance of CT images,
limiting the blinded status of the readers.

Conclusions

ASIR can produce significant improvements in different qual-
itative and quantitative aspects of image quality in adult head
CT studies, while, at the same time, allowing a significant re-
duction in radiation exposure.
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The purpose of our study was to investigate the effect of iterative reconstruction
(IR) as a dose reduction system on the image quality (IQ) of the adult head com-
puted tomography (CT) at various low-dose levels, and to identify ways of setting
the amount of dose reduction. We performed two noncontrast low-dose (LD) adult
head CT protocols modified by lowering the tube current with IR which were
decided in the light of a group of phantom studies. Two groups of patients, each
100 underwent noncontrast head CT with LD-I and LD-II, respectively. These
groups were compared with 100 consecutive standard dose (STD) adult head CT
protocol in terms of quantitative and qualitative IQ. The signal-to-noise ratio (SNR)
of the white matter (WM) and gray matter (GM) and contrast-to-noise ratio (CNR)
values in the LD groups were higher than the STD group. The differences were
statistically significant. When the STD and the LD groups were compared
qualitatively, no significant differences were found in overall quality. By
selecting the appropriate level of IR 34%, radiation dose reduction in adult head
CT can be achieved without compromising 1Q.

PACS number: 87.57.-s

Key words: image quality, dose reduction, reconstruction methods, phantom
studies, MDCT

. INTRODUCTION

Following its introduction by Godfrey Hounsfield in 1972,(?) CT has become an important
method in medical diagnosis.®) The development of spiral CT — and thereafter multidetec-
tor CT (MDCT) — in the past few years has allowed a shorter examination time and thinner
sections. CT use for diagnostic evaluation has increased dramatically all over the world.*-7
The total number of CT examinations performed annually in the US has risen from 3.3 million
in 1980-82 to 68.7 million in 2007.% As head CT has evolved as the technique of choice
to assess traumatic and nontraumatic neurological conditions, its use has become particularly
frequent.® In the US, 19 million head CTs were performed (i.e., 28.4% of all CT procedures)
in 2007.®

The most important problem with the increasing use of CT is the associated dose of ionizing
radiation and the potential risk of cancer development later in life.(7-19-13) To date, attention has
focused on risks from pediatric CT scans. However, Berrington de Gonzalez et al.(!3) estimate
that, in terms of absolute numbers, the potential public health impact of current use patterns
is highest for adults aged 35 to 54 years because of the high frequency of use. It is important

a Corresponding author: Ozdil Baskan, Istanbul Medipol University School of Medicine, TEM Goztepe
Cikisi No: 1 Bagcilar 34214, Istanbul, Turkey; phone: (+90) 212 460 7070; fax: (+90) 212 460 7777; email:
ozdil.baskan@yahoo.com
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for the radiologist to be sure that CT examination is required for the patient and that all efforts
are made for reducing the radiation dose. Radiologists should have a control mechanism while
reducing the dose in order not to sacrifice the image quality (1Q).

For that reason, many dose methods to reduce radiation exposure during CT examinations
have been developed.(!419) Radiation dose reduction can be obtained by reducing tube poten-
tial (kVp) or current (mAs), resulting in increased image noise and decreased 1Q.(!*17) With
increasing computational power, a reconstruction method, statistical iterative reconstruction
(IR), has become an alternative in overcoming these concerns while reducing radiation expo-
sure.(!®) iDose* (Phillips Healthcare, Best, the Netherlands) is one of the IR techniques can be
used effectively, that was investigated in previous papers.1?20)

In this article, we study the effect of the radiation dose reduction on IQ in adult head CT
with IR technique (iDose*) using a 256 slice MDCT. Because IQ decreases with the radiation
dose, careful choice of the appropriate IR level is necessary. We try to describe a roadmap,
while reducing the radiation dose, in order to achieve an optimal balance between image noise
and quality, and compared our findings with the previous studies.

Il. MATERIALS AND METHODS

When we decided on the application of the IR in our department, we performed two noncontrast
low-dose (LD) adult head CT protocols with IR which were constituted in the light of a group
of phantom studies. The local institutional review board approved this study. Because vendor
experience and our prior phantom studies suggest preservation of diagnostic image quality at
all dose levels used in our study, informed consent of patients was waived and all examinations
were performed as standard of care.

All phantom and patient CT examinations were performed by using a 256 slice MDCT
scanner (Brilliance iCT, Phillips Healthcare).

A. Phantom studies

A female adult anthropomorphic phantom (model 702-D; CIRS, Norfolk, VA), which contains
tissue-equivalent epoxy resins in all aspects of the phantom (the manufacturer supplied infor-
mation, model 702-D; CIRS) was used.

The STD head CT protocol that is recommended by the vendor was the beginning point.
The scan parameters are shown in Table 1. Subsequently, phantom scanning was repeated by
reducing the mAs by 30 mAs, while all other scan parameters remained constant (300, 270, 240,
210, 180, 150). Each scan was reconstructed by the filtered backprojection (FBP) algorithm
and five levels of the IR technique (iDose* 1-5) that were predefined by the vendor. A total of
36 scans were analyzed. The noise (in SD) of each study was evaluated while 1 ¢m? region
of interest (ROI) was drawn in the same place (Fig. 1). According to our experience, multiple
ROI measurements will lead to the more accurate conclusion. In this study, all (phantom and
patient) ROI measurements were done in three consecutive slices and their average value was
used. Additionally, we repeated the same protocol and method with 100 kV and 140 kV in
order to check the reliability.

TaBLE 1. The STD head CT protocol’s scan parameters recommended by the vendor.

tube voltage 120-kVp
tube current 300 mAs
pitch 0.391
Gantry rotation time 0.5s
slice thickness and reconstruction interval 5 mm
detector collimation 64%0.625
field-of-view 25 cm
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FiG. 1. CIRS phantom: (a) lateral scout; (b) the axial slice scanned at 300 mAs, demonstrating region-of-interest placement.

As aresult of the noise information acquired through the anthropomorphic phantom measure-
ments, Catphan 504 phantom (Phantom Laboratory, Salem, NY) was scanned with a STD and
two LD head CT protocols. CT parameters were: STD protocol (as defined before) with mAs
300 and FBP reconstruction, LD-I head CT protocol 250 mAs with iDose*2, LD-II head CT
protocol 200 mAs with iDose*3. All scanning parameters were identical, except mAs. These
protocols were compared by using the four modules of the Catphan phantom for objective 1Q
before the patient applications.

The effect of dose and IR (iDose*) on image noise, SNR, CNR, uniformity, low-contrast
resolution, and high-contrast resolution were evaluated. The methods and formulas were based
on the literature®!23) and the information supplied by the manufacturer (Catphan 504 Manual,
The Phantom Laboratory).

To measure the image noise, SNR and CNR linearity module (CTP 404) was used. Image
noise was defined as SD of the 10 mm diameter ROI located in background at the center of
the module.

SNR was determined by dividing the mean Hounsfield units (HU) value by the SD of the
same ROIs.

SNR = Mean HU of the ROI/SD of the ROI €8

CNR was determined by dividing the difference between the mean value obtained from
the ROI in one of the round objects (acrylic) within the phantom and the mean value of the
background by the SD of the background.

CNR = Mean HU of the acrylic-Mean HU of background/(SD of the background) 2)

The CT number (CT, ) uniformity according to the location, edge, and center, was determined
by using the image uniformity module (CTP 486). We measured the CT, (in HU) from the
center of the module and at 3, 6, 9 and 12 o’clock locations of the module. All CT,, for all five
ROIs must be within = 5 HU of the center ROI mean value.

The low-contrast module (CTP 515) was used for contrast detail evaluation. This module
is made of several sets of cylindrical low contrast objects. We chose the 1.0% contrast level
to determine whether the contrast detail changed visually and numerically. We evaluated the
number and the diameter of the objects that are visible.
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For the assessment of high-contrast resolution, the high resolution module (CTP 528) was
used.(!”) The high-resolution bar patterns and the corresponding line pairs/cm (Ip/cm™') were
evaluated and the scans were compared.

B. Patient groups

The first 100 patients underwent noncontrast LD-I head CT protocol and the second 100 patients
underwent LD-II head CT protocol between October and December 2013. These groups were
compared with 100 consecutive STD head CT protocol that we used before the application
of the IR in our department during August to September 2013. No limitations were used for
the indications. The CT scans (totally 18) with motion artifacts were excluded from the study.

C. Radiation dose

The CTDI,; and DLP were obtained at the end of each scan from the dose information page of
the scanner. ED in mSv was calculated by multiplying DLP (mGy*cm) with a constant adult
head specific conversion factor (k) 0.0021 mSv/ (mGy*cm).>¥

D. CT data analysis

Head measurements were done for every patient from the CT images. We looked for the homo-
geneity between the patient groups. Anatomic landmarks were chosen. The distance between
glabella and opisthocranion (GOD) and biparietal diameter (BPD) was measured.

E. Quantitative image analysis
One radiologist who was not involved in the qualitative IQ analysis made quantitative mea-
surements on CT images.

Image noise measurement was made by recording the SD of the circular ROI in the air,
cerebrospinal fluid (CSF), bone, WM, and GM. SD and CT,, were obtained for all series in all
groups. The size, shape, and position of the ROIs were kept constant among the image sets for
comparison by applying a copy and paste function at the workstation (Brilliance Workspace,
Philips Healthcare). The ROIs of 1 ¢m? in-air were placed at the level of frontal sinus 1 ¢cm
away from the bone. The ROIs (15-20 mm?) of CSF were drawn in the lateral ventricle corpus
or the frontal horn. The ROIs (50-60 mm?) for WM were placed in the frontal lobe and GM
was placed in the thalamus. The ROIs (25-30 mm?) for bone were placed in the clivus.

The SNR of the images were calculated for the WM and GM which were drawn in the frontal
lobe and thalamus, respectively. SNR: CT /SD.

In order to calculate the CNR, four ROIs with 4 mm? measurements in the GM and WM at
the level of centrum semiovale of three consecutive slices were detected and get the averages
of the CT, and SD values. The calculations were made by the following equation, as defined
in the literature previously.(2>27)

CNR: (mean GM HU-mean WM HU)/ [(SD GM)? + (SD WM)*]”? 3)

F. Qualitative image analysis

All datasets were randomized and reviewed on the workstation (Brilliance Workspace, Philips
Healthcare) for assessment of qualitative analysis. Two radiologists with more than 10 years
of experience assessed all image datasets independently. They were blinded to the whole scan
parameters. Images were graded for subjective noise, artifacts, and descriptiveness of the pos-
terior fossa contents, GM—WM differentiation, and overall image quality on a five-point Likert
scale (1 worst to 5 best). For grading the descriptiveness of posterior fossa contents: visual-
ization of the brain stem structures, contours of the basal cisterns and ventricular system, and
cerebellar folia were evaluated. WM and GM differentiation: visualization and differentiation
of the basal ganglia and the cortex were graded. We thought that these parameters reflect the
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lesion detectability of the images. Grades for image quality were averaged across both readers
for further analysis.

G. Statistical analysis

For the statistical analysis of the quantitative imaging parameters, one-way ANOVA was used. A
p <0.05 indicated statistical significance. The homogeneity of the variance of the study groups
were analyzed by the Levene test. The groups that have p > 0.05 were considered homogenous.
Tukey’s HSD test for homogenous groups and Tamhane’s T2 test for nonhomogenous groups
were used for post hoc analysis. The chi-square test was used for gender comparison.

A nonparametric Kruskal-Wallis variance analyze test and the Mann-Whitney U test was
used to determine statistical significance for the qualitative image analysis. Interobserver agree-
ment in the assessment of image quality was quantified by weighted statistics (kappa statistics).
Kappa value is a statistical measure of interobserver agreement for qualitative measurements.
The ¥ value can be interpreted as 0.21-0.40 fair, 0.41-0.60 moderate, and 0.61-0.80 good.

lll. RESULTS

A. Phantom study

CIRS phantom studies demonstrated noise reduction when the same tube current was recon-
structed with increasing levels of iDose* (Table 2). The noise levels at 20% and 30% decreased
mAs reconstructed by iDose*2 and iDose*3, respectively, were almost equal to the STD with
FBP algorithm. For that reason these iDose* and mAs reduction levels were chosen for further
study. The results were the same for the different tube voltages (100, 120, 140 kV, Table 2).

TaBLE 2. The noise data (in SD) scanning of the CIRS head phantom at intervals of decreasing mAs and increasing
iDose* levels relative to STD head CT protocol using 120 kVp. The same protocol and method with 100 kVp and
140 kVp. mAs = tube current; FBP = filtered backprojection; CTDI,; = volume CT dose index; kVp = tube voltage;
LD = low dose; STD = standard dose.

120 kVp
mAs FBP iDose’1 iDose*2 iDose?3 iDose?4 iDose?5 CTDI,
300 33 2.9 2.8 2.6 2.3 2.1 41.24
270 3.7 33 3.2 29 2.7 2.5 37.1
240 3.8 3.5 3.2 29 2.7 2.4 32.96
210 4 3.6 3,4 3.2 2.9 2.6 28.99
180 4.4 3.9 3.6 34 3.1 2.8 24.67
150 4.5 4 3.7 3.4 3.2 29 20.53

100 kVp
300 4.4 3.9 3.6 34 3.1 2.7 25.18
270 5.1 4.5 4.3 39 3.6 3.2 22.65
240 5.5 4.8 4.5 4.2 3.8 34 20.12
210 5.5 4.9 4.6 4.4 3.9 3.4 17.59
180 6.1 55 5.2 4.8 4.5 4.1 15.07
150 6.9 6.1 5.7 53 4.8 4.4 12.54

140 kVp
300 2.6 2.5 2.2 2.1 1.9 1.7 60.17
270 29 2.6 2.4 2.2 2 1.8 54.13
240 3.1 2.8 2.6 24 2.2 2 48.09
210 3.5 3.2 3 2.7 2.5 2.3 42.3
180 3.8 34 3.2 3 2.7 2.5 36
150 4.1 3.7 3.4 3.2 2.9 2.6 29.96
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When the STD, LD-I and LD-II protocols were compared by using the Catphan phantom,
the background noise levels were lower, and the SNR and the CNR values were higher in LD
protocols than the STD protocol (Table 3).

Field uniformity measurements were preserved, and the difference of the values according
to the locations and the protocols were within the limitations, as described in the Materials &
Methods section (Table 4). Comparison of low-contrast images showed comparable appear-
ances of the 4 mm objects at 1% in all of the protocols similar to data published in the literature
(Fig. 2). There were no differences in the identification of these high-contrast resolution bar
patterns between the groups (5 Ip/cm based on phantom guidelines) (Fig. 3). The low-dose
application with iDose* did not decrease the high-contrast resolution.

TaBLE 3. The background noise levels, the SNR, and the CNR values of the STD, LD-I and LD-II protocols were
compared by using the Catphan phantom, module 404. LD = low dose; STD = standard dose; CNR = contrast-to-noise
ratio; SNR = signal-to-noise ratio.

STD LD-I LD-I1
background noise 3.9 3.5 3.7
background SNR 26.3 29 27.2
CNR 5.9 6.4 6.2

TaBLE 4. Field uniformity measurements of Catphan phantom using CTP 486 module. CT_ given in HU. LD = low
dose; STD = standard dose; CT = CT number; HU = Hounsfield units.

STD LD-I LD-II

Center 17.2 17.56 17.56
3 o’clock 15.66 15.8 16.06
6 o’clock 16.03 15.6 15.56
9 o’clock 14.86 14.83 15.1
12 o’clock 15.83 15.76 15.7

FiG. 2. Catphan low-contrast phantom module (CTP 515) is made of several sets of cylindrical low-contrast objects:
(a) STD protocol (300 mAs, with FBP reconstruction); (b) LD-I (250 mAs, with iDose*2); (¢) LD-II (200 mAs, iDose*3).
Comparison of low-contrast images showed comparable visualization of the 7 disc objects, up to 4 mm diameter, at 1%
in all of the protocols similar to data published in the literature. FBP = filtered backprojection; LD = low dose; STD =
standard dose.
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FiG. 3. Catphan high-resolution phantom module (CTP 528) with high-resolution bar patterns: (a) STD protocol (300 mAs,
with FBP reconstruction); (b) LD-I (250 mAs, with iDose*2); (c) LD-II (200 mAs, iDose*3). There were no differences
in the identification of these high-contrast resolution bar patterns between the groups. LD = low dose; FBP = filtered
backprojection; STD = standard dose.

B. Patient demographics

There were no significant differences in the age and sex distribution between the groups (p >
0.05) (Table 5). The BPD and GOD were similar in the groups (p > 0.05) (Table 5). We achieved
a significant dose reduction of 16.73% in CTDI_, and 16.06% in the DLP in LD-I and 33.49%
in the CTDI; and 34.46% in the DLP in LD-II group (p < 0.0001) (Table 5). The ED (mSv)
was significantly lower in both LD groups compared with the STD group.

TaBLE 5. Patient characteristics and dose parameters of the three groups. LD = low dose; STD = standard dose; M =
male; F = female; BPD = biparietal diameter; GOD = glabella and opisthocranion; CTDI ; = volume CT dose index;
DLP = dose-length product; ED = effective dose.

STD LD-I LD-II p
Age 46.6+19.4 4524203 44.4+17.46 0.7
Gender (M/F) 57/43 57/43 48/52 0.33
BPD 146.246.4 146.6+6.9 145.3£6.2 0.48
GOD 175+8.8 174.8+7.3 175.248.5 0.92
CTDIvol (mGy) 41.24 3434 27.43 <0.0001
DLP (mGy.cm) 770452 646+41 504430 <0.0001
ED (mSv) 1.6+0.1 1.3+0.08 1.05+0.06 <0.0001

C. Quantitative analysis
The noise levels of the CSF (STD-LD-I p = 0.001, STD-LD-II p < 0.0001), WM (STD-LD-I
p <0.0001, STD-LD-II p <0.0001), and GM (STD-LD-1 p <0.0001, STD-LD-II p <0.0001)
in the low-dose groups were significantly less than the STD group. The noise levels of the
bone in the low-dose groups were less than the STD group. The difference between the STD
and LD-II group was significant (p = 0.032) and insignificant between STD-LD-I (p = 0.603).
The average noise value for air was high in LD-II than the STD (p = 0.030) and no difference
is detected between STD and LD-I groups (p = 0.829) (Table 6).

The SNR of the WM (STD- LD-I p <0.0001, STD-LDII p = 0.033) and GM (STD- LD-I
» <0.0001, STD-LDII p < 0.0001) values and the CNR (STD- LD-I p < 0.0008, STD-LDII
p < 0.0001) levels in the LD groups were higher than the STD group. The differences were
statistically significant (Table 6). We did not observe any artifacts in either group that made
interpretation impossible.
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TABLE 6. Mean and SD of noise, SNR and CNR in various CT protocols. (p-values are mentioned in the main text).
LD = low dose; STD = standard dose; CSF = cerebrospinal fluid; WM = white matter; GM = gray matter; SD =
standard deviation.

STD LD-I LD-II

NOISE

Air 2.64+0.42 2.60+0.33 2.77+0.31

CSF 3.30+0.41 3.09+0.42 2.79+0.41

WM 2.94+0.38 2.71+0.32 2.754+0.34

GM 3.45+0.34 3.11+0.37 3.10+0.31

Bone 48.58+12.69 46.73+£14.57 43.70+13.55
SNR WM 9.46+1.46 10.47+1.63 10.00+1.49
SNR GM 9.68+1.24 10.75+1.96 10.69+1.58
CNR 3.17+0.73 3.54+1.09 3.82+0.65

D. Qualitative analysis
When the STD and the LD-I groups were compared, no significant differences were found
in descriptiveness of the posterior fossa contents (p = 0.225) and overall quality (p = 0.083)
(Fig. 4). The subjective noise (p = 0.003), artifact (p = 0.038), and GM—WM differentiation
(p = 0.045) scores were better in LD-I group than the STD group. There were no significant
difference in subjective noise (p = 0.456), artifacts (p = 0.697), and overall quality (p =0.306)
between the STD group and LD-II group. Scores for descriptiveness of the posterior fossa
contents (p = 0.027) and GM—WM differentiation (p = 0.011) were better in the STD group
than LD-II group (Table 7).

For the subjective analysis, the kappa values for interobserver agreement in evaluating vari-
ous image quality parameters were moderate (weighted k¥ = 0.56-0.61).

FiG. 4. CT axial images of various protocols: (a) and (d) STD protocol (300 mAs, with FBP reconstruction); (b) and (e)
LD-I (250 mAs, with iDose*2); (c) and (f) LD-II (200 mAs, iDose*3). The overall IQ is similar. FBP = filtered backprojec-
tion; IQ = image quality; LD = low dose; STD = standard dose.
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TABLE 7. Mean and SD, median of qualitative image scores in various CT protocols (p-values are mentioned in the
main text). LD = low dose; STD = standard dose; SD = standard deviation.

STD LD-1 LD-I1
Subjective noise 4.28+0.57(4) 4.45+0.55(4) 4.32+0.58(4)
Artifact 4.1+£0.44(4) 4.19+0.42(4) 4.08+0.48(4)
Descriptiveness of posterior fossa 4.52+0.54(5) 4.59+0.51(5) 4.41+0.54(4)
GM-WM differentiation 4.22+0.62(4) 4.34+0.63(4) 4.07+0.6(4)
Overall image quality 4.19+0.46(4) 4.28+0.46(4) 4.14+0.47(4)

IV. DISCUSSION

Due to the widespread use, MDCT has become the major source of radiation related to diagnostic
imaging and this has raised concerns about radiation exposure in the general population. The
risk of cancer from diagnostic X-rays reported from 0.6% to 3.0% in developed countries.?®)

Radiation dose is proportional to the total number of the photons and the photon energy
within the X-ray beam.??) Many strategies have been introduced to reduce the radiation dose
including optimizing the kVp and the mAs, automated tube current modulation, adaptive dose
collimation, and noise-reduction reconstruction algorithms.(!%->7-29) Unfortunately the basic
methods, such as lowering the kVp or mAs, sacrifice the IQ.

Image noise and resolution are the major determinants of IQ. Reconstructed image noise is
affected mostly by radiation dose and image-processing methods.('® IR has focused on noise
suppression and artifact reduction associated with lowering the radiation dose.?”)

In our study, a reduction of CTDI; by 16.73% in LD-I and by 33.49% in LD-II protocols
were achieved with no significant change in the overall image quality compared with the STD
protocol. Similar findings were reported more recently. The application of various IR methods
has been described to lower the radiation dose in head CT — in studies by Kilic et al.(9 a 31%
decrease in DLP, by Rapalino et al.®) a reduction of 26% in CTDI_;, by Alper et al.*? a reduc-
tion of 38% in DLP achieved without affecting diagnostic acceptability. Another study published
by Korn et al.®3 compared their original nonenhanced and enhanced head CT FBP protocol
with two LD IR protocols. The authors found that a 15% dose reduction did not contribute with
1Q, but a 30% dose reduction resulted in degradation of IQ when reconstructed with IR (IRIS).

WM, GM, and CSF demonstrated significantly decreased noise levels in our LD protocols
relative to the STD protocol. The CSF was the most prominent region. This is similar to the
findings of the other studies which they attributed to the propensity of IR to reduce noise in
smoother areas more prominently.3%343%) Bone demonstrated significantly low noise in LD
protocols which is not statistically significant in LD-I. In previous studies no significant differ-
ence had been shown between the noise levels in WM and bone, which is not consistent with
our study.(%3 Additionally, we studied the GM noise and found lower levels in LD groups.
Air noise measurements demonstrated no significant difference between the STD and LD-I
groups and was higher in LD-II than the STD group. We think that this might be because of
the small FOV in front of the frontal bone. We could not change the FOV in order to compare
the LD and the STD groups.

The SNR of WM and GM and CNR in both LD groups were significantly higher than the
STD group. Kilic et al.?? had demonstrated higher CNR in their LD and IR protocol; however,
unlike our study, WM measurements (noise and SNR) and subjective scores of noise were
better in the STD group. Rapalino et al.®D demonstrated that the use of IR (ASIR) improves
measurements of SNR and CNR of GM and WM brain structures in reduced-dose head CT
scans for adult patients similar to our results.

The subjective imaging quality is dependent on the amount of noise and the effect of blur-
ring while using IR with low radiation doses. The level of noise is inversely related to the
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tube potential,*® and the blurring effect is proportional to the level of IR used. They must be
in equilibrium. If the level of IR is high, the images become blurred; if the level of IR is low,
images will be noisy. Unlike other IR algorithms, (e.g., ASIR; GE Healthcare, Waukesha, WI),
the exact percentage of IR in different levels of iDose? is not clearly demonstrated in the CT
protocol. In order to avoid excessively noisy or smooth image reconstructions,®!% the recom-
mended levels by the vendor might be followed.

In our study, we tried to find out the optimum IR level by performing a group of phantom
studies before the patient applications which is described in the literature.®437) We evaluate
the low-contrast and high-resolution quality of the protocols which are especially important
for head and neck protocols.!'”) There were no differences between the protocols. The SNR
and CNR became higher by the iDose* levels in lower doses.

We achieved subjective differences in sharpness by evaluating the GM—-WM differentiation
and the posterior fossa descriptiveness. They were found to be better in the STD group than
the LD-II in qualitative evaluation, while the SNR and CNR were better in quantitative and
phantom evaluations. Kilic et al.39 observed better image sharpness scores in the STD group
than in the LD group. The authors attributed this to the oversmoothing effect of IR (ASIR) as
well as to the noise. Wu et al.®®) has mentioned that the blurring of imaging texture became
evident in the infratentorial region. When the IR is increased unproportionately, a noiseless
appearance occurs in the images, and radiologists may evaluate these images as oversmoothed
or artificial, neither of which are desired.®) Changing the algorithm of the routine procedures
from FBP to IR might be difficult. Perhaps for that reason, while the phantom and quantitative
evaluation of the LD-II protocol CNR and SNR values were better and comparable with the
STD protocol, the scores of the qualitative evaluation were lower. The interobserver agreement
for qualitative measurements (kappa values) was lower in LD-II scores, too.

Differences in image sharpness might also depend on physical features of the patient.
Variations in cranial thickness and amount of subcutaneous tissue surrounding the calvarium
may contribute to subjective image sharpness.?) For that reason we measured the BPD and
GOD and compared them as variables. Wu et al.?®) had found that the head diameter was the
only significant factor inversely correlated with infratentorial imaging quality. Head diameter
cranial bone structures and thickness of the scalp might be investigated as variables while
making the dose regulations and deciding on the amount of the radiation dosage. One of the
limitations of our study is that we measured the diameters between the outer tabulas and didn’t
consider the amount of subcutaneous tissue in the calvarium. The thickness of the supratento-
rial and infratentorial diploe might be measured separately and compared among the groups as
variables. This can be studied and compared, and some standardization might be found such
as body mass index.

The posterior fossa was the part most affected by the lowering of the dose. We evaluated the
posterior fossa qualitatively, but did not evaluate it quantitatively. This is the one of the limita-
tions of our study. Artifacts, such as the operation materials, might be studied more specifically.
We did not evaluate the special pathologies and the diagnostic accuracy of the protocols, which
is another limitation of our study.

We additionally repeated the same procedure with 100 kVp and 140 kVp instead of the
120 kVp of our STD protocol. Our phantom data suggest that additional radiation dose reduc-
tion may be feasible with similar image noise, if the studies are reconstructed with a higher
level of IR (e.g., 120 kV 180 mAs iDose*4) or by changing kV (e.g., 100 kV 300 mAs iDose*3,
140 kV 150 mAs iDose*2). These protocols can be used in future studies. We used only the
noise level, but the CNR can be added too.
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V. CONCLUSIONS

Radiologists and physicists should be familiar with such dose-reduction techniques and should
optimize the imaging protocols to achieve the best images with a lower radiation dose. For
analyzing various protocols, the vendor’s phantoms might be used. The phantom studies can
be used as a preview before trying a new dose-reducing method. Our study showed that, by
selecting the appropriate level of IR, radiation dose reduction up to 34% can be achieved in
adult head CT examinations without compromising the overall 1Q.
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ARTICLE INFO ABSTRACT

Handling Editor: Chris Chantler The study investigated radiation doses and image quality of adult head CT and optimization options using an
anthropomorphic RANDO phantom on the only available AquilionONE CT scanner in Ghana. Dose length
product (DLP) and volume-weighted CT dose index (CTDI,,) dose descriptors were retrospectively obtained from
402 adult head CT examinations performed (from 2020 to 2021) at a Ghanaian hospital, while the effective dose
(Desy) was estimated from the product of the DLP and a convention coefficient (k = 0.0023). Using the same
routine head CT protocol, the anthropomorphic RANDO phantom was scanned with the hospital’s 640-slice
Toshiba AquilionONE CT scanner. Subsequently, exposure factors were varied to study their effects on the
dose and image quality. The adult head and phantom images were obtained in Digital Imaging and Communi-
cations in Medicine (DICOM) format, and their signal-to-noise (SNR) ratios were analyzed with ImageJ software.
The facility’s mean CTDI,,, DLP, and effective dose (Deg) were 86.00 + 0.00 mGy, 1559.68 + 197.18 mGy cm,
and 3.57 + 0.46 mSv respectively (SNR = 7.04). For a fixed tube potential, CTDIy,|, DLP, and D of 51.30 mGy,
1013.80 mGy cm, and 2.33 mSv were respectively achieved (SNR = 5.49) after optimization. Using automatic
exposure control (AEC) in the optimization process, the respective CTDIyo|, DLP and D values were 59.50 mGy,
1176.00 mGy cm and 2.70 mSv (SNR = 5.62). We conclude that substantial D reductions of 40.4% and 31.0%
using a fixed tube potential, and AEC while maintaining diagnostic image quality were respectively achieved.
The protocols associated with these dose-reductions are, therefore, recommended as optimization measures for
head CT on the AquilionONE scanner in Ghana.
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1. Introduction

Computed tomography (CT) is a non-invasive medical imaging mo-
dality that utilizes ionizing radiation to produce cross-sectional and
detailed images of parts of the body, as defined by the World Health
Organization (2021). Advances in CT imaging technology and its
extensive use in clinical practice have resulted in increased CT exami-
nations and reduced the need for emergency surgery from 13% to 5%,
eliminating many exploratory surgical procedures (Power et al., 2016).
In Ghana, Botwe et al. (2020) estimated that 204,760 patients undergo
CT examinations yearly. High radiation doses delivered to patients un-
dergoing CT examinations are a major global concern due to the asso-
ciated biological effects and inherent risks compared to other
radiological examinations (Anim-Sampong et al., 2016; Sackey, 2015).

Although CT procedures deliver organ doses in the range of 10 mGy-100
mGy which are generally below levels required to induce deterministic
effects, according to the linear non-threshold theory, patient risk of
stochastic effects is correlated with radiation dose at any level (Alm--
Carlsson et al., 2007; Shrimpton et al., 2016). It is thus, essential to
reduce patient dose while maintaining diagnostic image quality, and
consequently minimize the associated health effects.

Several CT dose-reduction approaches including the alteration of
exposure factors (lowering tube current and peak tube voltage), use of
automated exposure control (AEC), monitoring, and integration of
different iterative reconstruction software have been provided by
various manufacturers. These approaches, however, have different ef-
fects on the image quality needed for a specific diagnosis or task (Demb
et al., 2017). Hence, appropriate dose optimization measures are
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required to ensure that patients presenting for a particular CT imaging
including head scans receive optimized radiation doses to reduce the
inherent risk but maintain diagnostic image quality (Smith-Bindman
et al., 2019).

According to Bauhs et al. (2008), the CT dose index (CTDI) is the
integral of the single scan radiation dose profile along the z-axis,
normalized to the thickness of the imaged section and expressed
differently for single-slice computed tomography (SSCT) and multi-slice
computed tomography (MSCT) as:

+o00
1
CTDIsscr = / D(2)dz &)
+L/2
1
CTDI =— D(z)d 2
MSCT NT / (Z) Z (2)
~L)2

where T is the detector width or minimal beam collimation thickness, D
is the dose profile, and N is the number of detectors. The volume-
weighted CTDI (CTDI,,)) is the pitch-corrected weighted CTDI (CTDIy,)
and is expressed as

CTDI, 1|1

2
CTDI,, = » :;7 3 CTDI 0o centre + 3 CTDI 0o periphery 3

where p is the scan pitch. According to Smith-Bindman et al. (2011), the
CTDIy, and dose length product (DLP) are important CT dose de-
scriptors for estimating the average absorbed dose for a series of irra-
diated tissue sections. The DLP reflects the potential biologic effect as it
represents the total energy produced by a given protocol in a complete
scan acquisition and varies directly with the total scanned radiation dose
(Kisembo et al., 2015; Strauss, 2014). It is calculated as the product of
the intensity (CTDI,,) and the length of the scanned tissue (Nagel, 2007)
via Eqn (4) as

L
DLP = CTDI,,xL = —CTDI,, 4
p

where L is the scan length for the examinations determined via

[ DLP
~ CTDI,y

(5)

The effective dose (D) is an inference of an individual’s whole-body
dose resulting from radiation exposures and relates to the risk resulting
from the exposure to the individual organ and tissue contributions of the
absorbed doses. It is determined to assess incidence rates for biological
responses such as the stochastic effects. According to Semelka et al.
(2007), Des is the product of an organ’s equivalent dose (Hr) and
radiosensitivity which offers a whole-body dose with the same risk as a
partial dose provided by a localized radiologic procedure. It is depen-
dent on patient size, imaging parameters and scanner technology, and is
often clinically estimated from measured DLPs, as reported in the
literature (Sodickson et al., 2009).

Quantitatively, Deg for a patient can be calculated from the product
of DLP and a conversion factor coefficient (k) for the specific body region
(Brady et al., 2015; Postorino et al., 2021) as

Dy =Y WiH, O]
and

kL
Dy =kDLP = k[CTDL,,)) = 7 CTDI,, 7

where W, is the tissue-specified weighting factor for tissue or organ (t)
under examination, and k = 0.0023 for head CT scan according to the
European guidelines on quality criteria for CT (Bongartz et al., 2000).
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The signal-to-noise ratio (SNR) is a measure of image quality and is
defined as the ratio of the mean to the standard deviations of the pixel
value of regions of interest (ROIs) (Chang et al., 2017).

One of the central goals of medical radiation protection is to mini-
mize the risks of stochastic effects of radiation to levels considered as
low as reasonably achievable (ALARA), while dose optimization ensures
that minimum patient doses are administered to achieve the desired
purpose and image quality. This study, therefore, investigated a method
of optimizing the dose received by adult patients undergoing CT head
examinations while maintaining the quality of the diagnostic image.
This is important to minimize head CT doses and biological effects
associated with high radiation exposures, provide new protocols for
adult head CT examinations, create awareness and education of radi-
ographers in optimizing head CT doses, and thereby enhance patient
radiation protection per the ALARA principle.

2. Materials and methods

A retrospective and quasi-experimental design which allowed for
alteration of the scan parameters for head CT examinations and non-
probability purposive sampling were used in this study which was
conducted at the CT unit of the radiology department of a hospital in
Ghana. According to Anim-Sampong et al. (2016), adult patients are
more commonly referred for CT examinations of the head and other
parts of the body than pediatric patients. Therefore, this study consisted
of 402 adult patients who presented for head CT examinations at the
hospital from January 2020-January 2021.

Constant values of tube voltage, tube current, rotation time, and
pitch were used for routine head CT examinations, while scan lengths
depending on the coverage area planned on the scanogram and limited
to head CT examination with a major focus on the brain varied. These
and other head CT scan parametric (slice number, slice thickness,
CTDI,,, and DLP) data, as well as patient demographics, were retro-
spectively retrieved from the Picture Archiving and Communication
System (PACS) workstation of the hospital’s 640 multi-slice Toshiba
Aquilon ONE TSX-301A CT scanner (Table 1) and recorded on the self-
designed data collection sheet. The technical specifications of the
Toshiba Aquilon ONE TSX-301A CT scanner are presented in Table 2.
Quality control (QC) tests to validate the efficiency of the CT scanner
have been reported in the literature (Botwe et al., 2021).

The Dy for each patient was subsequently calculated from the
product of DLP and a conversion coefficient for the specific body region

Table 1

Patient characteristics, exposure factors, and scanning parameters.
Age Male Female Total
o) Number  Percent, Number  Percent, Number  Percent,

% % %

18-27 27 6.5 21 5.2 48 11.7
28-27 16 4.0 33 8.2 49 12.2
38-47 37 9.2 26 6.5 63 15.7
48-57 32 8.0 43 10.7 75 18.7
58-67 44 11.0 41 10.2 85 21.1
68-77 28 7.0 31 7.7 59 14.7
78-87 7 1.7 12 3.0 19 4.7
88-97 1 0.2 3 0.7 4 0.9
Total 192 47.8 210 52.2 402 100.0
Mean 51.83 +17.54
Exposure factors and scanning parameters Value
Tube voltage (kV;,) 120.00
Tube current (mA) 300.00
Rotation time (sec) 0.75
Pitch 0.66
Scan length (cm) 18.14 + 2.29
Slice thickness (mm) 5.00

Sequence(s) 1.00
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Table 2
Technical specifications of Toshiba Aquilon CT scanner.

Design parameter Value (quantity, volume, etc)

Multislice
16-cm volume (320 x 0.5 mm)
0.35, 0.375, 0.4, 0.45, 0.5, 0.6, 0.75, 1,

CT scanner mode: Multislice
Slices per rotation
Other rotation speed options (sec)

1.5
Minimum rotation speed 350msec
Gantry diameter 72 cm
Minimum temporal resolution (msec) 16 cm full volume 350 msec
Maximum beam width 16 cm

Minimum room size (length x width x Site dependent
height)
Table weight limit

Table movement range

660 1b
33-98.8 vertical/20-195 cm
longitudinal

X-ray generator kV range 80-135 kV,,
Maximum scan range 200 cm
X-ray tube heat capacity 7.5 MHU

Power requirement 480 VAC, 135 kVA

(0.0023) proposed by the European Commission (Brady et al., 2015).
Subsequently, the mean D was calculated for all 402 patients.

With knowledge of the average dose output (CTDI,; and DLP) used
for performing routine diagnostic head CT examinations at the study
site, an optimization study was then conducted. The RANDO anthro-
pomorphic phantom was used for the optimization study by scanning it
with the routine head scan protocols used at the facility and subse-
quently varying the exposure factors to study their effects on the dose
and image quality.

Image quality analyses were performed on the phantom images ob-
tained in DICOM format to identify the best modified protocol(s) that
resulted in radiation dose-reduction while maintaining acceptable
image quality for the intended purpose. Both objective and subjective
image quality analyses were conducted. Objectively, four square ROIs of
the same dimensions (10 mm x 10mm) were drawn on the homoge-
neous 5 mm cut brain tissue at the same slice number for each image,
located about midway between the total number of slices for each
image. The signal-to-noise ratio (SNR) values were estimated using
ImageJ software version 1.53 (Wayne Rasband and Contributors, Na-
tional Institutes of Health, USA) to assess the objective image quality.
Fig. 1 shows how the signal and the noise information were obtained
quantitatively using ImageJ software version 1.53. Subjectively, image
quality can be assessed via radiologists’ reviews of images. In this
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regard, radiologists at the hospital reviewed and approved the images as
fit for diagnostic purposes for routine head CT examinations. The sub-
jective assessment provided information on whether the images were
diagnostically acceptable (good) or not (bad) for the intended clinical
task.

The ethical clearance for this study was reviewed and approved by
the Ethics and Protocol Review Committee of the School of Biomedical
and Allied Health Sciences of the University of Ghana (Reference:
SBAHS/AA/RAD/10680009/2020-2021).

3. Results

The highest and least number of referrals for head CT procedures
were recorded among patients aged 58-67 years (21.1%), and 88-97
years (0.9%). More females (52.2%) presented for head CT scans than
males (47.8%).

3.1. Dosimetry

The mean CTDI,, and DLP values were 86.00 mGy and 1559.70
mGy cm respectively, with associated 75th percentiles of 86.00 mGy and
1613.60 mGy cm. The measured values at the CT unit exceeded values
recommended by the ICRP 73, American College of Radiology (ACR)
and other literature reports (ACR, 2008; Shrimpton et al., 2016). The
mean D, (of all 402 patients) obtained for the images of the adult head
CT patients was 3.57 £+ 0.46 mSv.

3.2. Dose optimization of routine protocol for head scans

Eight phantom head CT images were assessed to determine the image
quality and mean dose descriptor values were obtained for different
exposure parameters (Table 4). Image A was obtained using the mean
routine adult CT head parameters with a DLP of 1699.60 mGy cm. A DLP
of 1037.30 mGy cm was obtained from scanning Image B with the same
tube potential (120.00 kV) and pitch (0.66) but with a reduced tube
current of 200.00 mA. Images C and D were acquired with the same tube
current and pitch as Image A, but with reduced tube potentials of
100.00 kV and 80.00 kV respectively, resulting in DPL of 1013.80 mGy
cm (Image C) and 553.80 mGy cm (Image D). Image E was acquired with
the same scan parameters utilized in the study except that a higher pitch
of 0.84 was used, yielding a DLP of 792.90 mGy cm. Other phantom
Images F, G and H were obtained using different tube potentials of
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Fig. 1. Analysis of image quality using ImageJ software.
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120.00 kV, 100.00 kV and 80.00 kV respectively with the AEC standard
(Sure Exp. 3D) switched on. The resulting DLP values were 1227.70
mGy cm, 1176.00 mGy cm and 778.80 mGy cm, respectively.

In accordance with the Rose model criteria (Burgess, 1999; Hsieh
et al., 2022), a signal must be five standard deviations from the above
background to be detectable. This means that diagnostic images with
SNR >5 are adjudged as having acceptable image quality. In this study,
the calculated SNRs for all the phantom images at the different param-
eters exceeded 5 except for Images D, E and H. The highest SNR of 6.88
was found for Image A, which was acquired with the routine scan pro-
tocol for adult head CT. A reduced tube current of 200.00 mA for Image
B resulted in reduced SNR of 5.25. Also, using reduced tube potentials of
100.00 kV and 80.00 kV for Images C and D resulted in reduced SNR
values of 5.49 and 3.50 respectively. Accordingly, Image D was declared
unfit for diagnostic purposes. An increased pitch factor of 0.84 for image
E resulted in an SNR of 4.9 and hence was also regarded as unfit for
diagnostic purposes. Images F, G, and H were obtained with the AEC
switched on which yielded SNRs of 6.11, 5.62, and 4.63 respectively.

A comparison of DLP and SNR as well as the D,y and SNR of the
various studied protocols for head CT imaging are presented in Figs. 2
and 3 and showed that 5 out of 8 phantom images (Images A, B, C, F, and
H) satisfied the Rose model’s acceptance criteria for good image quality.

The lowest DLP (1013.80 mGy cm) and Deg (2.33 mSv) were esti-
mated for Image C which was subsequently, selected as the best option
among the optimized images. This was achieved by reducing the tube
potential from 120.00 kV to 100.00 kV while keeping other parameters
unchanged. This resulted in a 40.4% reduction in Dy through the
optimization process without deteriorating image quality.

4. Discussions
4.1. Patient characteristics

According to the age distribution (age range: 18-94 years; mean age:
51.83 + 17.54 years), the majority of patients were younger and middle-
aged (58.2%) compared to older adults (41.8%). However, the largest
referrals for head CT examinations were recorded among patients aged
58-67 years (21.2%), of whom the majority were males (11.0%). This
finding may be associated with a higher incidence of dementia as well as
Parkinson’s disease with old age as suggested by Orozco-Arroyave et al.
(2014) for which head CT examination may be the first line for diag-
nosis. Hernandez et al. (2015) observed that the proportion of in-
dividuals that undergo medical imaging procedures increased with age.

More female patients (52.2%) presented for head CT examinations.

10 ‘ | |
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Fig. 3. Comparison of D.s and SNR values associated with the stud-
ied protocols.

Consistent with the literature, Akyea-Larbi (2015) reported that more
females (67.6%) than males (32.4%) presented for CT procedures in a
Ghanaian health facility, while Shrimpton et al. (2016) indicated that
more females (60.0%) presented for head CT examinations than males
(40.0%). In the context of cumulative radiation exposures, the findings
of this study suggest that females are more liable to medical radiation
exposures and associated risks from CT examinations, and are thus,
more likely to develop radiation-induced stochastic and non-stochastic
damages as well as diseases such as cancer (Smith-Bindman et al., 2011).

4.2. Dosimetry

Constant values of CTDIy, for adult head CT were recorded at the CT
unit irrespective of patient age or gender. This may be attributed to the
use of fixed exposure factors and pitch. The mean value of the CTDIq
was 86.00 + 0.00 mGy. The DLP values however varied depending on
the area of coverage selected by the radiographer, with corresponding
recorded mean and 75th percentile values of 1559.68 + 197.18 mGy cm
and 1613.60 mGy cm respectively. This yielded a substantially high
mean Dy of 3.57 + 0.46 mSv compared with the ICRP international
standards.

The measured CTDI,, and DLP values obtained in this study were
comparatively higher than reported elsewhere in the literature
(Table 3), necessitating actions to reduce the radiation doses. In a
Kenyan study conducted on 50% of CT facilities in that setting, Korir

B SNR mDLP

ImageD ImageE ImageF ImageG ImageH
35 4.96 6.11 5.62 4.63
5.538 7.929 12.277 11.76 7.788

Phantom images

Fig. 2. Comparison of DLP and SNR values associated with the studied protocols.
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Table 3
Exposure parameters and dosimetry.

Reported studies Mean values 75th percentile

CTDI,, (mGy) DLP (mGy.cm) DLP (mGy.cm)

This study 86.00 1559.68 1613.60
Shrimpton et al @ - - 787.00
Bongartz et al ?? - - 1050.00
ACR @ - _ _

Korir et al % 55.00 1274.00 1612.00
Salama et al ©® 28.80 1000.50 1358.60
Tsapaki et al GV 39.00 527.00 544.00
Sakhnini ¢? 43.80 760.00 -
Gharbi et al ¢ 46.79 837.25 -

Toori et al % - - 750.00
Moifo et al & - - 1151.00
Najafi et al ® - - 700.00
Brix et a] “? 60.60 1016.00 -

ICRP 73 “%) - - 1050.00

- = No available data given in the publication.

et al. (2016) reported optimized mean CTDI,, and DLP doses of 55.00
mGy and 1274.00 mGy cm respectively. Although a lower average
CTDI,, value of 28.80 mGy was reported in an Egyptian study con-
ducted on a cohort of 900 patients undergoing head CT examination,
Salama et al. (2017) concluded that further actions were needed to
reduce the DLP of 1000.50 mGy cm. Tsapaki et al. (2006) also reported
mean CTDIy, and DLP values of 39 mGy and 527 mGy cm in a
dose-reduction head CT scans study. Substantial dose-reductions in CT
examinations are achievable through dose optimization strategies. In
particular, Sakhnini (2017) recorded a 44.3% reduction in CTDI,, and a
37.6% reduction in DLP after optimization. In a dose optimization study
employing the use of tube current modulation (AEC), Gharbi and Labidi
(2017) also stated a 20.1% reduction in average D.g without loss of
image quality.

From Table 3, the 75th percentile values for the CT dose descriptors
were also higher than the ICRP 73 recommendations of 60.0 mGy for
CTDI,,; and 1050.00 mGy cm for the DLP. Toori et al. (2015) reported
large scales of CT dose for the same examination among 7 different
Iranian hospitals and, therefore, established optimized CTDI,, and DLP
doses of 59.5 mGy and 750 mGy cm respectively, which were relatively
lower compared to the ICRP 73 reference doses. Other studies (Bongartz
et al., 2000; Shrimpton et al., 2016) have demonstrated similar and
lower findings concerning dose-reductions. The difference between re-
ported values in this study and the literature is explained by the use of
higher exposure parameters at the study site, which required
dose-reduction strategies to keep the patient dose ALARA.

4.3. Dose optimization for adult head CT examination

According to Power et al. (2016), several dose optimization strate-
gies are available. Optimization methods for Images C and G were
considered suitable and acceptable for this study site, subsequent to a
16.7% reduction in tube potential (Image C) with a slight increase in
noise (20.20%) as shown in the SNR value. However, this increase did

Table 4
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not sufficiently degrade the image quality for the intended clinical
purpose since the subjective assessment or radiologists reported the
images as good for the task (as shown in Table 4). Therefore, the asso-
ciated exposure parameters (Table 4) are recommended for head CT
examinations using the only AquilionOne 640-slice scanner currently in
use in Ghana. Meanwhile, it was also found that AEC may be used in
circumstances where image quality may have considerably deteriorated
while employing fixed tube potential. This will also result in a significant
dose-reduction, as predicted by Zarb et al. (2011) and confirmed with a
31.0% D, reduction (Image G) with a good radiologist comment. The
results of this study are further supported by Khan et al. (2013) who
indicated that a reduction in tube voltage from 120.0 kVp to 100.0 kVp
reduces radiation dose by 33.0%. Smith-Bindman et al. (2019) also
suggested that a 50.0% dose-reduction is achievable without reducing
its diagnostic purpose.

Vetter (2008) reported that dose-reduction strategies using AEC
systems significantly reduced radiation dose in CT imaging. However,
Greess et al. (2000) emphasized that the use of AEC as a dose-reduction
approach was dependent on the scanned body region and certain cir-
cumstances. According to Singh et al. (2011), the use of AEC may not be
recommended in CT head scans due to the fact that the variations of
patients’ brain sizes and shapes are expected to be small. Also, relatively
different lesser attenuations in the head compared to other regions may
attribute to the poor recommendation of AEC in head CT scans. Gener-
ally, AEC systems reduce patient dose; therefore in cases where image
quality may be significantly deteriorated using fixed tube current and
tube potential, AEC may be incorporated (Greess et al., 2000). If the use
of AEC is prevalent, then the optimization method adopted for image G
in this study will be deemed suitable for diagnostic purposes, even
though it is expected that the dose-reductions by using AEC would be
small for these patients.

5. Conclusion

The measured CTDI,, and DLP values were higher than the ICRP 73
recommended values and other published studies. The consideration of
tube potential alteration and utilization of AEC as dose optimization
protocols for adult head CT examinations resulted in reductions in the
DLP and D without affecting image quality sustancially for diagnostic
purposes. Therefore the study recommends optimization methods C and
the associated exposure parameters (Table 4) for scanning CT head
when using the only AquilionOne-640 slice scanner currently in Ghana.
However, due to the small variations in patients’ head sizes and shapes,
the AEC approach is not strongly recommended and may be utilized
when fixed tube potential significantly deteriorates image quality.
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Mean phantom dose descriptor values, SNR and subjective assessment of images obtained with different exposure parameters.

ImageID  SL(cm)  Tube voltage Tube current Pitch  CTDIyq DLP (mGy. Desr AEC SNR  Radiologist quality assessment
kV) mA (mGy) cm) (mSv) comment

A 18.00 120.00 300.00 0.66 86.00 1699.60 3.91 No 6.88  Good

B 18.00 120.00 200.00 0.66 52.50 1037.30 2.39 No 5.25 Good

C 18.00 100.00 300.00 0.66 51.30 1013.80 2.33 No 5.49  Good

D 18.00 80.00 300.00 0.66 28.00 553.80 1.27 No 3.50 Bad

E 18.00 100.00 300.00 0.84 39.90 792.90 1.82 No 4.96 Bad

F 18.00 120.00 124.00 0.66 62.10 1227.70 2.82 Yes 6.11  Good

G 18.00 100.00 191.00 0.66 59.50 1176.00 2.70 Yes 5.62  Good

H 18.00 80.00 315.00 0.66 39.40 778.80 1.79 Yes 4.63 Bad
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This study evaluates the impact of low-dose protocols on radiation dose reduction for critical organs during
cranial CT imaging, adhering to the ALARA (As Low As Reasonably Achievable) principle. Using the Alderson
Rando Phantom and MTS-100 thermoluminescent dosimeters, absorbed doses in radiosensitive organs, such as
the thyroid, eye lenses, and salivary glands, were quantified under low-dose (350 mAs) and high-dose (671 mAs)
imaging protocols. The Siemens Somatom Definition AS 4 CT scanner facilitated protocol optimization through
adjustable tube current and pitch parameters. Low-dose protocols significantly reduced absorbed doses across
critical organs. The thyroid exhibited a reduction exceeding 64 %, while eye lens doses decreased by over 50 %.
Salivary glands and brain tissues demonstrated reductions ranging from 30 % to 46 %. Statistical analyses,
including paired t-tests and Mann-Whitney U tests, confirmed the significance of these findings (p < 0.05).
Despite reduced radiation exposure, diagnostic image quality was preserved. This research highlights the efficacy
of protocol optimization in mitigating radiation risks, particularly for radiosensitive organs and frequent imaging
scenarios. It can be concluded that adhering to international dose guidelines and emphasizing the imple-
mentation of low-dose protocols are essential for ensuring patient safety and maintaining diagnostic accuracy in
clinical practice.

1. Introduction

Computed Tomography (CT) technology has become an indispens-
able tool for detailed anatomical imaging of the head and neck region,
significantly contributing to medical diagnosis and treatment planning.
However, the ionizing radiation used during CT scans, particularly in
repeated scans or when high-dose protocols are employed, raises con-
cerns regarding the radiation dose absorbed by patients (Sodickson
et al., 2009). This is especially important for critical organs in the head

and neck region, such as the eye lenses, thyroid gland, and brain tissue,
which are highly sensitive to ionizing radiation (Perisinakis et al., 2005).
Among these, the eye lenses are particularly susceptible to cataract
formation, the thyroid gland is vulnerable to long-term radiation-in-
duced effects, and the brainstem, although generally receiving lower
doses, requires precise dose measurements. Similarly, salivary glands
are associated with side effects such as xerostomia (dry mouth) (Jensen
et al., 2019). The protocol parameters used in CT imaging such as tube
current, tube voltage, slice thickness, and scan interval play a critical
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role in determining both the radiation dose and the image quality
(Glinay et al., 2020). Additionally, parameters like the Computed To-
mography Dose Index (CTDI) and Dose-Length Product (DLP) provide
key insights into the local and overall radiation burden. CTDI represents
the radiation dose for a single CT slice, measured in milligray (mGy),
while DLP combines CTDI with the scan length to estimate the total
radiation dose in milligray-centimeters (mGy-cm) (Mohd, 2024). Opti-
mizing these parameters can reduce patient dose without compromising
diagnostic image quality. In recent years, there has been a growing
emphasis on developing and implementing low-dose protocols to
enhance patient safety and reduce radiation risks (Anim-Sampong et al.,
2023). These protocols focus on reducing parameters such as tube cur-
rent (mA) and pitch while maintaining diagnostic image quality through
advanced reconstruction techniques. Studies have shown that low-dose
protocols can reduce radiation dose to critical organs by 30-60 %,
underscoring the need for optimal parameter settings (Santos et al.,
2019). While high-dose protocols offer superior image quality, they may
expose critical organs to unnecessary radiation, emphasizing the
importance of dose optimization strategies (Toori et al., 2015). Mean-
while, phantom-based dosimetry studies play a crucial role in evaluating
the effects of low-dose protocols, providing reliable and reproducible
data on critical organ doses. These studies enable comparisons between
low-dose and high-dose protocols, aiding in the identification of the
most appropriate parameters to ensure patient safety (Husseiny Salama
et al., 2017). This study aims to compare the absorbed doses in critical
organs during low- and high-dose cranial CT scans using the Alderson
Rando Phantom® model. By analyzing organ-specific absorbed doses in
conjunction with CTDI and DLP values, the effectiveness of low-dose
protocols in mitigating radiation risks is assessed. The findings are
crucial for revising scanning protocols and adhering to the “As Low As
Reasonably Achievable” (ALARA) principle to enhance patient safety
(Alashban & Alghamdi, 2025). Ionizing radiation is a well-documented
risk factor for inducing stochastic effects, including cancer, particularly
in radiosensitive tissues like the thyroid and lens of the eyes. In children
and patients requiring frequent imaging, these risks are further magni-
fied (Kleinerman, 2006; International Atomic Energy Agency (IAEA),
2013). This study provides a quantitative assessment of absorbed doses
in critical organs, demonstrating how low-dose protocols can effectively
reduce radiation exposure without compromising diagnostic image
quality. The research utilized the Alderson Rando Phantom, a widely
recognized model designed to simulate human anatomy and tissue re-
sponses to radiation with high fidelity. Measurement points corre-
sponding to critical organs were equipped with thermoluminescent
dosimeters (TLDs) to accurately quantify radiation doses. The study
employed a Siemens Somatom Definition AS + CT scanner, a multi-slice
system with advanced imaging capabilities, including customizable
parameters such as tube voltage, current, and pitch, which were
adjusted for both low- and high-dose protocols. These parameters were
carefully selected to analyze their impact on dose distributions to critical
organs like the eye lenses, thyroid, and salivary glands. By integrating
phantom-based dosimetry with precise imaging equipment, this
research effectively evaluates dose optimization strategies and their
implications for patient safety in routine clinical settings.

2. Materials and methods
2.1. Phantom and experimental setup

This study employed the Alderson Rando Phantom to simulate
human anatomy and tissue interactions with ionizing radiation (see
Fig. 1). The phantom is composed of tissue-equivalent materials with a
density of 0.985 g/cm®, providing realistic dosimetric results compara-
ble to actual patient scenarios (Rodrigues et al., 2023). The skeleton of
the phantom is constructed using natural human bone powder, and the
model represents a female body with a height of 155 cm and a weight of
50 kg. It consists of 32 horizontal cross-sectional slices, each 2.5 cm
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Fig. 1. Physical appearance of utilized Alderson Rando Phantom.

thick, which can be separated to allow precise placement of dosimeters
in cavities corresponding to critical organs (Jeong et al., 2012). For dose
measurements, MTS-100 thermoluminescent dosimeters (TLDs) were
utilized. These dosimeters are made of lithium fluoride doped with
magnesium and titanium (LiF:Mg,Ti), which provides a stable response
across a broad energy spectrum ranging from 10 keV to 3 MeV. This
characteristic ensures accurate measurements of various radiation types,
making MTS-100 TLDs a reliable tool for evaluating organ-specific
doses. The TLDs were strategically placed in the phantom slices corre-
sponding to critical organs to measure absorbed radiation doses. Table 1

Table 1

Placement of TLDs in slices within the Alderson Rando Phantom.
Phantom Slice Organ TLD ID
10 Right Thyroid 1-2
10 Left Thyroid 3-4
7 Sublingual Gland 5-6
6 Spinal Cord (C1-C2) 7-8
6 Left Parotid Gland 9-10
6 Right Parotid Gland 11-12
6 Right Mandibular Gland 13-14
6 Left Mandibular Gland 15-16
3 Left Temporal Squamous 17-18
3 Right Temporal Squamous 19-20
3 Pituitary Gland 21-22
3 Ethmoid Bone 23-24
3 Right Lens 25-26
3 Left Lens 27-28
10 Left Thyroid Surface 29-30
10 Right Thyroid Surface 31-32
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provides the detailed mapping of the TLD placement, including the
phantom slice number, associated organ, and TLD identification
numbers.

2.2. TLD calibration process

The TLDs were calibrated at the Radkor Dosimetry Laboratory to
ensure measurement accuracy. During calibration, the dosimeters were
exposed to a known radiation dose (10.03 mSv, equivalent to 10.03 mGy
with 3.2 mm Al filtration) and their light outputs were measured.
Element Correction Coefficients (ECC) were applied to account for in-
dividual dosimeter variability and align their responses with the popu-
lation mean. A total of 70 TLDs were initially zeroed and irradiated
under controlled conditions at the Secondary Standards Dosimetry
Laboratory (SSDL), with dosimeters showing ECC values within +15 %
considered acceptable. From this pool, the 20 best-performing TLDs
with responses within +1 % were selected for the study. These TLDs
were further irradiated with doses ranging from 0.1 mSv to 200 mSv,
and their calibration factors were determined to construct a calibration
curve. This curve was subsequently used for dose calculations during the
experimental measurements.

2.3. Device calibration process

The study was conducted using a Siemens Somatom Definition AS
Plus single-source, multi-slice Computed Tomography (CT) scanner to
evaluate critical organ doses and radiation dose optimization for cranial
CT imaging. The CT system underwent thorough calibration and quality
control assessments prior to its use in the study. The calibration was
performed following internationally recognized standards, including the
ACR CT QC Manual, EC Radiation Protection 162, IAEA HHS-19, IPEM
91, and TS EN 61223-3-5 guidelines (Edyvean, 2013; IPEM, 2002;
McCollough et al., 2004; Sohrabi et al., 2018; Ozden et al., 2014) The
calibration and quality control tests involved the use of RaySafe CT
Detectors in conjunction with standardized CTDI body and head phan-
toms to assess the accuracy of dose delivery. The technical parameters
during calibration were set as follows: the tube voltage was 120 kVp, the
current values were 200 mA for the body phantom and 250 mA for the
head phantom, with a slice thickness of 1 x 10 mm and a tube rotation
time of 1 s (see Tables 2 and 3). Measurements were conducted at both
central and peripheral positions (North, East, South, and West) to
evaluate dose distribution consistency. To ensure data reliability, cali-
bration was performed under controlled environmental conditions: the
ambient temperature was 22.5 °C, the atmospheric pressure was 1017
hPa, and the relative humidity was 45.1 %. The entire procedure was
conducted by a qualified quality control expert and compliance with the
specified standards was confirmed. The CT system, after successful
calibration, was used to perform cranial CT imaging on the Alderson
Rando phantom.

2.4. CT imaging protocol

The technical specifications of the CT scanner are detailed in Table 4.
The scanner operates in multislice mode with options for 64, 128, or
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mode with 128 slices per rotation, providing high-resolution imaging
essential for detailed cranial assessments. Gantry diameter is 78 cm,
which accommodates the phantom while allowing for proper posi-
tioning and stability during scans. The scanner’s table weight limit of
227 kg (500 1bs.) ensures robust support for various phantom and pa-
tient configurations. Additional technical features include a maximum
scan range of 190 cm, enabling extensive coverage for full cranial or
extended anatomical imaging. Although the scanner offers kVp options
of 80, 100, 120, and 140, a fixed voltage of 100 kVp was used in both
protocols, as shown in Table 5. The system supports flexible rotation
speeds of 0.3, 0.5, 0.6, and 1.0 s per rotation, which facilitate protocol
optimization for either rapid or detailed imaging needs. The x-ray tube
heat capacity, ranging between 2.0 and 3.5 Mega Heat Units (MHU),
ensures consistent performance during prolonged scans, particularly
under high-dose protocols. The power requirement for the system is
0-400 kV-amperes (kVa), highlighting its operational efficiency and
versatility for varying clinical conditions. These technical specifications
allowed the implementation of both high-dose and low-dose protocols
during imaging sessions. The flexibility in tube voltage, tube current,
and rotation speed enabled precise adjustments for dose optimization
while maintaining the image quality required for evaluating critical
organ doses.

2.5. High-dose and low-dose imaging parameters

To evaluate the effects of low-dose and high-dose protocols on
absorbed radiation doses in critical organs, two distinct imaging pro-
tocols were implemented using the Siemens Somatom Definition AS +
CT scanner. The parameters were carefully chosen to reflect variations in
tube current while maintaining other scanning conditions constant to
ensure consistency and comparability. In both protocols, the tube
voltage was set to 100 kVp, and the rotation time was fixed at 1 s per
rotation. The slice thickness was kept at 1 mm, and the Field of View
(FOV) remained constant at 241 mm for both settings. However, key
variations were introduced in tube current and pitch, which directly
influenced the dose metrics. In low-dose protocol, tube current was set
to 350 mA with a pitch value of 0.65, optimizing the balance between
radiation exposure and image quality. On the other hand, tube current
was increased to 671 mA while reducing the pitch to 0.45 in high-dose
protocol, leading to higher exposure for improved image resolution. The
effects of these adjustments were reflected in the Computed Tomogra-
phy Dose Index (CTDIvol) and Dose Length Product (DLP) values.

2.6. Image quality evaluation methods

The acquired volumetric data were exported in DICOM format for
use in quantitative image analysis tools. Phantom image samples were
analysed using Lite-IQ. Quantitative image quality was assessed using
signal data obtained from regions of interest (ROIs) drawn over cortical
bone and soft tissue (cerebrum) of equal size on the same axial slice in
both Low Dose and High Dose acquisitions. Image quality evaluation
was performed using the signal-to-noise ratio (SNR) and contrast-to-
noise ratio (CNR) parameters, calculated according to Equations (1)
and (2).

higher slices per rotation, providing high-resolution imaging essential SNR:M )
for detailed cranial assessments. The scanner operates in multislice SD (soft tissue)
Table 2
Results of CT dose index (CTDI) measurements using a body phantom at different positions.
Measure Position Dose (mGy) Dose (mGy) Dose (mGy) CTDI;¢9 CTDI, Measured CTDI,, Observed CTDI,, Deviation
Center 0.776 0.778 0.775 7.760 12.03 12.03 11.86 1.44 %
North 1.551 1.553 1.554 15.53
East 1.402 1.405 1.404 14.04
South 1.289 1.290 1.291 12.90
West 1.418 1.419 1.421 14.19




D. Tungman Kayaokay et al.

Journal of Radiation Research and Applied Sciences 18 (2025) 101771

Table 3

CT Dose Index (CTDI) measurements using a head phantom at various positions.
Measure Position Dose (mGy) Dose (mGy) Dose (mGy) CTDI109 CTDI, Measured CTDI,, Observed CTDI,, Deviation
Center 3.008 3.015 3.012 30.12 30.27 30.27 31.65 —4.35%
North 3.181 3.175 3.179 31.78
East 3.044 3.045 3.041 30.43
South 2.888 2.890 2.895 29.91
West 3.026 3.027 3.031 30.28

Table 4 between high-dose and low-dose protocols are statistically significant
able

Siemens Somatom Definition AS + CT scanner technical specifications.

Parameters Values

CT scanner mode Multislice (64, 128 or above)
Slices per rotation 64 or 128

Other rotation speed options (sec) 0.3,0.5,0.6 & 1.0

Minimum rotation speed 0.3

Gantry diameter 78 cm

Table weight limit 227 kg (500 lbs).

X-ray generator kV range 80, 100, 120 and 140

Maximum scan range 190 cm

X-ray tube heat capacity 2.0 to 3.5 MHU (Mega Heat Units)
Power requirement 00 to 400 kVA

Table 5

Exposure factors and scanning parameters.
Scaning parameters Low dose High dose
Tube voltage (kVp) 100 100
Tube current (mA) 350 671
Rotation time (sec) 1s. 1s.
Pitch 0.65 0.45
Slice thickness (mm) 1 1
Field of View (FOV) 241 241
CTDI (mGy) 30.50 58.74
DLP (mGy.cm) 518.5 998.58

HU(bone) — HU (soft tissue
cNR - HU(bone) ( ) )

SD (soft tissue)

Here HU: Hounsfield Unit, SD: Standard deviation.
2.7. Data collection and analysis

Following irradiation, the dosimeters were retrieved and analysed to
determine the absorbed doses for each organ. Dose measurements were
expressed in milligrays (mGy) and were statistically analysed to
compare differences between low- and high-dose protocols. The results
were evaluated in conjunction with CTDI and DLP values to assess the
efficiency and safety of dose optimization strategies.

2.8. Statistical analysis

To evaluate the significance of dose differences between high-dose
and low-dose protocols, statistical tests were conducted for the critical
organs. A paired t-test was performed to compare the absorbed doses
under high-dose (671 mAs) and low-dose (350 mAs) protocols. The
analysis yielded a t-value of 4.57 and a p-value of 0.00017. Since the p-
value is well below the significance level of 0.05, the results confirm that
the differences in absorbed doses between the two protocols are statis-
tically significant. These findings reinforce the effectiveness of low-dose
protocols in reducing organ-specific radiation exposure. The significant
results highlight that reductions in radiation dose are not due to random
variations but are directly attributable to protocol optimization. To
further validate the findings, a non-parametric Mann-Whitney U test
was conducted. The analysis resulted in a U-value of 238 and a p-value
of 0.000036. The extremely low p-value confirms that the differences

across all measured critical organs. Both the paired t-test and Mann-
Whitney U test consistently demonstrated significant dose reductions
across critical organs when shifting from high-dose to low-dose
protocols.

3. Results
3.1. Device calibration results

The calibration and quality control measurements for the Siemens
Definition AS Plus CT scanner confirmed its compliance with dose ac-
curacy requirements. Results obtained for the CTDI body and head
phantoms demonstrated that the measured values were within accept-
able limits, as defined by TS EN 61223-3-5 standards (see Tables 2 and
3). For the CTDI body phantom, the central dose value was measured as
7.76 mGy, while the peripheral dose values ranged between 12.03 mGy
(East) and 14.19 mGy (West). The calculated CTDIvol for the body
phantom was 12.03 mGy, which deviated by only 1.44 % from the
system-reported value of 11.86 mGy. This minimal deviation confirms
that the scanner delivers doses with a high level of precision. Similarly,
for the CTDI head phantom, the central dose was 30.12 mGy, while
peripheral dose measurements varied between 28.89 mGy (South) and
31.78 mGy (North). The calculated CTDIvol was 30.27 mGy, which
showed a deviation of —4.35 % compared to the system-reported value
of 31.65 mGy. These results highlight the accuracy and reliability of the
dose measurements for both phantoms, with deviations well below the
acceptable threshold of 20 % (see Table 2). For the low-dose protocol,
the CTDIvol was 30.50 mGy, and the DLP was 518.5 mGy cm, indicating
a reduced radiation burden. In comparison, the high-dose protocol
resulted in a CTDIvol of 58.74 mGy and a DLP of 998.58 mGy cm, nearly
doubling the radiation exposure. The detailed comparison of scanning
parameters is presented in Table 5.

3.2. Absorbed organ dose measurements and image quality

This study evaluated the absorbed radiation doses in critical organs
during cranial CT scans performed under high-dose (671 mAs) and low-
dose (350 mAs) protocols. The results are summarized in Table 6, while
Figs. 2 and 3 provide graphical representations of average doses by
anatomical regions and the overall dose comparison. The absorbed doses
in critical organs varied significantly between high-dose and low-dose
protocols, as evident from Table 5. The thyroid exhibited the highest
dose reduction among all organs, with the right thyroid receiving 76.07
+ 2.48 mGy in the high-dose protocol, compared to 25.60 + 2.94 mGy
in the low-dose protocol. This represents a 66.3 % reduction. The left
thyroid followed a similar trend, with a reduction from 72.93 + 2.95
mGy to 25.77 + 0.15 mGy, marking a 64.8 % decrease. Fig. 2 clearly
highlights the thyroid as the most exposed organ in the high-dose
setting, emphasizing the importance of dose optimization to minimize
unnecessary exposure. The salivary glands demonstrated moderate dose
reductions under low-dose protocols. The left parotid dose decreased
from 44.62 + 1.04 mGy to 29.56 + 1.53 mGy (33.7 % reduction), while
the right parotid exhibited a similar drop of 33.1 %. Sublingual glands
saw a dose reduction of 31.9 %, indicating the impact of tube current
optimization on tissues located in proximity to the oral cavity. Fig. 2
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Table 6
Critical organ doses for low and high dose protocols.
Organ High mAs Dose (mGy) Low mAs Dose (mGy) Difference
and Standard and Standard (%)
Deviation Deviation

Right Thyroid 76.07 + 2.48 25.60 + 2.94 66.3 %

Left Thyroid 72.93 £ 2.95 25.77 £ 0.15 64.8 %

Sublingual 30.79 £ 0.21 20.96 + 3.97 31.9%
Gland

Spinal Cord (C1-  36.95 + 0.87 25.42 + 2.68 31.1%
C2)

Left Parotid 44.62 + 1.04 29.56 + 1.53 33.7 %
Gland

Right Parotid 40.96 + 0.02 27.45 + 2.52 33.1%
Gland

Right 35.85 + 1.00 23.54 + 2.93 34.3 %
Mandibular
Gland

Left Mandibular ~ 33.07 + 0.50 24.18 + 0.28 27.0 %
Gland

Left Temporal 36.62 + 2.44 23.51 + 4.13 35.8%
Squamous

Right Temporal 42.64 + 4.11 26.69 + 5.58 37.6 %
Squamous

Pituitary 33.07 + 2.47 19.13 £ 1.36 421 %

Ethmoid 35.16 + 2.67 18.94 + 3.11 46.2 %

Right Lens 38.14 +1.84 18.53 + 0.96 51.7 %

Left Lens 41.73 £+ 3.29 18.94 + 1.52 54.4 %

Left Thyroid 72.20 + 10.05 36.72 + 14.06 49.4 %
Surface

Right Thyroid 72.16 + 10.85 47.55 + 19.57 34.3%

Gland Surface

Average Dose Comparison by Anatomical Region
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Fig. 2. Average dose graph for anatomical regions.
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Fig. 3. Difference between radiation dose (mGy) as a function of high mAs and
low mAs.
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shows that although salivary glands receive lower doses compared to the
thyroid, they remain significantly affected by radiation exposure. The
eye lenses are particularly radiosensitive and demonstrated significant
dose reductions. The right lens dose dropped from 38.14 + 1.84 mGy to
18.53 4 0.96 mGy (51.7 % reduction), while the left lens dose decreased
from 41.73 £ 3.29 mGy to 18.94 + 1.52 mGy (54.4 % reduction). The
spinal cord region experienced a dose reduction of 31.1 %, with absor-
bed doses decreasing from 36.95 + 0.87 mGy to 25.42 + 2.68 mGy.
Temporal squamous regions also demonstrated notable dose differences.
The right temporal squamous dose dropped by 37.6 %, while the left side
showed a 35.8 % reduction. Brain tissues (including the ethmoid and
pituitary regions) showed dose reductions of 46.2 % and 42.1 %,
respectively, further illustrating the potential for dose savings in critical
head regions without compromising image quality. Fig. 3 emphasizes
the overall dose disparity between high and low mAs protocols. The
boxplot clearly demonstrates the reduced variability and significantly
lower median doses under low-dose protocols, reinforcing the effec-
tiveness of tube current reduction for radiation dose minimization. The
results highlight that significant dose reductions can be achieved for
critical organs without sacrificing diagnostic image quality (see Fig. 4).
The thyroid gland and eye lenses are the most vulnerable organs in
cranial CT imaging, with dose reductions exceeding 50 % when adopting
low-dose protocols.

SNR values calculated from ROIs drawn over the temporal bone and
cerebellum on the same axial slice were found to be 51.77 for the low-
dose acquisition and 68.87 for the high-dose acquisition. Similarly, the
corresponding CNR values were 51.58 and 67.90, respectively.

4. Discussions

The successful calibration and quality control confirmed the CT
scanner’s readiness for use in the dosimetry study. These validated pa-
rameters ensured precise radiation dose delivery during the cranial CT
imaging of the Alderson Rando phantom, enabling an accurate com-
parison of absorbed doses for high-dose and low-dose imaging protocols.
The reliability of these measurements is critical for evaluating dose
optimization strategies and their effectiveness in reducing absorbed
radiation doses in critical organs.

Cranial CT imaging generally involves lower effective doses
compared to thoracic, abdominal, or pelvic scans. However, the head
and neck region contain radiosensitive organs such as the eye lenses and
thyroid gland, which are particularly vulnerable to the genotoxic effects
of ionizing radiation [2]. Therefore, evaluating absorbed doses and
optimizing imaging protocols is crucial to minimize potential risks. Our
study demonstrated significant dose reductions under low-dose pro-
tocols, particularly for organs with high radiosensitivity, such as the eye
lenses and thyroid, while maintaining diagnostic image quality. The
results of this study, as shown in Table 6, revealed significant reductions
in absorbed doses across all critical organs when switching from high-
dose to low-dose protocols. The most striking reductions were
observed in the eye lenses, where the left lens dose decreased by 54.4 %
(from 41.73 + 3.29 mGy to 18.94 + 1.52 mGy) and the right lens
showed a 51.7 % reduction (from 38.14 + 1.84 mGy to 18.53 + 0.96
mGy). These findings align with previous research emphasizing the
critical need for shielding or optimized protocols to reduce cataract risk,
especially for radiosensitive tissues (Seals et al., 2016). Given the
established association between radiation exposure and cataract for-
mation, these reductions are of considerable clinical importance (Giinay
et al., 2020). Techniques such as bismuth shielding have been explored
to further reduce lens dose without degrading image quality (Santos
et al., 2019). Similarly, the thyroid gland, which is highly sensitive to
ionizing radiation, exhibited dose reductions of 66.3 % (right thyroid)
and 64.8 % (left thyroid). These findings align with studies conducted by
Santos et al.,, who measured thyroid doses of 24.70 mGy in male
Alderson Rando phantoms during cervical CT imaging using similar
protocols (120 kVp, 175 mAs, 0.8 s, 0.984 pitch) (Santos et al., 2019).
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Fig. 4. The image on the left shows a high-dose cranial scan, while the image on the right shows a low-dose cranial scan. ROI-1:Temporal bone, ROI-2:Cerebellum.

Our study confirms comparable reductions under a 300 mAs protocol,
supporting the reliability of low-dose optimization strategies for thyroid
protection. In addition to the eye lenses and thyroid, dose reductions
were also observed in the salivary glands and brain tissues. The left
parotid gland dose decreased by 33.7 % (from 44.62 + 1.04 mGy to
29.56 + 1.53 mGy), while the right parotid showed a reduction of 33.1
%. Submandibular glands exhibited reductions of 34.3 % for the right
side and 27.0 % for the left side. These findings are consistent with
previous studies that emphasized the significance of reducing dose
exposure to salivary glands to mitigate xerostomia, a common side effect
of radiation exposure in the head and neck region [6]. Temporal squa-
mous bones and ethmoid regions also showed significant dose re-
ductions of 35-37.6 % and 46.2 %, respectively. Although these
structures are less radiosensitive compared to soft tissues, the observed
reductions demonstrate the broader impact of optimized protocols.
Comparing our results with those reported in the literature further
validates the effectiveness of low-dose protocols. For instance, Giinay
et al. investigated head and neck doses using a General Electric Optima
CT520 scanner with automated exposure settings (120 kVp, 221.7 mAs),
reporting lens doses of 19.83 + 3.93 mSv and thyroid doses of 13.97 +
3.90 mSv [4]. Studies using similar phantom models reported dose re-
ductions of 30-60 % for critical organs when implementing low-dose CT
protocols (Joyce et al., 2020). The significant dose savings for eye lenses
and thyroid glands align with recommendations from the International
Commission on Radiological Protection (ICRP), which emphasize
shielding and protocol optimization to reduce risks in these regions
(Barnard et al., 2016). The results highlight that significant dose re-
ductions can be achieved for critical organs without sacrificing diag-
nostic integrity. Optimizing tube current (mA) and implementing
advanced reconstruction techniques can effectively balance image
quality and patient safety. Similarly, Anim-Sampong et al. assessed head
CT doses in Ghana and reported a mean CTDIvol of 86.00 mGy for
high-dose protocols, with DLP values ranging from 1037.30 mGy cm to
1699.60 mGy cm depending on tube current settings (Anim-Sampong
etal., 2023). The CTDIvol and DLP values obtained in this study provide
additional insights into dose optimization. Under high-dose protocols,
CTDIvol increased by approximately 93 %, demonstrating the direct
impact of tube current and pitch values on local dose distribution. While
higher CTDIvol values may be necessary for specific clinical indications
requiring enhanced image quality, low CTDIvol values are preferred for
routine imaging to minimize unnecessary exposure [ (ICRU, 1989)].
Similarly, DLP, which reflects the cumulative radiation burden over the
scanned region, nearly doubled under high-dose settings. Given that DLP
accounts for the total volume of tissue irradiated, excessive DLP values
can result in unnecessary radiation risks, particularly for patients un-
dergoing frequent imaging (Tsapaki et al., 2006). The findings of this
study align with international dose recommendations. European Com-
mission guidelines suggest CTDIvol values of 60.0 mGy and DLP limits of
100.0 mGy cm for cranial CT examinations (European Commission,

2014). Studies conducted by Toori et al. (Toori et al., 2015) in Iran and
Salama et al. (Salama et al., 2017) in Egypt also reported variations in
CTDIvol and DLP values, emphasizing the importance of standardizing
protocols. Toori et al. (Toori et al., 2015) identified optimized values of
59.5 mGy for CTDIvol and 750 mGy cm for DLP, while Salama et al.
reported an average CTDIvol of 28.80 mGy (Salama et al., 2017). Our
results further support global efforts to reduce radiation exposure
through the implementation of optimized imaging protocols. By
reducing tube current and pitch while leveraging advanced recon-
struction techniques, substantial dose reductions can be achieved
without compromising diagnostic confidence. This is particularly
important for radiosensitive organs such as the thyroid and eye lenses, as
well as for paediatric and at-risk populations requiring repeated imaging
(Samei et al., 2018). In conclusion, the findings of this study demon-
strate that low-dose protocols can effectively reduce absorbed doses to
critical organs in cranial CT imaging, with reductions of up to 66 %.
These results underscore the importance of adhering to the ALARA
principle and implementing dose optimization strategies to enhance
patient safety while maintaining diagnostic efficacy (Khong et al.,
2013). By comparing our results with the existing literature, it is evident
that protocol optimization offers a reliable approach to minimizing ra-
diation exposure and achieving clinically acceptable outcomes.

When comparing patient dose values between the two protocols,
dose reduction varied between 31.1 % and 64.8 % depending on the
anatomical region. In the quantitative image quality assessment, the
ratios of high-dose to low-dose values for SNR and CNR were calculated
as approximately 33 % and 31.6 %, respectively. These findings are
consistent with the dose variation ratios reported by Amasya et al. in
their study on cranial cone-beam CT (Amasya et al., 2025).

5. Conclusions

This study demonstrated that significant dose reductions in cranial
CT can be achieved by optimizing parameters such as tube current and
pitch (Kalra et al., 2004). The low-dose protocol effectively lowered
CTDIvol and DLP values while maintaining diagnostic image quality,
especially in radiosensitive organs like the thyroid and eye lenses
(Ahmed, 2022, pp. 222-230; Jeyasugiththan et al., 2023). These find-
ings support adherence to the ALARA principle (Dudhe et al., 2024).
Advanced reconstruction techniques may further improve image quality
at lower doses. For future work, comparing results with IAEA simulation
data could enhance dosimetric accuracy and promote broader interna-
tional applicability.
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Abstract

Obijectives: To determine the CT absorbed dose profiles for routine adult scan parameters in adults, using male and female
anthropomorphic phantoms. Compare the levels of absorbed dose of the phantoms and perform image quality analysis by
making noise percentage measurements on the CT images obtained. Methods: Radiochromic film strips were introduced in
the central region of the phantoms for to record the dose profile in head and neck in order to determine the amount of the
dose deposited along the central axis of the phantoms. The scans were performedon a 64 - channel CT scanner (General
Electric), programmed in helical scaning mode. In addition to the routine acquisition protocol with fixed current value, it
was performed other three scans with the voltage of 80, 100 and 120 kV, using automatic exposure control. Results:
Absorbed dose values were found between 15.54 to 24.38 mGy on average for anthropomorphic male phantom and values
of 13.13 to 21.49 mGy for anthropomorphic female phantom. Noise analysis was performed, finding that all are acceptable
diagnostic parameters according to ministerial order 453/98 of the Brazilian Ministry of Health. The acquisition parameters
of CT images were found that deposited on average less doses in the head and neck for both phantoms, maintaining the
image quality for diagnosis.

Keywords: Dosimetry; Computed Tomography; Anthropomorphic Phantom.

1. Introduction

Since ionizing radiations began to be used in medical applications for the diagnosis and treatment of diseases, the
doses to which the population has been exposed are increasingly higher. In 2008, in the United States, the diagnose
technique that showed the highest dose deposition in the population was CT scans. Studies carried out in the Unified
Health System of Brazil (SUS) reported that, between 2001 and 2011, authorized CT head scans for inpatients and
outpatients had increased 14.7% and 17.5%, respectively [1-3].

The use of anthropomorphic phantoms in CT dosimetry studies has been a great help in proposing to optimize
image quality in new acquisition protocols. The female and male Alderson Rando anthropomorphic phantoms have
physical properties similar to that of a patient, such as geometry, weight and equivalent materials to human body
tissues. The use of radiochromic films in anthropomorphic phantoms has allowed obtaining absorbed dose profiles in
different places considered as radiosensitive organs [4-9].

The radiochromic films are calibrated for different energy intensities separately, due to their energy dependence.
Studies carries out with PMMA cylindrical head phantom and ionization chambers determined the calibration curves
for radiochromic films GAFCHROMIC XR-AQ?2 for different voltages of CT X-ray tube [10, 11].
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2. Materials and Methods
2.1. Materials
The materials and equipment used for the development of this dosimetry study were:
 Anthropomorphic male and female phantoms, Anderson Rando model
« Radiochromic film strips, GAFCHROMIC XR-AQ2 model
o GE CT scanner with 64-channels, model VCT

2.2. Methods

The male and female anthropomorphic phantoms were positioned in isocenter of the CT scanner gantry.
Radiochromic film strips with dimensions of 0.5 x 32 cm? were inserted in the longitudinal axis section of
anthropomorphic male and female adult phantoms. The CT scanner was setting in helical mode for head scans to
realize acquisitions with the voltages of 80, 100 and 120 kV, using the automatic exposure control to make scans of 30
cm, performing 12 phantom slices, form the top of the skull justthe phantom slice number 12 (vertebra T2.. Another
CT scan was performed using the routine protocol with voltage of 120 kV with a fixed current of 200 mA.The scans
were performed with a tube tine of 0.5 s, pitch of 0.984, image reconstruction of 1.25 mm and thickness beam of 40
mm. Figure 1 illustrates a frontal scouts of anthropomorphic phantoms.

Figure 1. Scout of male (a) and female (b) anthropomorphic phantoms

The exposed film strips were stored of 24 hours, with temperature and humidity control. They were digitized using
a HP Photosmart C4480 scanner in reflective mode and these images processed using ImageJ software to obtain the
pixel intensity values of the scanned strips images with 25 cm in length, including the phantom slice 2 just to slice 12.
The pixel intensity values was obtained making the RBG color split channels and the red channel was elected because
it presents better response to X-ray energy variations. The red channel images were the greyscale inverted to have the
intensity values. The pixel intensity values for film strips none irradiated it was considered 0 mGy (zero miligrays).

The absorbed dose values are obtained from the pixel intensity values using calibration curves for each voltage
value to get air kerma values [10]. The conversion factors used to determine the dose profile for each protocol in the
anthropomorphic phantoms. The calibration curves are meeting the following mathematical model: The absorbed dose
values are obtained from the pixel intensity values using calibration curves for each voltage value to get air kerma
values [8]. The conversion factors used to determine the absorbed dose profile for each protocol in the
anthropomorphic phantoms were 1.0106, 1.0324, and 1.0418 for 80, 100 and 120 kV [12]. The noise analysis was
performed electing a CT axial image in the brain using the RadAnt software of the phantom slice number 3. Four
ROI’s were selected in each image and the average noise percentage calculated. Equation 1 was used to calculate the
noise values.

y=(A e +yp)xFC (1)
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Where A, B and Y, are proportionality constants for each energy, X is the intensity pixel value, FC is the conversion
factor from NIST [12] and Y is the adsorbed dose value. The proportionality constants values are shown in Table 1.
The noise analysis was performed electing a CT axial image in the brain using the RadAnt software of the phantom
slice number 5. Four ROI’s were selected in each image and the average noise percentage calculated. Equation 2 was
used to calculate the noise values.

Noise %=100X(SD)/(HU yerage- HUair) )

Where SD is the standard deviation, HUayerage IS the HU average value of the ROl and HUy,;, is the HU value of the air
(-1000).

Table 1. Proportionality constants for calibration films

kv 120 100 80
4.45 5.10 0.93
B 48.46 53.18 27.89
Yo 9.88 10.64 3.69
FC 1.10 1.01 1.09

3. Results

The curves in the graphs of the Figure 2 shown the dose variation in the central area of the phantoms for the four
scans using different parameter in acquisition protocol. These scans start in the brain (0) just to the up of the lungs (25
mm). The absorbed dose in the region referring to the brain, presents little variation because there are small variations
in density in the materials which the phantom was manufactured. The data recorded in the mandible region were the
lowest for the image acquisition protocols used in this study. The image acquisition protocol that registered the lowest
absorbed dose values in the head and neck areas was the one that used 80 kV.

As the X-ray beam begins to scan the chest region, greater attenuation is evident by the materials present in this
region, causing the scanner to deposit more energy, producing a higher absorbed dose in the chest. The protocol that
recorded a higher peak of absorbed dose in the chest region was 120 kV with automatic exposure control.

50

45 4

= 120 kV - mA Fixed

1 e 120 kV - mA Automatic
35 » 100 kV - mA Automatic
v 80 kV - mA Automatic

40 4

30 A

25

Absorbed dose (mGy)

0+ T T T T T T T T T |
0 5 10 15 20 25

Distance (cm)

40



SciMedicine Journal Vol. 2, No. 1, March, 2020

40 -
35 = 120 kV - mA Fixed
e 120 kV - mA Automatic
20 4 100 kV - mA Automatic
7 80 kV - mA Automatic

25

Absorbed dose (mGy)

o

5 10 15 20 25
Distance (cm)

Figure 2. Dose profile in head and neck CT scans in anthropomorphic male phantom (a) and anthropomorphic female
phantom (b)

For scans in anthropomorphic male phantom, the lowest average dose was observed for the protocol with voltage of
80 kV and automatic exposure control. Compared to the routine protocol (120 kV and fixed current), the reduction
observed was of 30.62%. Figure 2a shows the absorbed dose profiles for each protocol used. The average values of
absorbed dose for 100 kV had a 15.26% reduction and 120 kV with automatic exposure control had an increase of
8.66%, compared to the routine CT head scan.

For scans in anthropomorphic female phantom, the lowest average absorbed dose was observed for voltage of 80
kV and automatic exposure control, followed by protocol with voltage of 120 kV and fixed current. Figure 2b
represents the absorbed dose profiles for each protocol used. The average values of absorbed dose for 80 kV and
automatic exposure control had a 38.90% to reduction compared to the routine CT head scan. For voltage 100 and 120
kV used automatic exposure control, they had 29.97% and 22.61% to reduction of absorbed dose compared to the
routine CT head scan.

The absorbed dose curves for the four protocols used in this study show similar variations between them. However,
the registered mean dose values vary according to the acquisition parameters with which the scanner was programmed.
The average values of absorbed dose and their standard deviation (SD) for phantoms and different image acquisition
parameters are shown in the Table 2.

Table 2. Average absorbed dose in mGy for anthropomorphic female and male phantoms

80 kV 100 kV 120 kv 120 kv*

Absorbed dose (MGy) SD  Absorbed dose (mGy) SD  Absorbed dose (mGy) SD  Absorbed dose (mGy) SD

Female 13.13 7.02 15.05 5.39 16.63 6.86 21.49 5.03

Male 15.54 6.95 18.98 5.09 24.38 8.52 22.40 5.95

* With fixed current.

Significant differences in absorbed dose were found by comparing the two types of phantoms. The male phantom
with higher absorbed dose values in all the protocols used in this study. Comparing the two phantoms, average
absorbed dose difference of 15.51%, 20.71%, 44.09% and 4.06% were found for 80, 100, and 120 kV with automatic
exposure control and 120 kV with fixed current respectively.
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The absorbed dose peak recorder every 2.5 cm are the product of the interaction of the x-ray bean with the air
present between the phantoms slices.

Noise analyzed was made for TC images of slice number 5 of the phantoms for each of the protocols used. The
ROI’s selected shown the Figure 3. The values in percentage of noise found in the images are shown in Table 3.

(b)

Figure 3. CT head images of (a) male and (b) female anthropomorphic phantoms

Table 3. Noise percent from CT images of anthropomorphic phantoms

Noise %
Phantom 80 kv 100 kv 120 kv 120 kv*
Female 8.43 6.03 7.10 6.12
Male 1.42 1.29 1.62 1.68

The noise indexes in the CT images of anthropomorphic phantoms did not exceed 8.5%, which reached a value
greater than 10%. The female phantom CT images have higher noise percentages than those found in the male
phantom CT images.

4. Conclusion

The dose profile variations showed the presence of small peaks due to the air layer between the phantoms slices.
The highest dose values were recorded in the chest and the lowest values near the mouth area, for all tested acquisition
protocols. The use of radiochromic films as absorbed dose recording devices allows, with the recording of the dose
profile, to consider the contribution in the dose of secondary radiation in CT scans. Dosimetry studies carried out with
phantoms of identical characteristics, using thermo luminescent dosimeters (TLDs) located in regions close to the
region where this study was conducted, and recorded lower dose values than those recorded with radiochromic films
due to the use of different parameters of acquisition of CT images. The images acquisition parameters than deposited
the lowest dose values in the two phantoms used were voltage 80 kV and automatic exposure control. The use of this
protocol means an optimization in head and neck CT scans. The recorded absorbed dose values are lower than values
suggested by the order 453/98 [13] of the Brazilian Ministry of Health that is of 50 mGy for CT head scans. The
percentage of noise found in the CT images in the female phantom was higher because there is evidence of a
difference in materials with which it was manufactured when compared to the CT images obtained with the male
phantom.
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Abstract
The purpose of this study is to assess dose for radiosensitive organs and image
quality in head and chest computed tomography (CT) examinations. Our focus
was in the brain, eye lens and lung organs using two protocols; one protocol
with fixed mAs and filtered back projection (FBP) and another with tube
current modulation (TCM) and sinogram affirmed iterative reconstruction
(SAFIRE). Measurements were performed on a 128-slice CT scanner by
placing thermoluminescent dosimeters (TLDs) in an anthropomorphic adult
phantom. Results were compared to a CT-Expo software. Objective image
quality was assessed in terms of signal-to-noise ratio (SNR) and contrast-to-
noise ratio (CNR). SPSS software was used for data analyses. Results showed
that, using TCM, doses were reduced by 22.84%-25.06% for brain, by
21.82%-23.48% for eye lens and by 54%-53.22% for lung with TLD and CT-
Expo respectively. The increased SNR and CNR values achieved for scans
performed with TCM combined with iterative reconstruction techniques were
38.68%—58.81% and 38.91%—43.60% respectively. We conclude that, using
TCM, a significant mean organ dose reduction is achieved for brain, eye lens
and lung organs. Then, combined with iterative reconstruction, image quality
was well maintained in terms of SNR and CNR. Thus it is highly recom-
mended in clinical practice optimization in head and chest CT examinations.

Keywords: computed tomography, organ dose, phantoms, CT-Expo, image
quality
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1. Introduction

Since the introduction of computed tomography (CT) in the 1970s, the CT imaging modality
has become an essential examination in diagnostic radiology. Therefore, the number of CT
examinations has increased significantly. While the clinical value and benefits of CT are
unquestionable compared to other diagnostic modalities [1-5], radiation dose exposure from
CT scans is relatively high and its potential risk should not be ignored [6-9]. In addition,
over-exposure to the radiation can lead to deterministic effects, i.e. radiation-induced damage
where a dose threshold exists, such as cataracts. In addition, the lens of the eye is one of the
radiation sensitive organs and is considered to be at risk during CT brain procedures [10-13].
This issue is a major concern within the field, and numerous studies have tried to find an
applicable way to reduce radiation exposure and minimize the health risks for patients
undergoing CT diagnosis [14, 15]. Unfortunately, there are several limitations to the
implementation of a standard optimized process such as operator awareness and a lack of
knowledge of recent CT technology [16].

The main concern with CT scans in a clinical setting is achieving high quality images
while using the most applicable low dose protocols [15]. Various studies have reported on
optimal doses considering different factors, including the type of examination and justifica-
tion for clinical information [15, 17, 18]. To date the most effective way to optimize radiation
dose is adjusting CT scan parameters in accordance with patient characteristics [17].

Recently different approaches have been developed for dose reduction such as tube
current modulation (TCM). This mode allows current to be adjusted automatically with
scanning object thickness [16, 19, 20].

Unfortunately, the reduction of tube current remains limited by the use of the standard
filtered back projection (FBP) reconstruction technique, because the FBP technique sig-
nificantly increases the image noise when the dose reduction is too great [21]. Only recently
has the introduction of iterative reconstructions in CT practice as a method that allowed a
significant noise reduction in CT images made TCM clinically realistic [21-23].

Our goal in this study is to assess radiosensitive organ dose and image quality using low
dose protocol in head and chest CT examinations.

2. Materials and methods

2.1. Scanning techniques

The examination was performed on a 128-slice CT system (SOMATOM Definition Edge,
Siemens Healthcare, Forchheim, Germany) using an anthropomorphic RANDO® phantom
with the specific parameters given in table 1. Two head and two chest CT protocols were
implemented. For each protocol, the scout was used for scan guidance. During both scans, the
phantom had the same position in the gantry using helical acquisition during scans.

2.2. Organ dose evaluation

2.2.1. Anthropomorphic phantom study. For all protocols, an anthropomorphic adult,
Alderson-RANDO® Phantom (The Phantom Laboratory, Salem, NY) was used as the subject
(figure 1). This phantom is made of tissue equivalent materials that simulate the radiation

808



J. Radiol. Prot. 38 (2018) 807 S Gharbi et al

Figure 1. The RANDO® anthropomorphic phantom in 128-slice CT scanner Definition
Edge Siemens.

Table 1. Acquisition parameters for head and chest phantom scans with and with-

out TCM.
Protocols
Head Chest Chest

Parameters (Fixed mAs) Head (TCM) (Fixed mAs) (TCM)
Scan length (cm) 26.4 26.4 34.4 34.4
Slice thick- 1 1 1 1
ness (mm)
Tube poten- 120 120 120 120
tial (kVp)
Acquisition time (s) 6.69 6.69 4.9 49
Rotation time (s) 1 1 0.5 0.5
Fixed mAs 365 — 200 —
Quality ref. mAs — 365 — 200
Eff. mAs — 275 — 102
Slice collimation 0.6 x 128 0.6 x 128 0.6 x 128 0.6 x 128
Pitch 0.55 0.55 1.05 1.05
Dose modulation Off On Off On
Reconstruction slice 1 1 1 1
thickness (mm)
Kernel H30f med- J30f medium B31f med- 131f medium

ium smooth smooth ium smooth smooth
CTDIvol (mGy) 50 38.2 13.41 6.93
DLP (mGy cm) 1320 1008.4 501.1 258.9

*TCM = Tube Current Modulation.
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Figure 2. Position of TLDs in(a) lung, (b, c) brain and (d) eye lens phantom slices.

attenuation characteristics of an adult. The phantom was divided into 22 numbered slabs, each
slab equipped with several small holes for TLD placement.

In our study we choose to use thermoluminescent dosimeters (TLD-100 made of LiF:
Mg, Ti) to measure the dose absorbed by the phantom’s radiosensitive organs. Prior to each
measuring session, the TLDs were annealed for 1 h at 400 °C followed by rapid cooling using
two aluminum plates. All TLDs were calibrated in a ®Co beam to a known absorbed dose.
Then the TLDs were read out using a TLD Reader, Harshaw 4500, equipped with a software
called WinRems in the secondary standard dosimetry laboratory (CNRP, Tunis, Tunisia). In
order to assess the TLD’s response under CT depending on the tube voltage used in this study
(120kV) a second step of measurement was performed using an ion chamber model Radcal®
Accu-Dose® and PMMA phantom. The readout values of TLDs compared to the ion chamber
value lead to a mean correction factor of 0.75.

For organ dose assessments, the main TLDs were positioned within the phantom, with
guidance from a human anatomy CT atlas and clinical experience. We used thirty-three TLDs
and tried to cover the whole organ utilizing a sufficient number of TLD chips in each organ—
15 in the lung (slab number 16), 2 in the eye lens (slab number 3) and 16 on the brain (8 on
the mid brain, slab number 2, and 8 in the occipital lobe, slab number 4); see figure 2. After
reading, the mean values from the TLDs for each organ multiplied by the correction factor
represent the mean organ doses.

2.2.2. CT-Expo software. In this study results of dose measurements done with the phantom
were compared to those from the CT-Expo (V 2.4) software [24, 25]. Organ dose calculations
provided by this software are measured on an adult anthropomorphic mathematical phantom
(ADAM) as shown in figure 3. In addition, despite the recent development of different
versions [15—-18], we have chosen CT-Expo (V 2.4). This software update with TCM aims at
more accurate organ-dose estimations than the earlier version, V 2.0, for which, when the
examination was performed with TCM, only the average mAs per rotation could be inputted
[26]. However, the CT-Expo (V 2.4) allows a correction of dose modulation effects using
implemented gender-specific mAs profiles figure 4. They were based on the measured
attenuation data of adult standard patients examined using Care Dose4D from Siemens
(Forchheim, Germany) [25], which is the same TCM as used in this study. From these
profiles, an average correction factor is calculated, which is the mean value of the relative
mAs plotted in figure 4, for the selected phantom and scanned region. Then, for each position
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Figure 3. Mathematical phantom from CT-Expo, showing the range of scanning during
CT head and chest examinations.
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Figure 4. mAs profiles used in CT-Expo V 2.4 to correct for mAs modulation effects as
a function of the slice location from feet to head (left to right).

in the selected scan range, the ratio between the relative mAs value of the reference profile
and the average correction factor for the selected imaging range is calculated. This value is
multiplied by the average mAs used in the examination to calculate the mAs per position.
Finally, these local mAs values are applied to perform the dose calculations. Input steps for
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Figure 5. Transverse CT slices of the phantom’s low-contrast module 515 ROIs placed
in a 1% low-contrast target of 15 mm in diameter and in the background area.

dose calculation were as follows: patient type (adult male or female); actual (patient-specific)
imaging range; model type (Siemens Definition Edge); CT mode (spiral mode); scan range;
CT parameters (tube voltage, average mAs, acquisition time, pitch, reconstructed slice
thickness) and whether TCM was used.

2.3. Objective image assessment

The image quality was evaluated objectively in terms of signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) in a phantom Catphan 500 (The Phantom Laboratory, Inc.,
Salem, NY) using the low-contrast module CTP515. The phantom was scanned using the
same acquisition and reconstruction parameters tabulated in table 1. The images acquired with
fixed current and TCM were reconstructed using traditional FBP reconstruction and sinogram
affirmed iterative reconstruction (SAFIRE) respectively. To assess reproducible placement of
a region of interest (ROI) for all acquisitions, ROI1 was positioned in a 1% low-contrast
target of 15 mm in diameter, and ROI2 was located in the background area (figure 5). In order
to asses SNR and CNR correctly between the two reconstruction methods ROIs were con-
sistently placed and sized.

2.3.1. Low-contrast detectability: SNR. The noise corresponded to the measurement of the
standard deviation of the measured Hounsfield units (HU) of ROI2. The ratio between the
mean attenuation value of ROI2 and the standard deviation of ROI2 corresponded to the
SNR [27].

2.3.2. Low-contrast detectability: CNR. The ratio between the differences of mean
attenuation values of these two ROIs (ROIl and ROI2) and the standard deviation of
ROI2 corresponded to the CNR [28].
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Table 2. Mean organ dose assessments in head and chest examinations.

Mean organ dose (mGy)

TLD CT-Expo CT-
Protocols  Organs (Fixed mAs) TLD (TCM) (Fixed mAs) Expo (TCM)
Head Brain (mGy) 41.5 32.02 40.3 30.2
Eye 52 40.65 51.1 39.1
lens (mGy)
Chest Lung (mGy) 20 9.18 18.6 8.7

*TCM = Tube Current Modulation.

Table 3. Image quality assessments in terms of signal-to-noise ratio (SNR) and con-
trast-to-noise ratio (CNR) using acquisition and reconstruction parameters of head and
chest protocols performed in the low contrast module of a phantom Catphan 500.

Protocol SNR CNR

Head (Fixed mAs + FBP) 9.5 1.46
Head (TCM + SAFIRE) 15.51 239
Chest (Fixed mAs + FBP) 418 1.5

Chest (TCM + SAFIRE) 10.15  2.66

*TCM = Tube Current Modulation,
SAFIRE = Sinogram Affirmed Iterative Reconstruction.

3. Statistical analysis

The statistical analysis was performed with #-test using SPSS software (V 15.0). P values of
less than (0.05) were used to indicate significance.

4. Results

In this study, organ dose was measured directly for each protocol using TLDs inserted in an
anthropomorphic adult phantom and indirectly using a computer simulation phantom by CT-
Expo. The mean organ dose values are listed in table 2.

It is evident from these results that including a dose modulation system significantly
contributes to changes in organ absorbed dose. In addition, in the case of the Alderson
phantom for head CT scans the measurement showed a significant difference
(p = 0.01 < 0.05) between brain dose values with and without TCM. Similarly, eye lens
results were significantly different when including TCM (p = 0.01 < 0.05). For chest pro-
tocol, the result for mean lung dose using fixed mAs was significantly different
(p = 0.01 < 0.05) to those with CARE Dose 4D. When comparing results between direct
measurements and CT-Expo there is a close agreement between the results (p > 0.05) with a
mean percentage difference of 4.3 + 2%, 2.8 &+ 1% and 6 £ 1% observed for brain dose, eye
lens and lung dose respectively.

For image quality assessments, table 3 shows different values of SNR and CNR
depending on acquisition and reconstruction methods when using settings on the two different
protocols in the case of head and chest CT acquisition. In addition, the SNR has increased for
images acquired with TCM and reconstructed with SAFIRE by 38.68%-58.81%
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accompanied by an improvement of the CNR by 38.91%-43.60% respectively compared to
those with fixed current combined with FBP.

5. Discussion

In this study, the organ dose values were obtained by indirect measurement using the CT-
Expo calculator and by direct measurement using TLDs on the Alderson phantom. The two
methods were compared for each scan protocol. When analyzing by examination, results
showed that the mean brain dose without TCM are 41.5 mGy and 40.3 mGy using phantom
and CT-Expo software respectively. This is in agreement with a similar result reported by
Emine et al [29] that brain dose varies between 37 mGy and 38 mGy using ImPACT software
and Rando phantom respectively with helical acquisition and fixed current. Another study
demonstrated that the dose range for the brain in different conventional scanners was
25.8-61 mGy [30]. Regarding those results, our optimized protocol leads to a low brain dose
using TCM. In addition, the estimated mean brain dose gives a lower mean dose by 22.84%
and 25.06% using TLD measurements and CT-Expo respectively. Similar efficiency of TCM
is observed for mean eye lens dose reduction; the obtained results for eye lens mean dose with
fixed mAs protocol either with phantom or CT-Expo were higher than those using TCM. The
mean eye dose values are 52 mGy and 51.1 mGy without TCM using phantom and CT Expo
respectively. Similar results were found by Breiki ef al [30] who demonstrated that the dose
for the eye lens ranges between 40.5 mGy-97.9 mGy for conventional acquisition. Also, in
accordance with Emine et al [29] the eye dose values were 45 mGy using impact calculator
and 47.8 mGy with the Rando phantom. However, our optimized protocol leads to a mean eye
dose reduction of 21.82% and 23.48% using phantom and CT-Expo respectively.

These findings are of paramount importance with regard to the optimization process of
our current practice. Enabling the TCM function significantly reduces lung dose by 54% and
53.22% using phantom and CT-Expo respectively. The mean lung absorbed dose when
compared between TLD and CT-Expo was found to be 20 mGy and 18.6 mGy for fixed mAs
scan respectively. Our results are in the broad range of those reported by Emine et al [30].
They showed that the range of radiation dose resulting from chest exams which were obtained
from conventional scanners was 14.00-75.94 mGy for the lung. However, enabling TCM
mean lung dose values are 9.18 mGy and 8.7 mGy using phantom and CT-Expo respectively.
Our results are in good agreement with those found by Hashim et al [31] using TLD thoracic
measurement for organ dose with routine protocol compared to a modified protocol using
mAs modulation technique. The lung dose is 9.2 mGy and 23.2 mGy with TLD and CT-Expo
respectively using TCM. But when TCM is switched off, the values are 21.5 mGy and
12.1 mGy using TLD and CT-Expo respectively. In spite of these results, it is difficult to
compare the estimated dose reduction values obtained in this study with values reported in the
literature. This wide range variation can be explained by the differences between scan pro-
tocols depending on several variables, including tube potential, slice collimation, and pitch
factor even when using a scanner from the same manufacturer [20, 32, 33].

Regarding the measurements of organ dose between TLD and CT-Expo, results showed
no significant difference between mean organ dose values: a mean percentage difference of
4.3% + 2%, 2.8% + 1% and 6% =+ 1% for brain, eye lens and lung respectively. Moreover,
mean organ dose values, measured directly, were slightly higher than those obtained with CT-
Expo. It has already been shown by several studies that the direct dose measuring values were
higher than the computer simulated ones [34-36]. These considerable differences are justified
by the organ’s position in the Alderson phantom at the border or inside the body region being
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directly irradiated, while in the mathematical model it may be located completely inside or
outside of this region. One major cause in the difference in the organ dose measured directly
by TLD and estimated by CT-Expo is the distinctions between organ composition in the
Rando phantom and the conditions considered for mathematical phantoms.

In addition to these results demonstrating organ dose reduction, we have results on the
objective assessment of image quality. Comparing FBP and iterative reconstructions gener-
ated from the same data sets, the results showed that SNR and CNR were increased by
38.68%—58.81% and 38.91%-43.60% respectively in the case of two protocol sets. These
results confirm what has been already suggested in the literature concerning the use of
SAFIRE [22, 23, 37-42].

In accordance with the present results, Korn ef al [43] showed that in reduced dose CT
examinations the use of SAFIRE as opposed to FBP resulted in a 47% increase in CNR (2.49
versus 1.69; p < 0.0001). Regarding the SNR values, in a study by Maciej Guzinski et al [44]
the SNR increases by 34% and 36% respectively for white and gray matter for iterative
reconstruction compared to FBP. A similar result by Francois Pontana et al where the image
noise was significantly reduced with iterative reconstruction compared to FBP (p < 0.0001)
for chest CT examinations showed a mean noise reduction of 34.3% on lung images [45].

However, comparing our results with other types of iterative reconstruction is difficult
because their implementation is different for each manufacturer. Nonetheless, maintaining
image quality at radiosensitive lower organ dose compared to fixed mAs protocols still
represents a considerable step in terms of patient dose reduction and may particularly benefit
the large number of patients with serial follow-up examinations.

The present study has some obvious limitations. First, in our study only a standard size
represented by the adult anthropomorphic phantom and the stylized mathematical phantom
with CT-Expo was considered which may not be applicable to a larger patient. Second, an
ideal comparison for this type of study is to utilize protocols performed on the same patient.
However, ethical principles make this impractical. Radiologists and technologists still need to
decide which parameters are useful to their clinical application before accepting the changes
described in these protocols. On the other hand, the TLD measurements are not very practical
and unavailable for routine use in CT imaging procedures in spite of their advantages over
indirect computer simulated measurement techniques. This study then suggests a potential for
dose modulation and iterative reconstruction and encourages future use of simulation to
estimate dose for radiosensitive organs in chest and head CT examinations.

6. Conclusion

In conclusion, in our study we found advantages in using TCM combined with SAFIRE in
head and chest CT scans in terms of radiosensitive organ dose reduction and image quality
improvement. In addition, a mean dose reduction of up 25.06%, 23.82% and 54% for brain,
eye lens and lung were achieved respectively with no compromise on the image quality. Thus
they are highly recommended in clinical practice optimization in head and chest CT
examinations.
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Patients and clinicians often raise concerns about radiation exposure
to various organs during computerized tomography-based imag-
ing. We evaluated radiation exposure during standard and low-dose
imaging protocols for non-contrast computerized tomography, com-
puterized tomography angiography and computerized tomography
perfusion of the head. Whether reducing the radiation dose affected
the image quality was also evaluated. Radiation data were retrieved
for computerized tomography-based imaging studies performed for
acute ischemic stroke patients during 2015. The volume-weighted
computerized tomography dose index, dose-length product, scan
length, effective dose and whole-body integral dose for brain, skin,
eye, thyroid and red bone marrow were extracted from dose-tracking
software. Dose metrics for low-dose protocols data were compared
with standard protocols. The calculated effective doses for non-
contrast computerized tomography, computerized tomography an-
giography and computerized tomography perfusion were 2.56 £ 0.67
mSv, 4.45 £ 2.5 mSy, and 4.47 4 0.85 mSy, respectively for 391 acute
ischemicstroke patients. Corresponding radiation exposures for low-
dose protocol (n = 31) were non-contrast computerized tomogra-
phy (2.36 £ 0.65 mSv), computerized tomography angiography (1.57
4 0.74 mSv) and computerized tomography perfusion (2.20 4 0.55
mSv). Overall, the effective dose for one complete stroke imaging
protocol (non-contrast computerized tomography + computerized
tomography angiography + computerized tomography perfusion) for
the standard-dose protocol was 11.48 mSv, which was reduced to 6.13
mSv (46.6% reduction) using a low-dose protocol (p < 0.001). Re-
duced radiation exposure was noted for other radiosensitive organs.
Radiation exposures of sensitive organs are within acceptable lim-
its with standard neuroimaging protocols for acute ischemic stroke.
Lower-dose computerized tomography imaging protocols reduced
the radiation doses withoutappreciable deterioration inimage qual-
ity.

Keywords

Neuroimaging; Acute ischemic stroke; Radiation; Radiation dose; Computerized
tomography
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1. Introduction

Acute ischemic stroke (AIS) is a leading cause of mortal-
ity and permanent disability [1]. Computerized tomogra-
phy (CT) based neuroimaging techniques continue to be the
mainstay for selecting patients eligible for thrombolytic ther-
apy. Non-contrast CT (NCCT) and CT angiography (CTA)
of cervico-cerebral vessels are routinely performed for AIS,
while CT perfusion (CTP) of the brain is performed in se-
lected patients. One important reason for selecting CT-based
imaging is the fast data acquisition in multi-detector row CT
systems [2]. Recent clinical trials have demonstrated that
CTP imaging of the brain using an increased detector width
can detect additional potentially salvageable ischemic lesions
even in the extended therapeutic time window [2, 3].

American Heart Association recommends NCCT to eval-
uate patients presenting with stroke-like symptoms to ex-
clude various mimicking conditions [2]. An NCCT of the
head excludes intracranial hemorrhage with high reliability.
However, multimodal imaging with NCCT, CTA and CTP
significantly increase diagnostic accuracy compared to NCCT
alone. CTA depicts the presence and site of arterial occlusion
as well as various collateral flow patterns. CTP further helps
in cases with an uncertain time of symptom-onset, especially
to evaluate the amount of salvageable penumbra and eligibil-
ity for various endovascular procedures in AIS [2, 3]. Impor-
tantly, whole-brain perfusion measurement can be achieved
very fast and avoid any significant delays in the initiation of
definitive therapy [2, 3].

CT scanners are the significant contributors to the radia-
tion exposure received by patients in radiology departments,
predisposing them to an increased risk of somatic and genetic
effects of ionizing radiation [4-7]. In addition to the brain,
red bone marrow, thyroid, and the eyes’ lens are the most
radiosensitive tissues for these CT procedures. Patients and
clinicians often raise concerns about radiation exposure to
various organs during computerized tomography (CT) based
imaging. Therefore, various strategies are employed to min-
imize the radiation exposure associated with CT protocols
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Table 1. Stroke protocol scanning parameters.

Variable NCCT CTA CTP

Standard dose ~ Low dose  Standard dose Low dose Standard dose Low dose
Scan type Helical Helical Helical Helical Axial Axial
Detector Configuration 64 x0.625 64 x0.625 128 x 0.625 128 x 0.625 64 x0.625 64 x0.625
Pitch 0.4 0.4 0.4 0.4 - -
FOV (mm) 250 250 260 250 250 250
kVp 120 120 120 100 80 80
mAs/SLICE 330 280 300 200 150 100
Rotation Time (sec) 0.5 0.5 0.5 0.5 0.5 0.5
Section thickness (mm) 3 3 1 1 5 5
CTDI vol (mGy) 54.4 44.4 38.3 15.6 120 72

CTA, computerized tomographic angiography; CTDI vol, computerized tomographic dose index volume; CTP, computerized

tomographic perfusion; FOV, field of view; NCCT, non-contrast computerized tomography.

for brain imaging. Some of these strategies involve changes
in the acquisition parameters (kVp, mill-ampere, pitch, etc.)
[5, 6]. Although described scarcely, the risks due to the radi-
ation exposure are believed to be related to the dose received
by various radiosensitive organs. Hence, evaluating patient
doses during various imaging procedures is essential to jus-
tify repeated exposure and optimize them to balance the ben-
efit against radiation risk [7-9]. We evaluated the amount
of radiation exposure to the brain and various organs in our
stroke patients during various CT-based imaging studies. We
created a low-dose protocol to hypothesize that a low-dose
protocol would be associated with less radiation exposure,
specifically to individual organs, without reducing diagnostic
accuracy. We compared radiation exposure between the low-
dose protocol and the standard protocol used at our institu-
tion using the low-dose protocol. Additionally, we compared
to control the image quality between low-dose and standard
protocol.

2. Material and methods
2.1 Patients and scanning parameters

This retrospective study included 391 consecutive AIS pa-
tients admitted to our tertiary center between January and
December 2015. The institutional review board approved
it. An additional prospective study was performed on the
low-dose protocol in 32 consecutive patients. We used Bril-
liance iCT 256-slice CT scanner (Philips Medical Systems,
Eindhoven, Netherlands) that made it possible to shorten the
acquisition time, improve image quality with iDose4 algo-
rithms technology and scan a larger anatomical volume dur-
ing NCCT, CTA, and CTP. The radiometric software was
used for tracking the individual as well as a cumulative dose
for patients. The dose records were used to audit radia-
tion dose awareness and patient safety at our radiology de-
partment. Radimetrics Enterprise (Bayer Healthcare LLC,
Whippany, NJ, USA), a web-based dose monitoring solu-
tion, allowed the institution to monitor patients’ radiation
doses and ensure they were kept as low as reasonably achiev-
able (ALARA). This software integrated with our CT units
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provided several dose matrices from CT procedures such as
organ doses, effective dose and whole body integral dose,
calculated from Monte Carlo simulations using a library of
Cristy phantoms. It is based on scanner-specific values. It
uses mathematical descriptions or voxels from scan images.
It calculates organ dose and effective dose estimates from the
volume-weighted CT dose index CTDI vol (as mGy) and
dose length product DLP (as mGy.cm) provided in the DI-
COM data. The effective dose (E) represents the sum of
equivalent doses from all organs, weighted by tissue factors
[9, 10]. Effective doses, whole body integral dose and ra-
diation dose to brain, skin, eye, thyroid and red bone mar-
row doses were extracted for analyses. For the head scan,
DLP was measured on the head phantom of 16cm made up of
polymethyl-methacrylate (PMMA). This software estimated
a size-specific dose estimate (SSDE) based on the water equiv-
alent diameter (WED) according to AAPM calculations [11].
Phillips iDose4 iterative reconstruction technique was em-
ployed to maintain image quality after applying dose reduc-
tion parameters in NCCT, CTA, and CTP protocols.

The CTDI vol (mGy) and the DLP (mGy.cm) were
recorded from the console and tested for their reliability
within the 10% range. Under our institution’s quality assur-
ance and control program, we developed a low-dose radia-
tion stroke protocol for NCCT and CTP optimized by re-
ducing tube current (mAs) only. In contrast, in CTA, both
mAs and kVp were reduced, keeping other exposure factors
unchanged (Table 1). We optimized exposure factors for
head CT imaging protocols on two Philips CT units, Bril-
liance 64 slice and 1256 slice CT, with iDOSE4 and IMR tech-
niques. We used an anthropomorphic complete angiographic
head phantom for making CT images, as it was moulded in
tissue-equivalent material. CT image quality could be eval-
uated quantitatively and qualitatively with actual measure-
ments of details and contrast under the same exposure con-
ditions, repeated many times. For each examination, the
weighted CTDI vol and DLP were recorded, and the noise
was measured by placing an ROI on two areas in the im-
age on the selected slice for measurements of Hounsefield
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Table 2. Patient metrics.

NCCT CTA CTP

Variable Standard dose Low dose Standard dose  Low dose Standard dose ~ Low dose

p value p value p value

(n=391) (n=32) (n = 149) (n=32) (n=61) (n=32)

Mean Age in years (1 SD) 62 (17) 63 (17) 0.098 59 (14) 63 (17) 0.087 60 (17) 63 (17) 0.082
Mean Skull Diameter in mm (+ SD)  171.4(6.9) 171.3(7.3) 0.092 186.8(17.6) 186.3(24.3) 0.074 172.7(23.1)  172.6(30.1)  0.95
Water Equivalent Diameter in mm 164.9(7.9) 164.3(7.9) 0.022 186.8(17.6) 192.5(38.5) 0.067 172.4 176.2 0.068
Scan length in mm 202.8 (52.1) 204.5(54.8) 0.091 558.1(364.9) 395.1(320.8) <0.001 2114.4(278.1) 1912.4 (418.9) <0.001

CTA, computerized tomographic angiography; CTP, computerized tomographic perfusion; NCCT, non-contrast computerized tomography.

units. Each study was also reviewed for image quality by two
technologists, a medical physicist and two radiologists. Con-
tinuous variables (CTDI vol, DLP, noise) were compared.
Finally, the optimized data for low-dose scanning regimens
were compared with the standard protocols. All scans were
reviewed by experienced neuroradiologists and stroke neu-
rologists for image quality. The NCCT and the CTA pro-
tocol were performed in spiral mode, while CTP was done
on axial mode without gantry angulation. For CTA, scan-
ning was performed from the arch of the aorta to the ver-
tex. Scan lengths in both sets of protocols of NCCT, CTA,
and CTP were kept similar. We calculated patients’ skull di-
ameter and water equivalent diameter to avoid the possible
confounding effect of anthropometric variables. Although
the effective skull diameter can be calculated automatically,
the calculations only in the lateral or anterior-posterior di-
rection may result in a high variability. In addition, such cal-
culations from scout images may vary according to patient
centering. We measured the diameter only for axial images to
avoid over-estimation, which is not affected by patient cen-
tering and produces high accuracy. In addition, we measured
water equivalent diameter as this value reflects the x-ray at-
tenuation of the patient and is a good descriptor of patient
size.

2.2 Radiation dose calculations

Radimetrics software platform (Radimetrics, Bayer
Healthcare, Germany), a web-based dose monitoring so-
lution, was used to estimate the organ-specific radiation
dose. Monte-Carlo-Simulation was employed for individual
organs such as the brain, eyes, skin, red bone marrow and
thyroid, ICRP 103 dose equivalent and whole body integral
dose [10].

The interrater and interrater reliability for NCCT, CTA
and CTP was assessed using intraclass correlation coeffi-
cients. The scan quality was graded as ‘reasonable’ and ‘poor’.
All measurements performed by 2 blinded investigators (JK
and VKS) showed an inter- and intra-observer agreement
for NCCT, CTA, and CTP were 0.87/0.90, 0.90/0.93, and
0.86/0.89, respectively (n = 10 samples for each from stan-
dard and low dose scanning protocols).

2.3 Statistical analysis

All statistical tests were performed with Statistical Pack-
age for the Social Sciences (Version 12.0; SPSS, Chicago, 1II,
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USA). Mann-Whitney U test was used for statistical analy-
sis to compare the means for various quantitative parame-
ters. Customarily distributed quantitative indices were com-
pared using unpaired ¢-test, and means of various radiation
exposure values for standard and low-dose radiation proto-
cols were compared. All tests were two-tailed, and a p-value
of <0.05 was considered statistically significant. All data
are presented as the mean + standard deviation (SD) unless
stated otherwise.

3. Results

The radiation data for standard-dose protocol for brain
imaging for NCCT (n = 391), CTA (n = 149) and CTP (n
= 61) were retrieved from the institutional dose tracking
system attached to a dedicated CT scanner (Phillips iCT256
with iDose4). Data for the optimized low-dose protocol for
NCCT, CTA, and CTP were obtained prospectively for 32
adult AIS patients (mean age 63 + 17 years vs. 62 + 17 years
for standard-dose patients; p = 0.098). Details of various scan
parameters such as kVp, mAs, collimation, scan length, ro-
tation time and pitch for standard dose scanning of the head
(AAPM) [11] and low-dose optimized stroke protocols for
NCCT, CTA and CTP procedures are summarized in Table 1.

3.1 NCCT

The patient dose metrics age (years), skull diameter (mm),
water equivalent diameter (mm) and scan-length (mm) for
NCCT in the standard protocol and low dose protocol are
shown in Table 2. Briefly, there were no significant differ-
ences in patient metrics in both groups.

The radiation dose parameters such as CTDI vol, DLP, ef-
fective dose and whole-body integral dose of the two groups
are shown in Table 3. Briefly, the low-dose protocol showed
a 10% decrease in dose metrics than the standard protocol,
mainly due to the 12.5% decrease in tube current. Similarly,
the low-dose protocol showed reduced radiation dose to var-
ious radiosensitive organs (p < 0.001), as shown in Table 4.
There were no significant differences in patient metrics such
as skull diameter, water equivalent diameter and scan length
between the two radiation dose protocols of NCCT but sig-
nificant reduction (p < 0.001) in dose exposure to all ra-
diosensitive organs except thyroid (p < 0.58) in the low-dose
protocol.
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Table 3. Radiation dose metrics.

NCCT CTA CTP
Variable Standard dose Low dose Standard dose Low dose Standard dose Low dose
(n=391) (n=32) (n=149) (n=32) (n=61) (n=32)
Mean CTDI vol in mGy (SD) 52.4(0.3) 47.4 (0.05) 28.7 (8.1) 14.7 (2.4) 93.0 (0.9) 72.0 (1.4)
Mean DLP in mGy.cm (SD) 1061.9 (272.8)  972.9(260.2) 14155 (471.1)  584.6 (281.6)  1916.2(339.7)  995.1(233.2)
Mean ED ICRP 103 in mGy (SD) 2.6 (0.7) 2.4(0.6) 4.5(2.5) 1.6 (0.7) 4.5(0.9) 2.2(0.5)
Whole Body integral in mGy (SD) 0.4 (0.1) 0.39 (0.1) 0.6 (0.2) 0.2 (0.02) 0.8 (0.14) 0.4 (0.09)

CTA, computerized tomographic angiography; CTDI vol, computerized tomographic dose index; CTP, computerized tomographic perfusion;

DLP, dose length product; ED ICRP, Effective dose International commission of radiation protection; NCCT, non-contrast computerized

tomography.
Table 4. Radiation dose to various sensitive organs.
NCCT CTA CTP
Variable Standard dose ~ Lowdose  Standard dose =~ Low dose  Standard dose Low dose
(n=391) (n=32) (n =149) (n=32) (n=61) (n=32)

Mean Brain dose in mGy (SD) 57.7 (12.1) 43.1(9.1) 101.8 (17.8) 20.7 (5.7) 82.1(3.2) 55.7 (4.5)
Mean Skin dose in mGy (SD) 8.5(3.1) 5.8 (1.6) 11.6 (2.2) 2.6 (1.8) 11.2(1.7) 6.1(1.5)
Mean Red Bone Marrow dose in mGy (SD) 7.4(2.9) 5.2(1.5) 9.7 (2.9) 2.6(1.5) 8.7(0.9) 4.7 (1.3)
Mean Eye dose in mGy (SD) 83.4(17.4) 63.6 (17.8) 159.1 (26.7) 33.6 (11.7) 152 (3.2) 100.3 (24.6)
Mean Thyroid dose in mGy (SD) 26.6 (9.4) 8.7 (3.8) 13.4 (5.8) 11.9 (3.9) 5.1 (0.9) 3.3(0.8)

CTA, computerized tomographic angiography; CTP, computerized tomographic perfusion; NCCT, non-contrast computerized tomography.

32CTA

Patient dose metrics with standard and low-dose CTA
protocol are presented in Table 2, while the organ-specific
radiation doses for both groups are shown in Table 3. The
low-dose protocol was optimized for lower kVp (120 kVp to
100 kVp) and mAs (300 mAs to 200 mAs), maintaining an
optimum image quality using the iterative reconstruction of
iDose4 similar to the standard protocol. CTDI vol (14.71 +
2.39 mGy vs. 28.72 4+ 8.02 mGy) and DLP (584.61 4 281.63
mGy.cm vs. 1415.45 + 471.01 mGy.cm) were lower in the
low-dose imaging protocol (p < 0.001).

The brain, skin, red bone marrow, eyes and thyroid re-
ceived relatively higher radiation doses during CTA than
NCCT. However, the effective doses ICRP (103) evaluated in
CTA with standard and low-dose protocols were 4.45 £ 2.5
mSv and 1.57 £ 0.74 mSyv, respectively, showing a reduction
of approximately 64% (p < 0.001) as well as the advantage
of reducing kVp and mAs with low-dose protocols (Table 3).
Similarly, dose metrics parameters and organ doses were also
reduced (48-50%) considerably (p < 0.001) in the low-dose
protocol.

33CTP

CTP was performed on the same CT machine using the
iDose4 iterative reconstruction imaging technique. As sug-
gested by AAPM [11], modified CTP protocol was used,
where tube current was reduced to 100 mAs at 80 kVp com-
pared to standard protocol using tube current of 150 mAS at
80 kVp. The patient metrics and dose metrics of both groups
are shown in Table 2 and Table 3. In both groups, the scan
lengths used in CTP (2114.35 + 278.01 mm and 1912.39 +
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418.99 mm, respectively) are 4-5 times higher than NCCT
and CTA protocols. Comparing to the standard protocol of
CTP, the optimized low-dose protocol reduced the dose met-
rics parameters by 45-47% (p < 0.001) with a similar reduc-
tion of 36-72% in specific organ doses.

3.4 The radiation dose for overall stroke protocol in standard and
optimized exposure settings

In addition to improving the diagnostic capability of
NCCT, CTP and CTA provide important information about
cerebral hemodynamics. While CTA demonstrates the pa-
tency of the cervico-cranial arterial tree and various intracra-
nial collaterals, CTP estimates the ischemic core and salvage-
able penumbra in AIS. Most comprehensive acute stroke cen-
ters perform one emergent NCCT and CTA at presentation
and one NCCT on day 2 (especially in thrombolysis patients).
CTP is often performed in patients with the undetermined
time of stroke onset, for example, wake-up stroke. CTP is a
functional study that utilizes continuous CT acquisition over
the same slab of tissue during the dynamic administration of a
small contrast bolus. It certainly exposes patients’ radiosensi-
tive organs with a higher than usual radiation dose. We em-
ployed a low-dose protocol for CTP and could reduce the to-
tal effective dose and whole-body equivalent dose by approx-
imately 43% and 46%, respectively, compared to the standard
stroke imaging protocol (p < 0.001). The corresponding de-
crease in CTDI vol (134.07 + 1.23 mGy vs. 174.08 + 3.05
mGy) and DLP (2552.65 + 258.33 mGy.cm vs. 4393.56 +
361.18 mGy.cm) showed 22.9% and 41.9% reduction in radi-
ation exposure, respectively. Importantly, the image quality
of NCCT, CTA, and CTP did not show any appreciable de-
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terioration, confirmed by independent neuroradiologists and
stroke neurologists blinded to the clinical and radiation data.
All evaluations performed by the two blinded investigators
showed inter-and intra-observer agreement for NCCT, CTA
and CTP of 0.88/0.92, 0.92/0.94 and 0.89/0.91, respectively
(n = 32 samples for each).

The total effective dose for comprehensive stroke imaging
(NCCT + CTA + CTP) by standard protocol was 11.48 mSy,
while the low-dose protocol delivered a radiation dose of 6.13
mSyv, a reduction of 46.6% (Table 3). Patients’ age, length of
scan coverage, maximum transverse skull diameters, and wa-
ter equivalent diameter did not differ between the standard
dose and low-dose imaging protocols (Table 2).

3.5 Organ dose

The software calculated the organ-specific dose for the
brain, eye lens, thyroid, red bone marrow and skin for
standard and low-dose protocols. All radiosensitive organs
showed lower radiation exposure with the low-dose scanning
protocol (p < 0.001). Table 4 summarizes the organ-specific
radiation dose results.

4. Discussion

Our findings demonstrate that radiation exposure to the
sensitive organs during standard dose neuroimaging proto-
cols employed in AIS patients is within acceptable limits.
However, the radiation doses to these organs may be reduced
further by using low-dose CT imaging protocols and dose
tracking software, without any significant deterioration in
the image quality.

The preferred neuroimaging in AIS remains CT-based,
mainly due to the widespread availability, rapid acquisition,
and acceptable image quality [2, 3]. An NCCT is the first
diagnostic test for rapid exclusion of a hemorrhagic stroke,
identifying early ischemic signs as well as a quick estimation
of tissue damage. Intravenous thrombolysis is often initi-
ated in eligible patients immediately after the completion of
NCCT. In patients without any contraindications to radio-
contrast, CTA is performed according to the ‘bolus tracking’
technique and shows the arterial tree from the aortic arch
to the circle of Willis. Identification of thrombotic occlu-
sion of a relevant artery helps in early prognostication, pre-
diction of response to intravenous thrombolysis, and early
planning for endovascular treatment. Most comprehensive
stroke centers employ additional parenchymal imaging to es-
timate the amount of salvageable penumbra, especially in pa-
tients presenting beyond the thrombolysis window. The pre-
ferred imaging in this subset of AIS patients is CTP [2]. Fur-
thermore, additional CT scans may be needed in patients with
clinical fluctuations, elevating the cumulative radiation dose
exposure. Therefore, various radiation dose reduction strate-
gies are often explored, such as modifying exposure factors
like tube voltage, lowering tube current, and applying iter-
ative reconstruction of CT images [12-15]. Such strategies
may carry a risk of degrading the image quality. This work
estimated the radiation dose delivered to various radiosen-
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sitive organs in the head and neck region. Furthermore,
we demonstrated that employing low-dose imaging protocols
for NCCT, CTA, and CTP can reduce the radiation dose de-
livered to sensitive organs without compromising the image
quality. An example of the image quality with standard radi-
ation dose protocol and the low dose protocol for plain CT,
CTA and CTP is shown in Fig. 1.

Decreasing the peak voltage (kV) results in a lower dose
exposure to the imaged tissues proportional to the square of
the change in tube voltage. Furthermore, CT manufacturers
have also introduced new techniques of dose reduction, such
as dose modulation and iterative reconstruction (iDose4, AD-
MIRE, and ASIR) to achieve these aims [15-17]. While eval-
uating the feasibility of low-dose imaging protocol by reduc-
ing tube current or current and tube voltage together. We en-
sured that the level of image quality remained acceptable for
diagnostic purposes. We decreased the tube current during
stroke imaging protocols for NCCT, CTA as well as CTP. Ad-
ditionally, we decreased kVp with lower mAs for CTA only to
increase the effectiveness of contrast enhancement [15-17].

CTDI vol and DLP are routinely reported on scanner con-
soles in clinical practice. They do not quantify the patients’
dose metrics and provide only the output radiation of the CT
scanners determined by many factors, including kVp, mAs,
collimation, pitch, slice thicknesses and reconstruction tech-
niques, etc. CTDI vol is a good index when comparing pro-
tocols and technical parameter settings. However, it over-
estimates skin dose if the scan is performed without table
movement. We estimated that the CTDI vol value was less
than the reference value of 60 mGy for NCCT brain set by
ACR guidelines based on AAPM and ICRP recommendations
[10, 11, 18]. We used lower mAs in the low-dose protocols
(decrease tube current from 330 to 280 mAs) that resulted
in a 15% reduction (2.36 mSv) of the radiation dose during
NCCT. While trying the low-dose scanning protocols, we
found acceptable image quality for CTP at 80 kV and 100
mAs, whereas CTA required100 kV and 200 mAs for simi-
lar results. All CT protocols at our center used the iDose4 it-
erative reconstruction algorithm as a standard scanning pro-
cedure, which has been described! to ensure the better im-
age quality of CTA and CTP in dynamic enhancing imaging
within a reduced radiation dose [16].

Our work provides detailed organ-specific radiation dose
values associated with the standard and low-dose scanning
protocol for CT-based studies in AIS. Doses to individual or-
gans may be more appropriate in estimating cancer risk from
CT exposure [17-19]. Eye lenses are susceptible to radia-
tion as they are directly in the radiation beam and exposed
to higher radiation doses. ICRP (2012) has recently set the
thresholds in absorbed dose to 500 mGy for the eye lens [19].

1" ACR Practice Guideline for the Performance of Computed Tomogra-
phy (CT) Perfusion in Neuroradiologic Imaging 2017 (https://www.
acr.org/-/media/ ACR/Files/Practice- Parameters/ct-perfusion.pdf);
accessed on 16 May 2020.
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STANDARD RADIATION DOSE PROTOCOL

Fig. 1. Comparative Image quality with standard radiation dose protocol and the low dose protocol for non-contrast-enhanced computed to-

mography (NCCT), CT angiography (CTA) and CT perfusion (CTP) in a 62 years old patient who presented with acute ischemic stroke. The top

panel shows NCCT, CTA and CTP images performed using the standard radiation dose protocol. As a part of a research project, this patient underwent repeat

imaging studies using the low radiation dose protocol. The resultant representative images are shown in the lower panel.

The radiation exposure to eye lens was only 197.58 mGy in
the low-dose group when NCCT, CTA, and CTP were per-
formed in a patient. Other sensitive organs such as skin and
red bone marrow showed significantly reduced exposure in
the low-dose protocol. For example, the estimated dose ex-
posure to the thyroid gland was 25.35 mGy, which is similar
to the reported literature [19, 20]. Importantly, the total ef-
fective dose during comprehensive scanning (NCCT + CTA
+ CTP) was 6.128 mSv in the low-dose protocol as compared
11.48 mSv in the standard scanning, a reduction of 46.6%.
Furthermore, we used the statistical Iterative Reconstruction
IDose4 algorithm for CT reconstruction, which ramps the
image clarity and reduces noise compared to the standard fil-
tered back projection (FBP) technique. This enabled compa-
rable image quality even with significantly reduced radiation
dose in all CT-based imaging protocols.

Some limitations need to be acknowledged. First, the
standard dose and low-dose CT scans were not acquired in
the same patient. Standard dose CT studies would have
served as a reference against which the diagnostic quality and
imaging findings of low-dose scans could have been assessed.
However, it would have been unethical to expose the human
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subjects to additional radiation exposure. Second, the blinded
neuroradiologists and stroke neurologists had a good agree-
ment in reading various imaging studies. The low-dose CT
studies might have failed to detect tiny parenchymal lesions in
some patients. Last, there was no reference standard for CTP
studies. We strongly feel that faster MRI brain perfusion
studies (with no ionizing radiation) in a smaller subset of the
study population could have served as the standard control
to evaluate the scan quality for CTP. However, this approach
would have exposed our patients to an additional dose of a
nephrotoxic contrast agent. Acute stroke care had changed
considerably since this research work was performed. An
increasing number of endovascular interventions are being
performed, especially among patients with large vessel occlu-
sions. This certainly increases the amount of radiation expo-
sure. However, we cannot comment on this aspect since no
acute stroke interventions were performed.

Furthermore, reduction of radiation exposure in CTP did
not degrade the quality of images. However, one should be
careful in optimizing the post-processing of the source im-
ages since the reduced dose might lead to clinically relevant
infarct core overestimation in individual cases [21]. Lastly,
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Dose Area Product (DAP) size or Kerma Area Product (KAP)
size are currently used to represent patient exposure dur-
ing diagnostic X-ray examinations and interventional proce-
dures. DAP is greatly affected due to scattered radiation being
the primary source of exposure (mostly during interventional
procedures). However, this information was not collected.

5. Conclusions

Radiation dose is a significant concern for clinicians and
patients with the increased use of CT-based examination.
Our data show that although the standard dose techniques de-
liver an acceptable radiation dose, alow-dose scanning proto-
col may be adopted while maintaining acceptable image qual-
ity. Continuous radiation monitoring, controlling and opti-
mizing stroke CT protocols with dose tracking software will
help implement best practices for the safe use of ionizing ra-
diation in medical imaging.
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Abstract

The purpose of this study is to find an optimization approach to minimize the absorbed dose to adult patients undergoing CT examination, while maintain the
diagnostic image quality. A single detector CT was considered, to represent typical practice in King Hamad University Hospital. We included 626 patients in this
study and investigated radiation dose for three anatomical regions, head, chest and abdomen and pelvis. For each type of CT examination, two groups of patients were
considered. 383 patients in Group I: were imaged according to the protocols set by the manufacturer. Group II: 243 patients were imaged according to the protocols
set by our team after optimization. We were able to adjust the adjustable factors such as noise index, scan time, pitch, rotation time and slice thickness. For each
examination the weighted volume CT dose index (CTDlvol) and dose length product (DLP) were recorded and noise is measured. Each study was also reviewed for
image quality. Measured (CTDlvol, DLP) were compared to international reference levels. For Group I, the CTDIvol and DLP values were higher than the reference
levels. After Dose optimization the CTDIvol and DLP values were significantly reduced to have lower values than the reference levels. The results of our study showed
that the CTDIvol and DLP values taken from images done using the protocols set by the Ct machine developers are higher than the reference levels which indicate

that manufacturers are focusing their efforts toward improving image quality rather than the minimizing the dose that can be given to the patient.

Introduction

The use of helical, multislice CT (MSCT) is rapidly growing due
to technological improvements in the modern machines. Advances in
CT imaging techniques have resulted in a significant increase in the
frequency of CT examinations in both adult and children, replacing
more and more radiographic examinations. However, CT can be
responsible for the increase of carcinogenesis [1-4]. But we have to
accept the fact that with the vast improvement of technology, patients
benefited from a quicker and more accurate diagnosis and precise
anatomic information for planning therapeutic procedures. This lead to
a substantial increase in the collective dose, as reported by international
organizations (ICRP 2000 and United Nations Scientific Committee
2000) [5]. In spite of this constructive contributions of CT to modern
healthcare, attention must also be given to the health risk associated
with the ionizing radiation received during a CT exam. Because
of this potential radiation risk from this increased use of CT makes
it important that CT doses be kept as low as reasonably achievable.
However, modern CT scanners have a wide variety of exposure factors
and involve techniques that allow dose optimization to the patient
[6-9]. Guidelines to optimize the protection of patients during CT
procedures have been provided by various international organizations
[10-13]. All implemented guidelines include reference doses that
are defined as diagnostic reference levels (DRLs) or guidance levels.
These guidelines assist in the optimization and reduction of patient
protection and allow comparisons between the different CT scanners
and techniques. The dose parameters suggested in the guidelines are
the volume CT dose index (CTDIvol) and dose length product (DLP)
for the entire examination.

Although there is still adequate room for improvement, CT
dose reduction requires a combination of different approaches
or strategies. These include optimization of scanning protocols
according to age- or weight-based adjustments, justification of CT
use by referring physicians and emergency departments, decrease of
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unnecessary examinations, development of better exposure protocols
by manufacturers, and better training and education for radiological
technologists. However, to our knowledge, no reports are available
in Bahrain with regard to the investigation of CT scanning protocols.
There are no standardized procedures for CT imaging across hospitals
in Bahrain, as each hospital has its own specific protocol, which are not
necessarily optimized in terms of dose reduction.

The purpose of this study was to assess the adult CT practice, analyze
CT scanning parameters used in routine head, chest and abdomen and
pelvis imaging in the radiology department at King Hamad University
Hospital. Moreover, our practical goal was to find an optimization
approach to minimize the absorbed dose to adult patients undergoing
CT examination, while maintain the diagnostic image quality.

We hope that the results of this study could be used by radiologists
and medical imaging technologists to modify their existing practice and
serve as one of the basis for optimization of CT imaging. Additionally,
the medical community in Bahrain needs to better educate the public
to the risks and benefits associated with CT, such that they can make
conscience decisions based on scientific facts regarding their healthcare.

Materials and methods

Patient examinations

In this study, medical images taken by Optima CT660 system
(GE Health Care, WI, USA) are considered. Adult head, chest, and
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abdominal and pelvis CT examinations were chosen for the evaluations
because they are most common procedures performed in the radiology
department. The hospital ethics committees of King Hamad University
Hospital approved the study protocol.

Radiation dose

Radiation dose to the patient was monitored for each study by
means of the two standard dose indicators, volume CT dose index
(CTDIvol) and dose length product (DLP), that were calculated by the
CT scanner for each CT study. The CTDIvol parameter is representative
of the average dose delivered within the reconstructed section. The
CTDIvol represents the weighted CT dose index divided by the pitch
and describes the average dose throughout a 160-mm-diameter
circular Plexiglas phantom, incorporating the central dose weighted by
a 1/3 factor and the peripheral dose weighted by a 2/3 factor. The DLP
can be related to energy imparted to organs and can thus be used to
assess the overall radiation burden of a given examination. It is equal
to the product of the CTDIvol and the length of the scan in centimeters
(Huda and Mettler 2011 [14]).

Effective dose estimate

The effective dose estimate was determined by using a DLP-based
method in which CT dose estimates are calculated by multiplyinga DLP
value and an appropriate conversion factor. Accordingly, conversion
factors for the DLP-based method should be updated (ICRP 2007,
Deak et al 2010 [15]) (Table 1).

Statistical analysis

For each type of CT study, differences between the two groups of
patients in terms of radiation dose values were evaluated for statistical
significance. Differences were considered significant at P <0.05 and
0.01.

Data collected

The studied data included patient sex, and age; tube voltage and
tube current settings; pitch; section thickness; number of sections;
volume CT dose index (CTDIvol) and dose length product (DLP).
Patients in Group I was imaged according to the protocols set by the
GE. Group II were imaged according to the protocols set by our team
after optimization.

Results

We evaluated our three most frequent types of CT studies: adult
brain CT performed without contrast material (unenhanced CT),
abdomen and pelvis CT, chest CT in adult patients. Data from 626
examinations for the two studied groups of patients who underwent
routine head, chest, abdominal and pelvic CT were collected. Group
I was for patients before optimization, while Group II for the patients
after optimization. These subjects included 152 patients who underwent
head CT, 422 who underwent chest CT, and 52 who underwent
abdominal CT.

Prior to the introduction of dose optimization, and to evaluate the
dose, patients’ data were collected, analyzed and compared with the
international standards [16-18]. The general results are shown in Table 2.

The CTDIvol and DLP values were higher than the reference
levels given by of the international standards. Dose reduction through
optimization of the examination protocol was then considered. We
were able to adjust the adjustable factors such as noise index, scan
time, pitch, rotation time and slice thickness. However, we limited
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the pitch to < 1.37, as sampling gaps occur if higher pitch values are
used that lead to image reconstruction artifacts. In planning the scan,
issues that are related to quality had to be considered include image
noise and image contrast. For the purpose of minimizing radiation
dose exposure, noisier images, if sufficient for radiological diagnosis,
should be accepted. Dose reduction efforts were matched with this
critical component in order to maximize the quality/dose ratio. For
chest examination we restricted our protocol for a slice thickness of
5mm, while we allowed the value to be 2.5 or 5mm for abdominal and
pelvic examination. We initially tried 5 mm, but this section thickness
was judged sometimes to be insufficient by our radiologists in terms
of spatial resolution. Hence, for abdomen and pelvis CT the slice
thickness was chosen to be either 2.5 mm for renal or 5 mm for routine
evaluation. However, a thinner section thickness (1.25 or 0.625mm)
was required in few cases to achieve better spatial resolution and enable
assessment of fine anatomic details in these studies.

The range of the modulated tube current in milliamperes was
decided subjectively by a registered radiology technologist, in a range
set by the technologist, on the basis of different factors. The noise
index NI was initially set at its lowest value and slowly increased until
the image quality was determined to be sufficient by the radiologists.
A Jower NI leads to lower noise and thus into an improved image.
However, a lower NI (better image quality) requires higher tube
current for a given pitch and tube rotation time and therefore delivers
higher patient radiation dose. The rotation time for most types of scans
was lowered from 1 second to 0.5 second.

The important technical factors and radiation doses, including
volumetric CT dose index and DLP values, at routine head, chest, and
abdominal CT for Group I and group II are listed in Tables 3, 4, and
5, respectively.

Both CTDIvol and DLP were significantly lowered from for
unenhanced female adult brain from (79 to 40 mGy) and for male
adult from (79 to 46 mGy) (Table 3). Regarding adult abdomen and
pelvis CT (Table 4), CTDIvol were lowered from (20.7 to 19.0) for
adult females and for adult males from (37.3 to 17.8 mGy) when dose
optimization was considered compared with CTDIvol and DLP when
dose optimization was not used. Regarding chest CT in adult patients
(Table 5), CTDIvol and DLP were lowered from (21.4 to 14.2 mGy)
and from (22.3 to 14.3 mGy) for adult males.

Discussion and conclusion

In this study we investigated the DRLs for three anatomical
regions, head, chest and abdomen and pelvis for both females and male
patients. Two groups were considered, in Group I patients were imaged
according to the protocols set by the GE and in Group II patients were
imaged according to the protocols set by our team after optimization.

The results of our study demonstrate that the radiation doses for
Group I were higher than the international guidelines. This indicates
that manufacturers are focusing their efforts toward improving
image quality regardless to the radiation limits and guidelines. After
optimization (Group II) radiation doses were lower than the DRLs for
the head, abdomen and chest CT examinations.

The mean weighted CT dose index CTDIvol for head after
optimization (Group II) (43.8 mGy) for head CT in the entire sample
(Female and Male patients) was comparable to values reported by other
authors (34-56 mGy) [19,20] (58-66) [8], and in the range of the value
reported by the IAEA coordinated research project (19-51 mGy) [11].
The mean DLP (760 mGy.cm) for head CT was comparable also to
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Table 1. Adult Conversion Factors for Dose-Length Product-Based CT Dosimetry Based on International Commission on Radiological Protection (ICRP) Publication 103, (ICRP 2007)

and summarized by [15].

‘ Male Female

Age kVp . .
‘ Head Neck Chest Abdomen Pelvis Head Neck Chest Abdomen Pelvis
‘ 80 0.0017 0.005 0.0107 0.0132 0.01 0.0019 0.0055 0.0188 0.017 0.0157
‘ Adult 100 0.0018 0.0049 0.0104 0.0132 0.0099 0.002 0.0053 0.0183 0.017 0.0155
‘ . 120 0.0018 0.0049 0.0105 0.0134 0.01 0.002 0.0053 0.0185 0.0173 0.0157
‘ 140 0.0018 0.005 0.0107 0.0134 0.0102 0.002 0.0055 0.0188 0.0173 0.016

Table 2. Comparison of Head, Chest, and Abdominal CT Dose Values with DRLs given in the international standards [16,17,18]. Group I was imaged according to the protocols set by the
GE. Group II were imaged according to the protocols set by our team after optimization.

Examination Dose Parameter Group 1 Group I1 EU 2004 UK 2003 IAEA 2006
CTDIvol (mGy) 79 44 60 100 47
Head CT
DLP (mGy:cm) 1218 760 1050 1050 1050
CTDIvol (mGy) 22 14 30 14 9.5
Chest CT
DLP (mGy-cm) 794 401 650 580 447
Abdominal CT CTDIw (mGy) 31 18 35 13 10.9
DLP (mGy-cm) 1097 831 780 560 696

Table 3. The important technical factors and radiation doses, at routine head, for Group I and group II. Group I was imaged according to the protocols set by the GE. Group II were imaged
according to the protocols set by our team after optimization.

Head Group I Group II
Adult Females Adult males Adult Females Adult males
No of Patients 44 50 25 33
Average Age 53.4 54.4 53.2 53.9
Milliampere 224-322 202-385 157-344 202-409
CTDI , (mGy) 79 79 40 46
DLP (mGy.cm) 1198 1207 655 831
Slice thickness (mm) 2.5 2.5 5 5
Rotation time (second) 1.2 1 0.5 0.5
pitch 0.78 0.76 0.98 0.98
Conversion factor 0.002 0.0018 0.002 0.0018
E (mGy) 24 22 1.3 1.5

Table 4. The important technical factors and radiation doses, at routine abdomen and pelvis, for Group I and group II. Group I was imaged according to the protocols set by the GE. Group

1I were imaged according to the protocols set by our team after optimization.

. Group I Group II
Abdomen and pelvis
Adult Females Adult males Adult Females Adult males
No of Patients 95 167 70 90
Average Age 44.5 44.1 39 422
Milliampere 308-429 303-410 304-403 299-408
CTDI , (mGy) 20.7 37.3 19.0 17.8
DLP (mGy.cm) 1090 1100 814 838
Slice thickness (mm) 2.5 2.5 2.5-5 2.5-5
Rotation time (second) 0.85 0.85 0.5 0.5
pitch 1.35 1.35 1.37 1.37
Conversion factor 0.0173 0.0134 0.0173 0.0134
E (mGy) 18.9 14.7 14.1 11.2

Table 5. The important technical factors and radiation doses, at routine chest, for Group I and group II. Group I was imaged according to the protocols set by the GE. Group II were imaged
according to the protocols set by our team after optimization.

Chest Group I Group II
Adult Females Adult males Adult Females Adult males
No of Patients 14 13 12 13
Average Age 60.7 57.2 59.1 46.5
Milliampere 342-426 218-376 330-425 250-380
CTDI , (mGy) 214 22.3 15.2 14.29
DLP (mGy.cm) 770 819 480 401
Slice thickness (mm) 22 2.1 5 5
Rotation time (second) 1.25 1.13 0.5 0.5
pitch 0.85 0.88 1.37 1.37
Conversion factor 0.0185 0.0105 0.0185 0.0105
E (mGy) 14.2 8.6 8.9 4.2
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the results reported by other authors such as [21] (740 mGy .cm) and
[22] (587 mGy. cm) (31), and [17] (787 mGy.cm). It should be noted,
however, that all of these authors reported values that were much lower
than the European and TAEA DRL (1050 mGy.cm).

The mean weighted CT dose index for abdominal CT after
optimization was 18.2 mGy, which is in the range of values (16-29
mGy) reported by a number of other authors [17,19,23]. On the other
hand, the mean DLP for abdominal CT (830 mGy. cm) is higher than
the values reported by [23] (493-551 mGy.cm). It should be noted,
however, that the above values were taken in the upper part of the
abdomen and not in the entire abdominal region, so the scanned
region in the patient was substantially decreased. On the other hand,
all of the abdominal CT examinations performed in the KHUH were in
fact abdominal-pelvic examinations, and this partially explains why the
mean DLP for abdominal CT (696 mGy.cm) at our hospital was higher
than the mean DLP for our entire sample (549 mGy.cm).

Moreover, the mean weighted CT dose index (14.3 mGy) for
chest CT was lower than the value reported in the previous IAEA-
coordinated research project (16.2 mGy) (IAEA 2004) [10]. The mean
DLP (401 mGy. cm) for chest CT was lower than the TAEA-reported
value (455 mGy.cm) [11].

Our study was limited by the decision to examine only adult
patients from our hospital, so the results did not include smaller health
centers or private hospitals in the country.

We found that dose optimization resulted in significant reductions
in radiation dose to adults (P<0.001). As our study was performed
in one center only and with one type of CT scanner, hence these
obtained data and results should be confirmed in studies that evaluate
CT scanners from other manufacturers. In conclusion, we recommend
routine use of dose optimization for all CT examinations, because
this approach affords a significant dose reduction while preserving
image quality. Implementation of dose optimization requires a fine-
tuning process to identify optimal signal-to-noise level for each type
of CT study performed. Although, we investigated the effect of dose
optimization on all our CT protocols, but this study is limited to our
radiology department and further investigation should be done in
other hospitals in the country.
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Benefits of Low-Dose CT Scan of Head
for Patients With Intracranial Hemorrhage

Dan Wu'®, Gang Wang?, Bingyang Bian' ®, Zhuohang Liu'®,
and Dan Li'

Abstract

Objectives: For patients with intracranial hemorrhage (ICH), routine follow-up computed tomography (CT) scans are typically
required to monitor the progression of intracranial pathology. Remarkable levels of radiation exposure are accumulated during
repeated CT scan. However, the effects and associated risks have still remained elusive. This study presented an effective
approach to quantify organ-specific radiation dose of repeated CT scans of head for patients with ICH. We also indicated whether
a low-dose CT scan may reduce radiation exposure and keep the image quality highly acceptable for diagnosis.

Methods: Herein, 72 patients with a history of ICH were recruited. The patients were divided into 4 groups and underwent CT
scan of head with different tube current—time products (250, 200, 150, and 100 mAs). Two experienced radiologists visually rated
scores of quality of images according to objective image noise, sharpness, diagnostic acceptability, and artifacts due to physiological
noise on the same workstation. Organ-/tissue-specific radiation doses were analyzed using Radimetrics.

Results: In conventional CT scan group, signal to noise ratio (SNR) and contrast to noise ratio (CNR) of ICH images were
significantly higher than those in normal brain structures. Reducing the tube current—time product may decrease the image quality.
However, the predilection sites for ICH could be clearly identified. The SNR and CNR in the predilection sites for ICH were
notably higher than other areas. The brain, eye lenses, and salivary glands received the highest radiation dose. Reducing tube
current—time product from 250 to 100 mA can significantly reduce the radiation dose.

Discussion: We demonstrated that low-dose CT scan of head can still provide reasonable images for diagnosing ICH. The
radiation dose can be reduced to ~45% of the conventional CT scan group.

Keywords
repeated computed tomography, radiation dose, intracranial hemorrhage, Monte Carlo simulation

CT scans in the same patient could be accumulated compared
with a single CT scan.’ Several studies reported a significant
association between exposure to high-dose radiation and

Introduction

Since invention of computed tomography (CT) in the 1970s, it
has remarkably influenced medical researches.'? There is a
considerable literature questioning the use of CT, or the use
of multiple CT scans, in a variety of contexts, including man-

agement of blunt trauma, seizures, and chronic headaches, and
particularly questioning its use as a primary diagnostic tool for
acute appendicitis in children.® Specially for intracerebral
hemorrhage (ICH), CT scan can accurately display location
of ICH and distinguish the type of hemorrhage.* However,
increasing use of the brain CT scan has aroused public concerns
about radiation exposure.”® Although CT represents only 11%
of radiologic procedures, it accounts for as much as 70% of the
total effective dose from all diagnostic radiologic studies.”® A
previous study demonstrated that radiation dose via multiple
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increased risk of cortical and posterior subcapsular cataract
formation or other lenticular changes.'®"'

A CT scan protocol is typically designed to reliably achieve
high-quality images for diagnosing all types of brain diseases.
Hence, development of low-dose CT scans can reduce patient
radiation exposure, which is particularly important for the diag-
nosis of ICH. To date, there is no specific guideline for diag-
nosing ICH using CTs. In the present study, we demonstrated
that low-dose CT scan can offer images with acceptable quality
for diagnosis and reduce the radiation exposure. We also quan-
tified organ-specific radiation dose for repeated head CT scan.
Our data may assist physicians to select a more effective CT
scan protocol for follow-up CT scans.

Patients and Methods

Patients’ Selection

This study was approved by the ethics committee of the First
Hospital of Jilin University (Changchun, China), and all
patients signed the written informed consent form prior to start
of the study. Inclusion criterion was verified ICH through ini-
tial CT scanning conducted by GE ADW4.6 CT Workstation
(GE Healthcare, New York, New York). Patients who admitted
to the emergency department were excluded. A total of 72
patients (41 males and 31 females) who underwent CT of head
at our institution from January 2017 to December 2017 were
included in this study.

Computed Tomography Protocol

Helical CT protocol: In group of CON,s0, CT scan of head was
performed using a 64-slice multidetector computed tomogra-
phy scanner (Brilliance 64; Philips Healthcare, Cleveland,
Ohio), which contains single source, 64 detector rows. The
details of CT protocol were as follows: tube voltage of 120
kVp, scanning during 9.6 seconds, slice thickness of 5 mm,
gantry rotation time of 0.75 seconds, a collimation of 64 x
0.625 mm, and field of view of 250 mm, image matrix of
512 x 512 pixels, pixel spacing of 0.44 x 0.44 mm?, and tube
current—time product of 250 mAs.

In 3 low-dose groups, the tube current—time products were
set to 100, 150, and 200 mAs, respectively. All the other para-
meters remained unchanged.

Evaluation of Quality of Images

Radiologists who analyzed the images were blinded to the
patients’ data and scan protocol. In order to evaluate the quality
of images, the same image was taken from each patient. The
window and level settings used for CT scan were as follows:
window width = 80 and window level = 40.

Quality of image was evaluated via signal intensity (SI)
measured in Hounsfield units (HU). Eight 4 to 6 mm? circular
regions of interest (ROIs) were selected as follows: basal gang-
lia (ROI1), frontal white matter (WM; ROI2), frontal cortical
layer (ROI3), lateral ventricles (ROI4), internal capsule

(ROIS), cortical layer of cerebellum (ROI6), WM of middle
cerebellar peduncle (ROI7), and vermis (ROI8). The ROIs
were placed in the normal brain parenchyma; if the bleeding
foci was existed, the circle was put on the contralateral side.'

The signal to noise ratio (SNR) was calculated according to
Equation 1:

SIrora
SDrota -

SNR = (1)
The contrast to noise ratio (CNR) was calculated according
to Equation 2:

A(SIrora; SIrom)
\Z/(SDROIa)Z + (SDrom)*-

It is noteworthy that CNR was calculated in the supratentor-
ial (ST) region between ROI3/ROI2 (ST-CNR C/WM) and
between ROI1/ROI2 (ST-CNR NL/WM). For the infratentorial
(IT) region, CNR was calculated between ROI6/ROI7 (IT-
CNR C/WM) and ROI8/ROI7 (IT-CNRV/WM).

CNR =

(2)

Evaluation of Quality of ICH Images

Since the aim of CT scan is to monitor the ICH, we quantified
the predilection sites for ICH images. A 4 to 6 mm? circular
ROI was selected.

Similar to that mentioned earlier, SNR was calculated
according to Equation 1.

The CNR was calculated using Equation 3'3:

SIrom, SIron

CNR =
SDror3

(3)
where Slzore denotes the mean HU value of the ROI in the
center of the ICH image, Slgos represents the mean HU of
frontal cortical layer, and a denominator in Equation 3 denotes
the standard deviation of the distribution of HU values in ROI3.

Evaluation of Quality of Images by Physicians

Two independent radiologists, who were expert in diagnosis of
head and neck diseases with >10 years of experience, were
employed to assess the quality of images. The radiologists were
blinded to the patient’s data. The radiologists evaluated image
noise, artifacts due to physiological noise, and anatomical
structures and lesions using the European Guidelines on Qual-
ity Criteria for Computed Tomography'* (see Table 1). The
final score of an image was the average score of the 3 para-
meters. An image quality score of >3 was considered as a
qualified image.

To assess differences in diagnosis between 2 images, the
Cohen « coefficient was used. A Cohen x coefficient equal
to 0 demonstrates disagreement. A Cohen k coefficient in the
range of 0.1 to 0.4 indicates poor agreement. A strong correla-
tion is achieved when Cohen «k coefficient is between 0.41
and 0.6."°
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Table 1. Grating Scale of Subjective Images Quality.

Image Quality

Grade Scale Noise Artifacts

Anatomical Details and Lesions

5 No noise No or minimal artifacts Clearly
4 Less than average noise Less artifacts Clearly
3 Average image noise Noise and artifacts were obvious but Better anatomical detail, lesions appeared well

acceptable
2 Above average noise

I Unacceptable image
noise

Not applicable

Considerable artifacts make diagnosis difficult Structures cannot be visualized; lesions shown

were blurred
Unable to identify anatomical detail and lesion

Organ-/Tissue-Specific Radiation Doses

The effective radiation doses of specific organs/tissues were
analyzed with Radimetrics Enterprise Platform (Radimetrics;
Bayer Healthcare, Whippany, New Jersey). It merges and
mobilizes patient dose histories and current examination details
across all enterprise sites, bringing analysis and quality solu-
tions to the point of care. This platform provides both radiation
dose management and contrast dose analytics management and
rapid access to patient dose history. In the present study, 10
different organs/tissues (brain, eye lenses, esophagus, muscles,
red marrow, salivary glands, skeleton, skin, thymus, and thyr-
oid) were analyzed and simulated using the mentioned
platform.

Statistical Analysis

All statistical analyses were performed using SPSS 22.0 soft-
ware (IBM Corp, Armonk, New York). Continuous variables
were analyzed using unpaired ¢ test, and categorical variables
were analyzed by Mann-Whitney U test.'® The Tukey-Kramer
post hoc analysis was employed to evaluate the difference
among different groups.'” One-way analysis of variance
(ANOVA) was employed to compare variables among more
than 2 groups. Value of P < .05 was considered statistically
significant.

Results

Quality of Conventional CT images of Head

In this study, the tube current was set to 250 mA. Figure 1A
shows an example of conventional CT image of head. The
score of image quality graded by radiologists was 5 (the mean
score of image quality, 4.68 + 0.44). In this image, the cortical
structure could be clearly distinguished. We further evaluated
the quality of the image by measuring the SNR of 8 ROIs
located at different structures (Figure 1B). In normal brain area,
the greatest SNR was observed in ROI3 and ROI7, with aver-
age SNR of 9.76 + 2.94 and 9.62 + 3.64, respectively.
However, the SNR in the hemorrhage spot was 21.90 +
9.72. One-way ANOVA indicated that the SNR was signifi-
cantly different (P < .001, FF = 28.17, degrees of freedom

[DOF] = 143). The Tukey-Kramer post hoc analysis revealed
that the SNR in hemorrhage spot was remarkably higher than
that in the other groups (P < .001).

We also investigated CNR in different areas (Figure 1C).
It was noted that CNR in normal brain areas (ST C/WM, ST
NL/WM, IT C/WM, and IT V/WM) was notably lower than
that in the ICH. One-way ANOVA unveiled that SNR was
significantly different (P <.001, F = 86.18, DOF = 79). The
Tukey-Kramer post hoc analysis indicated that CNR in hemor-
rhage spot was markedly higher than that in normal brain areas
(P<.001).

Since the purpose of follow-up CT scan was to monitor the
ICH in the present study, the conventional CT of head was found
overqualified. Computed tomography scan of head with a lower
dose CT scan may still provide high-quality images for diagnosis.

Low-Dose CT Scan

We assessed whether low-dose CT scan could generate quali-
fied images. In 3 groups of patients, the tube current—time
products were reduced to 200, 150, and 100 mAs, respectively.
The other parameters remained unchanged. First, we investi-
gated the score of quality of image determined by independent
radiologists (Figure 2B). Although the scores of quality of
image were all >3, the scores decreased with reducing of tube
current—time product. One-way ANOVA demonstrated that
the SNRs were significantly different (P < .001, F = 25.34,
DOF = 71). The Tukey-Kramer post hoc analysis indicated
that the score of convention group (tube current-time product
of 250 mA) was noticeably higher than that in other groups
(P<.001 for 100 and 150 mA groups, P = .007 for 200 mA group).
Similarly, the SNR in the majority of ROIs slightly reduced
with attenuating the tube current—time product (Figure 2C),
while no significant difference was detected. The CNRs also
slightly decreased with decline of tube current—time product (Fig-
ure 2D). Our data indicated that the lower tube current—time prod-
uct may decrease the image quality. The conventional CT scan
parameters may guarantee an image with acceptable quality for
detecting the normal brain structures, and reducing the tube cur-
rent-time product may decrease the quality of images.

However, the aim of the follow-up CT scan is to diagnosis
the predilection sites for ICH. Hence, we attempted to study
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Figure 1. Sites of ROIs for analysis of image quality. A, An example of conventional CT image of head. Supratentorial ROlIs included the
lentiform nucleus (ROII), frontal white matter (ROI2), temporal cortical layer (ROI3), ventricle (ROI4), and internal capsule (ROIS). Infra-
tentorial ROls included the cortical layer of the cerebellum (ROI6), WM of the middle cerebellar peduncle (ROI7), and the vermis (ROI8). ROI9
indicates the center of hemorrhage in supratentorial or infratentorial region. B, The mean SNR values of 9 ROIs were shown in conventional CT
scan group. C, The mean CNR values of 4 ROls in normal brain structures and center of hemorrhage were presented in conventional CT scan
group. CNR, contrast to noise ratio; CT, computed tomography; IT-CNR C/WM, infratentorial CNR (cortex/white matter); IT-CNR V/WM,
infratentorial CNR (vermis/white matter); ST-CNR C/WM, supratentorial CNR (cortex/white matter); ST-CNR NL/WM, supratentorial CNR
(lentiform nucleus/white matter); ROI, region of interest; SNR, signal to noise ratio; WM, white matter.

whether the predilection sites for ICH can be clearly differen-
tiated in different images. As shown in Figure 2A, the predilec-
tion sites for ICH can be clearly identified. The predilection
sites for ICH is illustrated as an area with high brightness from
the surrounding brain structure. We also compared the SNR of
the predilection sites for ICH and other brain areas. The SNRs
of predilection sites for IHC recorded in 4 different groups
were remarkably higher than other ROIs (ROIy in Figure
2C). One-way ANOVA indicated that the SNRs were signifi-
cantly different (P <.001, F' = 32.64, DOF = 647). The Tukey-
Kramer post hoc analysis showed that the SNRs of predilection
sites for IHC in 4 groups were all markedly higher than SNR
recorded in each group individually (P < .001).

Similarly, the CNR was also higher in predilection sites for
ICH than other areas. One-way ANOVA demonstrated that the
CNRs were different among these groups (F' = 70.38, P < .00,
DOF = 356). The Tukey-Kramer post hoc analysis indicated

that the CNRs of the ICH groups were significantly higher than
other groups (P < .001).

Benefits of Radiation Absorption

We then investigated the organ-specific radiation dose of con-
ventional CT scans. The organ-specific radiation dose of the 16
patients is presented in Figure 3A. Of all the 10 organs/tissues,
brain, eye lenses, and salivary glands received higher radiation
dose than other organs/tissues. Reducing the radiation dose
may be remarkably advantageous for these organs.

We also assessed whether reducing the tube current—time
product is highly beneficial for brain, eye lens, and salivary
glands (Figure 3B). These organs received lower radiation dose
with the decreasing tube current—time product. The radiation
doses in group of 100 mA were only 45.65% (brain), 44.46%
(eye lens), and 45.65% (salivary glands) in the conventional CT
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Figure 2. A, The representative images acquired from CT scans with different radiation doses: (i) 100 mAs dose; (ii) 150 mAs dose; (iii) 200
mAs dose. The red arrow indicates the predilection sites for ICH. B, The bar graph compares image quality under different tube current—time
products. C, The bar graph shows the SNR of 9 ROls in 4 groups. D, The bar graph shows the CNR in 4 groups. CNR indicates contrast to noise
ratio; CT, computed tomography; ICH, intracranial hemorrhage; ROI, regions of interest; SNR, signal to noise ratio.

scan group. For CT scan of brain, 1-way ANOVA unveiled that
the radiation doses were significantly different (F' = 75.56, P <
.001, DOF = 71). The Tukey-Kramer post hoc analysis indi-
cated that the radiation doses were noticeably different (P <
.001). For eye lenses, 1-way ANOVA revealed that the radia-
tion doses were remarkably different (F = 98.44, P < .001,
DOF = 71). The Tukey-Kramer post hoc analysis indicated
that the radiation doses were significantly different (P <
.001). For salivary glands, 1-way ANOVA showed that the

radiation doses were significantly different (F = 29.16,
P < .001, DOF = 71). The Tukey-Kramer post hoc analysis
demonstrated that the radiation dose in group of 100 mA was
significantly different compared with other groups (P < .001),
and the radiation dose in group of 200 mA group was consider-
ably lower than that in the conventional CT scan (250 mA)
group (P = .0249). Our findings expressed that less tube
current—time product can greatly advantageous for patients in
the follow-up CT scan of brain.
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Figure 3. A, The bar graph shows that effective dose of 9 specific organs/tissues for 4 different CT scans of head in (B-D). The bar graph

compares 3 sensitive organs. CT, computed tomography.

Discussion

The ultimate goal of CT development is to reduce the radiation
dose and maintain the quality of CT images. In the present
study, for the first time, we used Radimetrics to quantify the
radiation dose in different organ/tissues with a systemic reduc-
tion of tube current-time product. We found that decreasing the
tube current—time product to 100 mAs may attenuate the radia-
tion dose by more than 50% and the quality of image is satis-
factory enough for the diagnosis of ICH. We, in the present
study, for the first time, assessed both image quality and radia-
tion dose. Our findings may assist physicians to better interpret
the quality of CT images for different cases.

Image Quality

The ultimate goal of CT scan is to provide a more clear brain
structure for diagnosis. In the majority of the brain diseases,
such as vertigo, skull fracture, and cerebral infarction, CT
images aim to distinguish abnormalities in the structure. In the

majority of brain regions, SNR and CNR remain acceptable
(Figure 2). In our ICH case, there is a high contrast between
the normal brain area and the hemorrhagic area, and a conven-
tional CT protocol is overqualified as well. In the present
research, the SNR and CNR in predilection sites for ICH were
significantly higher than other brain regions (Figure 1B, C).

Low-Dose CT Scan

A limited number of scholars attempted to study the quality of
images in low-dose CT scan of head.'® However, in those
studies, organ-/tissue-specific radiation doses were not
estimated.

Previous researches reported the application of low-dose CT
scan of chest,'>*® in addition to study of low-dose CT scan of
head and abdomen.?'*? The study of low-dose CT scan of brain
is limited, mainly due to the thicker skull and absorption. Dose
reduction is not conducive to observe intracranial structures,
and in the present study, we assessed the balance relationship
between radiation dose and quality of image in ICH. Other
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studies used iterative reconstruction techniques to reduce the
tube voltage or tube current—time product, and so on, to attenu-
ate the radiation dose.”* The current research did not use itera-
tive reconstruction techniques, and only the tube current—time
product was adjusted to reduce the radiation dose. A number of
scholars suggested that low levels of ionizing radiation are
beneficial®*; a recently conducted study by Calabrese et al
reported over 37 000 patients who were treated with low levels
of ionizing radiation.?’

In the present study, the tube current-time product was
reduced by 60% (from 250 to 100 mAs), and the SNR and CNR
of ICH were remarkably higher than those of normal brain area
in conventional CT scan. However, we couldn’t further reduce
the tube current-time product. A clear image of other brain
regions was also found to be valuable to identify other compli-
cations. A number of images in the low-dose CT scan group
reached a score of 3, and further deduction of tube current—time
product might result in unqualified images.

Benefits of Low-Dose CT Scan for Patients With ICH

Our data showed that less tube current-time product (mAs)
may significantly reduce the radiation dose in brain, eye lenses,
and salivary glands by 100, 150, and 200 mAs, respectively
(Figure 3B). The quality of image of hemorrhagic area was
higher than the normal brain area (ROl in Figure 1A). In
general, radiation exposure may increase the risk of salivary
gland cancers.”® The present research showed that the radiation
exposure can be markedly reduced for patients with ICH,
decreasing the risk of salivary gland cancers.

Application of Low-Dose CT Scan

Although low-dose CT scan may be beneficial for patients with
IHC, the application of affiliated protocol should be highly
taken into consideration. For patients with IHC, the purpose
of the initial CT scan is to identify the hemorrhage focus, in
addition to potential damage to other areas. Thus, convention
CT protocol is required to detect any potential damage in the
whole brain. During the follow-up CT scans, the major target is
to detect the progression of hematoma in the brain. The anato-
mical structure of other brain areas is less important unless
some new clinical symptoms occur. Thus, reducing the tube
current—time product may significantly decrease the accumu-
lated radiation dose and attenuate the carcinogenic risk, espe-
cially for young patients.?’

In summary, we presented a quantified method to estimate
the benefits of undergoing follow-up CT scans for patients with
ICH. We have evaluated the image quality at different tube
current—time products. Our data may assist physicians to effec-
tively design a CT scan protocol for patients with ICH.
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Impact of dose reduction

and iterative model reconstruction
on multi-detector CT imaging

of the brain in patients

with suspected ischemic stroke
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Non-contrast cerebral computed tomography (CT) is frequently performed as a first-line

diagnostic approach in patients with suspected ischemic stroke. The purpose of this study was to
evaluate the performance of hybrid and model-based iterative image reconstruction for standard-
dose (SD) and low-dose (LD) non-contrast cerebral imaging by multi-detector CT (MDCT). We
retrospectively analyzed 131 patients with suspected ischemic stroke (mean age: 74.2 +14.3 years,

67 females) who underwent initial MDCT with a SD protocol (300 mAs) as well as follow-up MDCT
after a maximum of 10 days with a LD protocol (200 mAs). Ischemic demarcation was detected in

26 patients for initial and in 64 patients for follow-up imaging, with diffusion-weighted magnetic
resonance imaging (MRI) confirming ischemia in all of those patients. The non-contrast cerebral
MDCT images were reconstructed using hybrid (Philips “iDose4"”) and model-based iterative (Philips
“IMR3") reconstruction algorithms. Two readers assessed overall image quality, anatomic detail,
differentiation of gray matter (GM)/white matter (WM), and conspicuity of ischemic demarcation, if
any. Quantitative assessment included signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)
calculations for WM, GM, and demarcated areas. Ischemic demarcation was detected in all MDCT
images of affected patients by both readers, irrespective of the reconstruction method used. For LD
imaging, anatomic detail and GM/WM differentiation was significantly better when using the model-
based iterative compared to the hybrid reconstruction method. Furthermore, CNR of GM/WM as well
as the SNR of WM and GM of healthy brain tissue were significantly higher for LD images with model-
based iterative reconstruction when compared to SD or LD images reconstructed with the hybrid
algorithm. For patients with ischemic demarcation, there was a significant difference between images
using hybrid versus model-based iterative reconstruction for CNR of ischemic/contralateral unaffected
areas (mean + standard deviation: SD_IMR: 4.4 +3.1, SD_iDose: 3.5+2.3, P<0.0001; LD_IMR: 4.6 +2.9,
LD_iDose: 3.2+2.1, P<0.0001). In conclusion, model-based iterative reconstruction provides higher
CNR and SNR without significant loss of image quality for non-enhanced cerebral MDCT.

Abbreviations

CNR Contrast-to-noise ratio

CT Computed tomography
CTDIvol Volumetric CT dose index
DLP Dose-length product

DWI Diffusion-weighted imaging
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FBP Filtered back projection
FOV Field of view

GM Gray matter

HU Hounsfield Units

K Cohen’s kappa

LD Low dose

MDCT  Multi-detector CT

MRI Magnetic resonance imaging
PACS Picture archiving and communication system
R1 Reader 1

R2 Reader 2

ROI Region of interest

SD Standard dose

SNR Signal-to-noise ratio

StdDev  Standard deviation

WM White matter

Non-contrast cerebral computed tomography (CT) is one of the most frequently performed radiological exami-
nations and the first-line diagnostic approach for emergency evaluation of patients with suspected stroke! . It
is recommended by the American Heart Association as the initial emergency modality for investigation®, which
is mostly thanks to the high speed, wide availability, and feasibility of CT in most institutions.

Due to attenuation differences of healthy brain parenchyma, the absence of the gray matter (GM)/white matter
(WM) interface is a well-known and notable early CT sign for delineation of the infarct in patients with ischemic
stroke®’. Yet, image noise in cerebral CT data is particularly problematic for assessment of this characteristic
feature of ischemic stroke and can aggravate detection of infarcted areas® 10, because the difference in attenuation
of normal brain tissue at the GM/WM boundary is as low as 5 to 10 Hounsfield Units (HU)'!. Therefore, image
noise has to be kept as low as possible in order to improve the visualization of the normal GM/WM interface.

As the photoelectric component for GM is roughly about 5% higher than the value of WM!?, brain tissue
represents therefore an optimal tissue for improving image quality by alternating dose parameters for CT acqui-
sitions. Raising of the tube current during CT acquisitions results in an increase of the contrast-to-noise-ratio
(CNR)*?, which can also facilitate a reduction of image noise'>. However, this would lead to an increased radiation
exposure for the patient. Against the background of ever-increasing numbers of CT examinations and related can-
cer risk ratios, CT-based radiation exposure should be kept as low as possible to prevent harm to the patient'*'®.

As another useful tool to improve image quality by reducing image noise, various CT scanner vendors have
developed different image reconstruction algorithms as alternatives to the traditionally used filtered back pro-
jection (FBP)'7~%°. The concept of iterative reconstruction was first described decades ago. Until today, most
commercially available algorithms are not fully iterative but use a combination of iterative reconstruction and a
conventional reconstruction algorithm such as FBP, commonly referred to as hybrid iterative reconstruction'®-2.
Comparable to FBP, a backward projection step is used for such hybrid algorithms, but they are more advanced
given that they can iteratively filter the raw data to reduce artifacts, and after the backward projection, the image
data are iteratively filtered to reduce image noise'®-?°. A fully iterative method is more demanding, using raw
data that are backward projected into the cross-sectional image space, which is followed by forward projection
to compute artificial raw data'®?. Importantly, this data forward projection step is crucial to the algorithms,
given that it establishes a physically correct modulation of the acquisition process'®-?’. Artificial raw data are then
systematically compared to the initial true raw data to revise the cross-sectional images, while, simultaneously, a
regularization step is implemented to remove image noise'®. Backward and forward projections are repeated so
that discrepancies between true and artificial raw data can be minimized'®-2°. With advancements in CT tech-
nique and increased computational power, fully iterative reconstruction methods become increasingly available.
Although distinct technical details and names for reconstruction algorithms can vary between manufacturers,
it is generally acknowledged that iterative model-based approaches provide images with improved noise and
artifact reduction whilst requiring prolonged reconstruction speed, which should, however, not be a clinically
relevant issue with modern CT systems'®. Specifically, model-based iterative algorithms may help to increase the
visibility of anatomical details of brain structures and the GM/WM interface. Consequently, these algorithms
may have the potential to increase the sensitivity for detection of parenchymal brain lesions in ischemic stroke.

The aim of our study was to evaluate the impact of a model-based iterative image reconstruction algorithm
for non-contrast cerebral multi-detector CT (MDCT) in patients with suspected ischemic stroke. We therefore
compared the image quality and diagnostic value of scans with model-based iterative image reconstruction with
those of scans using hybrid reconstruction considering MDCT acquisitions with standard dose (SD) and low
dose (LD), respectively.

Material and methods

Study design and patient inclusion. All image acquisitions were performed at one institution and
according to clinical indications, which were based on (1) the requirement for initial imaging due to suspected
ischemic stroke, or (2) follow-up imaging in the context of a control scan after mechanical recanalization and/
or thrombolytic therapy. Eligible patients who had both initial and follow-up imaging by non-contrast cerebral
MDCT available at our department were identified in our hospital’s picture archiving and communication sys-
tem (PACS).
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Standard-dose (SD) imaging Low-dose (LD) imaging
Scan increment (in mm) 10.0
Cycle time (in s) 2.5
No. of cycles 18
Scan angle 420
Rotation time 0.75
Tube voltage (in kV) 120 120
Tube current (in mA) 343 229
Exposure (in mAs) 300 200
Volumetic CT dose index (in mGy) 46.6+ 1.2 (range: 38.5-47.6) 31.2+1.8 (range: 20.1-46.8)
Collimation width 16x0.625
Slice thickness (axial, in mm) 5
Image reconstruction IMR3 and iDose4
Windowing Standard setting of window width of 80 HU and window length of 40 HU, individually adjustable

Table 1. Scanning details and image reconstruction for scanning with standard dose (SD) and low dose (LD).

Inclusion criteria were (1) MDCT according to the hospital-intern standard stroke protocol (non-contrast
cerebral CT with SD, CT angiography of supraaortal and intracranial vessels, and CT perfusion), (2) follow-up
cerebral MDCT (non-contrast cerebral CT with LD) on the same MDCT system, (3) follow-up cerebral magnetic
resonance imaging (MRI) according to a hospital-intern standard stroke protocol (including diffusion-weighted
imaging [DWI] sequences), and (4) diagnosis of cerebral ischemia or no intracranial pathology according to
all available imaging data. The exclusion criteria were (1) interval between the initial and follow-up MDCT
examination of more than 10 days, (2) incomplete coverage of the neurocranium or artifacts due to foreign
bodies or motion, (3) age below 18 years, and (4) an intracranial pathology other than ischemia (e.g., bleeding
or tumor). Overall, 131 patients were eligible and included in this study, with an interval of study enrollment
from November 2018 to September 2020.

Imaging by multi-detector computed tomography. Image acquisition was performed in supine
position using a 128-slice MDCT scanner (Ingenuity Core 128, Philips Healthcare) in all patients. An initial
scout scan was used for planning of the field of view (FOV), and subsequent helical scanning was acquired with
implicit tube current modulation for non-enhanced cerebral MDCT examinations. Initial SD and follow-up LD
scans were performed with a tube voltage of 120 kV, while the tube current was decreased in the LD protocol
(343 mA versus 229 mA).

The datasets derived from SD and LD scanning were both reconstructed with an axial slice thickness of 5 mm
using two different image reconstruction algorithms, which were provided by the vendor (hybrid algorithm:
iDose4, iterative model-based algorithm: IMR3, Philips Healthcare). The distinct regularization level for the
iterative model-based algorithm was determined for clinical routine scanning by a consensus decision (reached
by six board-certified neuroradiologists) directly after implementation of this method at our institution (in 2018)
and used consistently thereafter as a hospital-intern standard. The volumetric CT dose index (CTDIvol) and
dose-length product (DLP) were extracted from the automatically generated dose reports. Table 1 provides an
overview of scanning details for MDCT imaging.

Qualitative image analysis. Qualitative image evaluation was performed using a standard PACS viewer
(IDS7, Sectra AB). Two radiologists (reader 1 [R1], board-certified radiologist with 8 years of experience and
reader 2 [R2], resident with 4 years of experience in stroke imaging) systematically assessed all imaging data in
all patients. Evaluations were performed after patient pseudonymization, and the readers had no access to the
clinical reports for original imaging as generated during clinical routine and were unaware of the distinct clinical
indication that resulted in MDCT imaging.

All imaging data were assessed separately, with the readers being strictly blinded to the ratings of each other.
Furthermore, the order of patient cases was randomized per reading round (four reading rounds: SD_IMR,
LD_IMR, SD_iDose, and LD_iDose), with an interval of at least two weeks between single rounds to minimize
recall bias. Overall image quality, anatomic detail, and differentiation of GM/WM were evaluated based on
5-point Likert scales for all datasets (Table 2). In case of ischemic demarcation, both readers rated the conspicuity
of such demarcation on another 5-point Likert scale.

Quantitative image analysis. Similar to previous studies on CT scan quality assurance?'-%, R1 used the
following approach to perform quantitative image analysis. An axial slice at the level of the basal ganglia and
third ventricle was chosen and measurements were taken in three regions of interest (ROIs) of identical size per
patient (Fig. 1). One ROI was used to measure the attenuation (in HU) of WM in the left (or in case of ischemia
unaffected) frontal lobe. Additional ROIs were placed to measure thalamic GM as well as WM of the posterior
limb of the internal capsule on the left side (or, if affected by ischemic demarcation, on the unaffected right side).
In case of ischemic demarcation another axial CT slice was chosen at the level of demarcation and two further
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Score

Item 1 2 3 4 5

Overall image quality

Anatomic detail
GM/WM differentiation

Conspicuity of ischemic demarcation

Poor | Fair | Medium | Good | Excellent

Table 2. Scoring scheme for qualitative image analysis.

.~ ROl WM frontal

\
- ROI WM internal capsule

ROI GM thalamus
ROI contralateral area S - ROl ischemic demarcation

Figure 1. Placement of regions of interest (ROIs). (A) Placement of circular ROIs for the white matter (WM)
of the left frontal lobe, WM of the left internal capsule, and gray matter (GM) of the left-sided thalamus (using
axial slices at the level of the basal ganglia/third ventricle); (B) Placement of circular ROIs within ischemic
demarcation (adjacent to the left lateral ventricle) and within a homologue, unaffected area of the contralateral
hemisphere (using axial slices at the level of ischemic demarcation).

ROIs were set: one in the core of the demarcated ischemic area and one within the same region of the unaffected
contralateral hemisphere (Fig. 1).

Based on the values obtained, the signal-to-noise ratio (SNR) was calculated for the thalamus, the frontal WM,
and the posterior limb of the internal capsule of the left or unaffected hemisphere using the following formula:

mean attenuation ROI

SNR = ;
StdDev of mean attenuation ROI

Additionally, the CNR was calculated for the GM/WM differentiation using the following formulas for all
patients together as well as only for patients with ischemic demarcation:

mean attenuation ROI GM — mean attenuation ROI WMg;ontal
( StdDev of mean attenuation ROI GM+StdDev of mean attenuation ROI WMgonal )

CNRallﬁpatients =

2

mean attenuation ROI within ischemic area — mean attenuation ROI contralateral

CNRpatientsﬁischemia =

( StdDev of mean attenuation ROI ischemic area+StdDev of mean attenuation ROI contralateral>
2

Statistical data analysis. GraphPad Prism (version 6.0; GraphPad Software Inc.) and SPSS (version 25.0;
IBM SPSS Statistics for Windows, IBM Corp.) were used for statistical data analyses. The level of statistical sig-
nificance was set at P<0.05.

For patient details, scanning parameters, dose characteristics, and values derived from quantitative and
qualitative evaluations, descriptive statistics including mean + standard deviation (StdDev), median, range, and
absolute frequencies were calculated. Friedman tests were conducted between the SNR derived from SD_IMR,
LD_IMR, SD_iDose, and LD_iDose data for GM as measured in the thalamus as well as for frontal WM and the
internal capsule, respectively, followed by Dunn’s multiple comparisons test as a post-hoc analysis. Similarly,
Friedman tests were performed for the CNR of GM/WM between SD_IMR, LD_IMR, SD_iDose, and LD_iDose
data for all included patients, again using Dunn’s multiple comparisons test as a post-hoc test. In patients with
detected ischemic demarcation, Wilcoxon matched-pairs signed rank tests were conducted for the CNR of
unaffected/demarcated parenchyma for SD_IMR versus SD_iDose and for LD_IMR versus LD_iDose data,
respectively.
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Figure 2. Exemplary patient case with ischemic demarcation (63-year-old male with visual disturbances). (A)
Axial slices derived from scanning with low dose (LD) using a hybrid reconstruction algorithm (LD_iDose); (B)
Corresponding axial slices from scanning with LD combined with a model-based iterative image reconstruction
algorithm (LD_IMR). The demarcated area (parieto-occipital, right hemisphere) is more markedly depicted in
(B), corresponding to a higher contrast-to-noise ratio (CNR).

Inter-reader agreements for qualitative evaluation regarding overall image quality, depiction of anatomic
detail, and differentiation of GM/WM, considering all enrolled patients, and for conspicuity of demarcated
ischemic parenchyma against healthy tissue only in patients with detected ischemic demarcation were assessed
by weighted Cohen’s kappa (k). Specifically, k was calculated between the ratings of R1 and R2 for SD_IMR, LD_
IMR, SD_iDose, and LD_iDose separately. Further, Wilcoxon matched-pairs signed rank tests were performed
to compare scorings for SD_IMR versus SD_iDose and LD_IMR versus LD_iDose for each reader separately.
Wilcoxon matched-pairs signed rank tests were also performed to investigate differences in the CTDIvol or the
DLP between SD and LD images.

Ethical approval. The study was approved by the ethics committee of the Faculty of Medicine of the Techni-
cal University of Munich and performed in accordance with the Declaration of Helsinki.

Informed consent. The requirement for written informed consent was waived by the ethics committee of
the Technical University of Munich due to the study’s retrospective design.

Results
Cohort characteristics. Data of 131 patients (mean age: 74.2+14.3 years; age range: 26.8-95.6 years;
67 females) met our inclusion criteria. The mean interval between initial SD and follow-up LD imaging was
1.4+ 1.7 days (range: 0-10 days), and the mean interval between initial SD MDCT and MRI was 2.3 +2.3 days
(range: 2-13 days). Vessel occlusion in the CT angiography of initial MDCT examinations was identified in 80
patients, perfusion deficits according to CT perfusion were detected in 83 patients.

Ischemic demarcation was detected initially in 26 patients, and it was present in 64 patients for follow-up LD
imaging according to both readers (Fig. 2). Ischemic affection in these patients was confirmed by DWI sequences
as derived from MRI. Characteristics of ischemia are shown in Table 3.

Qualitative image analysis. According to qualitative evaluation, overall image quality was excellent on
average for SD_IMR, LD_IMR, SD_iDose, and LD_iDose, respectively, with almost perfect inter-reader agree-
ment (range of k: 0.82-0.93) and without a statistically significant difference between SD_IMR versus SD_iDose
for both readers and between LD_IMR versus LD_iDose for R1 only (P>0.05; Table 4). Furthermore, high
anatomic detail was depicted by all investigated data with substantial to almost perfect inter-reader agreement
(range of x: 0.61-0.89). Of note, while there was no statistically significant difference between SD_IMR versus
SD_iDose (P>0.05), the reconstruction algorithm had impact on anatomic detail for LD images, with statisti-
cally significantly better scores assigned by both readers for data reconstructed with IMR (P<0.01; Table 4).

Very good differentiation between GM and WM was observed for all investigated data, with at least moder-
ate to almost perfect inter-reader agreement (range of «: 0.44-0.89). No statistically significant difference was
observed between SD_IMR versus SD_iDose (P>0.05) according to assessments of both readers, while statisti-
cally significantly better scores were obtained for LD data reconstructed with IMR when compared to iDose
(P<0.01; Table 4). In patients with demarcated ischemic parenchyma, conspicuity of ischemic demarcation was
very good for all investigated data, and the agreement between scorings of both readers was substantial to almost
perfect (range of : 0.72-0.96). Statistically significantly better conspicuity was observed for LD_IMR compared
to LD_iDose according to evaluations of R2 (P<0.01; Table 4).
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Standard-dose (SD) imaging Low-dose (LD) imaging
Ischemic demarcation (total number 2% 64
of patients)
Territory middle cerebral artery 18 27
Territory anterior cerebral artery 0 1
Territory posterior cerebral artery 2 4
Basal ganglia 0 13
Disseminated 0 1
Infratentorial 4 10
Multiple territories 2 8
Side of demarcation
Right hemisphere 11 20
Left hemisphere 11 35
Bihemispheric 4 9

Table 3. Overview of detected ischemic stroke characteristics.

P
(SD_iDose | p
vs. SD_ (LD_iDose vs.
IMR) LD_IMR)
R1 (median, range) | R2 (median, range) |k R1 R2 R1 R2
Overall image quality
SD_iDose | 5(3-5) 5(3-5) 0.82
SD_IMR 5(3-5) 5(3-5) 0.82
0.99 |0.99 |0.50 0.02
LD_iDose 5(3-5) 5(3-5) 0.86
LD_IMR 5(3-5) 5(3-5) 0.93
Anatomic detail
SD_iDose 5(3-5) 5(4-5) 0.83
SD_IMR 5(3-5) 5(4-5) 0.61
0.06 |0.99 | <0.01 | <0.01
LD_iDose | 5(2-5) 5(3-5) 0.89
LD_IMR 5(2-5) 5(3-5) 0.86
GM/WM differentiation
SD_iDose 5(4-5) 5(4-5) 0.65
SD_IMR 5(4-5) 5(4-5) 0.44
0.38 | 0.75 | <0.01 <0.01
LD_iDose 5(3-5) 5(3-5) 0.89
LD_IMR 5(3-5) 5(4-5) 0.79
Conspicuity of ischemic demarcation
SD_iDose 5(3-5) 5(4-5) 0.72
SD_IMR 5(3-5) 5(3-5) 0.96
0.50 |0.99 |0.13 <0.01
LD_iDose | 5(2-5) 5(3-5) 0.87
LD_IMR 5(2-5) 5(3-5) 0.86

Table 4. Results of qualitative image evaluation from both readers (R1 and R2) using median and ranges for
assigned scores. Images derived from scanning with standard dose (SD; SD_iDose & SD_IMR) and low dose
(LD; LD_iDose & LD_IMR).

Quantitative image analysis. Regarding the SNR of GM as measured in the thalamus as well as for the
SNR of frontal WM and the internal capsule, SD_IMR showed the highest values, respectively (mean + StdDev:
GM: 24.7£7.9; WM frontal: 17.1 £4.2; WM internal capsule: 20.2+7.5), followed by LD_IMR, SD_iDose, and
LD_iDose (Table 5). Comparison of SNRs between SD_IMR, LD_IMR, SD_iDose, and LD_iDose for the SNRs
measured in the different structures revealed a statistically significant difference (P<0.01), yet the comparison
between images using IMR was not significant according to post-hoc testing (Table 5).

Similarly, for the CNR of GM/WM in all enrolled patients, highest values were obtained for SD_IMR
(mean + StdDev: 5.9 +£2.0), followed by the results for LD_IMR, SD_iDose, and LD_iDose (Table 5; Fig. 3).
The comparison of SD_IMR, LD_IMR, SD_iDose, and LD_iDose yielded a statistically significant difference
(P<0.01), however post-hoc testing of SD_IMR versus LD_IMR was not statistically significant (Table 5). For
patients with ischemic stroke and detected ischemic demarcation, there was a statistically significant difference
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Dunn’s post-hoc test
Mean+StdDev | Range P Comparison Rank sum diff | Sign

SNR-GM thalamus

SD_iDose vs. SD_IMR —88.0 *
SD_iDose 20.6+6.2 10.2-48.8

SD_iDose vs. LD_iDose | 116.0 *

SD_iDose vs. LD_IMR —78.0 *
SD_IMR 24.7+7.9 11.9-64.3 | <0.01

SD_IMR vs. LD_iDose 204.0 *
LD_iDose 16.1+6.9 7.7-58.7 SD_IMR vs. LD_IMR 10.0 n.s
LD_IMR 233+5.8 13.4-50.3 LD_iDose vs. LD_IMR | —194.0 *
SNR-WM frontal

SD_iDose vs. SD_IMR —104.0 *
SD_iDose 149+5.3 6.7-54.0

SD_iDose vs. LD_iDose | 102.0 *

SD_iDose vs. LD_IMR - 88.0 *
SD_IMR 17.1+4.2 8.2-29.7 | <0.01

SD_IMR vs. LD_iDose 206.0 *
LD_iDose 12.2+4.1 5.1-35.8 SD_IMR vs. LD_IMR 16.0 n.s
LD_IMR 16.8+£4.5 4.9-27.9 LD_iDose vs. LD_IMR | —190.0 *
SNR-WM internal capsule

SD_iDose vs. SD_IMR -97.0 *
SD_iDose 16.9+54 7.8-334

SD_iDose vs. LD_iDose | 116.0 *

SD_iDose vs. LD_IMR -57.0 *
SD_IMR 20.2+7.5 3.7-73.3 | <0.01

SD_IMR vs. LD_iDose 213.0 *
LD_iDose 13.3+4.4 6.7-31.6 SD_IMR vs. LD_IMR 40.0 n.s
LD_IMR 18.6+5.5 6.1-39.7 LD_iDose vs. LD_IMR -173.0 *
CNR-GM/WM

SD_iDose vs. SD_IMR -105.0 *
SD_iDose 48+1.6 0.8-10.6 SD_iDose vs. LD_iDose | 111.0 *

0.01 SD_iDose vs. LD_IMR -84.0 *
<0.

SD_IMR 59+2.0 1.4-15.7 SD_IMR vs. LD_iDose 216.0 *
LD_iDose 38+1.4 0.5-10.6 SD_IMR vs. LD_IMR 21.0 n.s
LD_IMR 56+19 1.2-11.5 LD_iDose vs. LD_IMR -195.0 *

Table 5. Results of quantitative image evaluation. Results of quantitative image evaluation using
mean * standard deviation (StdDev) for measurements. Images derived from scanning with standard dose (SD;
SD_iDose & SD_IMR) and low dose (LD; LD_iDose & LD_IMR). n.s not statistically significant. *Statistically

significant.
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Figure 3. Contrast-to-noise ratio (CNR) of gray matter (GM)/white matter (WM) for all included patients. Box
plots with minimum-to-maximum whiskers for the CNR of GM/WM using data from scanning with standard
dose (SD; SD_iDose & SD_IMR) and low dose (LD; LD_iDose & LD_IMR).

between images using iDose and IMR for both SD imaging (mean + StdDev: SD_IMR: 4.4 +3.1; SD_iDose:
3.5+2.3; P<0.0001) and LD imaging (mean + StdDev: LD_IMR: 4.6 +2.9; LD_iDose: 3.2 +2.1; P<0.0001), with
application of IMR leading to significantly higher CNR (Fig. 4).
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Figure 4. Contrast-to-noise ratio (CNR) in patients with ischemic demarcation. Box plots with minimum-
to-maximum whiskers for the CNR ischemic demarcation/contralateral healthy parenchyma using data from
scanning with standard dose (SD; SD_iDose & SD_IMR; A) and low dose (LD; LD_iDose & LD_IMR; B).

Radiation dose. The mean CTDIvol for SD images amounted to 46.6 + 1.2 mGy (range: 38.5-47.6 mGy),
and it was 31.2+1.8 mGy (range: 20.1-46.8 mGy) for LD images. Correspondingly, the mean DLP amounted
to 673.6+48.6 mGy*cm (range: 571.0-857.5 mGy*cm) for SD data and 441.9+33.0 mGy*cm (range: 381.0-
666.3 mGy*cm) for LD images. The difference between SD and LD data was statistically significant for the
CTDIvol and the DLP, respectively (P<0.01).

Discussion

Our results indicate higher SNR and CNR for SD as well as LD imaging by non-contrast cerebral MDCT when
a model-based iterative algorithm is used for image reconstruction, as compared to a hybrid reconstruction
algorithm. This was observed for both unaffected brain parenchyma as well as for demarcated areas due to
ischemia in initial SD and follow-up LD imaging, respectively. More specifically, a model-based iterative image
reconstruction algorithm could provide better anatomic detail, GM/WM differentiation, and conspicuity of
ischemic demarcation for non-enhanced cerebral MDCT using LD imaging. Except for evaluations of GM/WM
differentiation using MDCT data acquired with SD and reconstructed with the model-based iterative algorithm,
inter-reader agreement was substantial to almost perfect.

Head CT has most commonly been performed at a tube voltage of 120 to 140 kVp?. Up to now, the Ameri-
can Association of Physicists in Medicine recommends a peak tube voltage in conventional cerebral CT studies
of 120 to 140 kVp, depending on the manufacturer as well as on the system?. In accordance with this recom-
mendation, we performed our non-contrast cerebral MDCT scans with a tube voltage of 120 kV while reducing
tube currents from 343 mA for SD to 229 mA for LD imaging (exposure of 300 mAs versus 200 mAs). To the
best of our knowledge, no studies with comparable low tube currents have been performed in-vivo for cerebral
non-enhanced MDCT considering patients with suspected ischemic stroke. In this regard, previous studies on
the matter have demonstrated reductions of exposure to values in the range of about 350 mAs to 260 mAs*%.
The range of potential relative dose reduction for head CT is thus similar to the range reported throughout the
body: paranasal sinus®, chest®!, coronary arteries®’, and abdomen®. As a result of tube current reduction, the
image quality was lower for LD compared to SD imaging, but still showed mostly sufficient values for LD MDCT
according to our assessments.

The application of fully iterative reconstruction approaches has potential to compensate for increases in image
noise and artifacts with tube current reductions to a certain degree'®-?°. Bodelle et al. compared cranial CT scans
of 51 patients with infarction performed with either a LD (260 mAs; n=21) or SD (340 mAs; n=30) protocol,
which were reconstructed with a hybrid reconstruction algorithm as well as FBP considering, amongst other
items, the conspicuity of infarcted areas®. They concluded that hybrid reconstruction makes possible a dose
reduction (—24%) without relevant constraints regarding imaging of the demarcation of ischemic lesions®.
Results seem to correspond to those of Bricout et al., who showed that a LD protocol (using a hybrid reconstruc-
tion algorithm) enables a significant reduction of radiation dose without relevant image quality impairment as
overall image quality was judged as good or excellent in patients with a suspicion of delayed cerebral ischemia
after aneurysmal subarachnoid hemorrhage?. Ben-David et al. investigated the effect of dose reduction in non-
contrast cerebral CT scans with regard to GM/WM contrast by reducing tube voltage from 120 to 80 kV?*. As
in our study they compared two CT scans with different doses acquired for the same patients at two different
time points and assessed attenuation, noise, and CNR for different ROIs, concluding that the CNR of GM/WM
per dose is increased by 40%%.

In general, model-based iterative reconstruction algorithms seem to offer higher noise reduction than previ-
ously used reconstruction methods'®*. For cerebral CT, this is proposed by two studies performed by Inoue
and colleagues, who investigated the impact of model-based iterative reconstruction on the accuracy of stroke
diagnosis for the posterior fossa and the territory of the middle cerebral artery, comparing 5 mm axial slices of
cerebral CT reconstructed with FBP or model-based iterative reconstruction with regard to image noise and
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CNR?**7, The authors concluded that model-based iterative reconstruction provides a better diagnostic perfor-
mance as well as a better image quality and improved hypo-attenuation detection in patients with acute stroke
as image noise was significantly lower and the difference in CNR between the infarcted and non-infarcted areas
was significantly higher for the model-based iterative reconstructions®®*’. Their results are in accordance with
those presented by Iyama et al., who also compared FBP and model-based reconstructions for cerebral CT?®. They
postulated that model-based reconstruction may improve not only the image quality but also the performance
for the detection of parenchymal hypo-attenuation in patients with acute ischemic stroke®. While these studies
investigated previously used FBP but not a more recently applied hybrid approach, Lombardi et al. compared the
diagnostic value of a model-based iterative reconstruction algorithm with that of a hybrid algorithm for identify-
ing the hyperdense artery sign as one of the earliest signs of ischemic stroke on non-enhanced CT®. The authors
found that a model-based iterative approach significantly increased sensitivity in detecting a hyperdense artery
sign, offering higher SNR and CNR in comparison with hybrid reconstruction algorithms®. Furthermore, Liu
et al. evaluated the image quality and lacunar lesion detection of thin-slice head CT images with three different
reconstruction algorithms (FBP, hybrid reconstruction, and iterative model-based reconstruction) by compar-
ing routine images with FBP to those with hybrid and iterative model-based reconstructions, analyzing CT
attenuation using CNR and noise measurements, an artifact index of the posterior cranial fossa, and subjective
analysis of overall image quality*’. They concluded that iterative model-based reconstruction can lead to better
image quality®. However, their study excluded patients with ischemic stroke (except for lacunar infarcts), and
they did not specifically investigate the impact of tube current reduction in combination with an iterative model-
based reconstruction algorithm*. Hence, to date we are not aware of another study that compared hybrid versus
model-based iterative image reconstruction for non-enhanced cerebral CT in patients with suspected acute stroke
and ischemic demarcation. Thus, the results of the present study may provide relevant evidence for significantly
improved image quality when using a model-based iterative image reconstruction approach for this very com-
mon use case in clinical routine. On the long run, this may potentially allow to decrease the radiation exposure
during MDCT scanning even further, with aggravated image noise having greater chances to be compensated
for by a model-based iterative approach.

Even though the differences regarding imaging quality and conspicuity of ischemic areas are minor, the inter-
reader agreement in the blinded rating of both raters was substantial to almost perfect for most evaluated items
and scans, except for evaluations of GM/WM differentiation using SD imaging data with model-based iterative
reconstruction. In this regard, previous research has already suggested that the performance of human readers
for assessing ischemic demarcation can depend on the algorithm used for MDCT image reconstruction, with a
trend towards better agreement for more established reconstruction algorithms (i.e., hybrid algorithms) with the
experience of the reader®!. Thus, a comparable result may be present for ratings of GM/WM differentiation in SD
imaging data with model-based iterative reconstruction, which might be interpreted as an analogous trend to
higher variation between readers for the more recently introduced model-based iterative image reconstruction
algorithm over the more established hybrid algorithm.

There are some limitations to our study. First, this was a retrospective study, and experienced readers might
be able to detect whether model-based iterative or hybrid reconstruction was used for image reconstruction in
selected cases. However, subjective qualitative and objective quantitative results seem in agreement, supporting
potential benefits of iterative model-based reconstructions particularly for LD data. Second, this study only used
tube current reduction with two levels for radiation dose reduction and a fixed level of regularization, which
was based on a consensus decision at the time of introduction of iterative model-based reconstruction at our
institution. Yet, the reconstruction parameters of iterative model-based algorithms can be tuned to improve vis-
ibility of objects with a low contrast and to further decrease image noise (e.g., by using other or multiple levels of
regularization related to the clinical indication for imaging)'®. Other approaches such as sparse sampling may be
performed in the future on cerebral MDCT data to further exploit possibilities of further radiation dose restric-
tions. Yet, to date, potential benefits of this technique have been shown for other applications or body regions
than non-enhanced cerebral MDCT*?~*. Third, for ethical reasons, we could not perform a paired study with
one patient undergoing two cerebral MDCT exams with different doses at the same time point. Yet, phantom
studies that can apply multiple settings within the same scanning session could follow up on the results of this
study. Fourth, for the LD examination that was performed up to 10 days after the initial SD exam, any ischemic
area would naturally appear with clearer demarcation and would therefore be easier to detect than in the first
hours after symptom onset. Importantly, in this study we did not directly compare initial SD to follow-up LD
imaging for demarcated areas to avoid bias due to aggravated demarcation over time.

Conclusion

A model-based iterative image reconstruction algorithm could provide better anatomic detail, GM/WM differen-
tiation, and conspicuity of ischemic demarcation for non-contrast cerebral MDCT using a LD imaging protocol.
On a similar note, the CNR of ischemic demarcation/contralateral healthy parenchyma could be improved by
model-based iterative image reconstruction. Future studies including advanced acquisition schemes (e.g., sparse
sampling) or other approaches for image reconstruction (e.g., fine-tuned iterative model-based reconstructions
by using different dedicated regularization levels, or artificial intelligence-based image reconstruction algorithms)
could facilitate additional decreases in radiation exposure without clinically relevant impact on image quality
and diagnostic use.

Received: 6 July 2021; Accepted: 25 October 2021

Published online: 13 November 2021

Scientific Reports |

(2021) 11:22271 | https://doi.org/10.1038/s41598-021-01162-0 nature portfolio



www.nature.com/scientificreports/

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bernick, C. et al. Silent MRI infarcts and the risk of future stroke: the cardiovascular health study. Neurology 57, 1222-1229. https://
doi.org/10.1212/wnl.57.7.1222 (2001).

El-Koussy, M., Schroth, G., Brekenfeld, C. & Arnold, M. Imaging of acute ischemic stroke. Eur. Neurol. 72, 309-316. https://doi.
0rg/10.1159/000362719 (2014).

. Gonzalez, R. G. Current state of acute stroke imaging. Stroke J. Cereb. Circ. 44, 3260-3264. https://doi.org/10.1161/STROKEAHA.

113.003229 (2013).

. Young, J. Y. & Schaefer, P. W. Acute ischemic stroke imaging: a practical approach for diagnosis and triage. Int. J. Cardiovasc.

Imaging 32, 19-33. https://doi.org/10.1007/s10554-015-0757-0 (2016).

. Go, A. S. et al. Heart disease and stroke statistics—2013 update: a report from the American Heart Association. Circulation 127,

e6-e245. https://doi.org/10.1161/CIR.0b013e31828124ad (2013).

. Moulin, T. et al. Early CT signs in acute middle cerebral artery infarction: predictive value for subsequent infarct locations and

outcome. Neurology 47, 366-375. https://doi.org/10.1212/wnl.47.2.366 (1996).

. Truwit, C. L., Barkovich, A. J., Gean-Marton, A., Hibri, N. & Norman, D. Loss of the insular ribbon: another early CT sign of acute

middle cerebral artery infarction. Radiology 176, 801-806. https://doi.org/10.1148/radiology.176.3.2389039 (1990).

. Kucinski, T. et al. Correlation of apparent diffusion coefficient and computed tomography density in acute ischemic stroke. Stroke

J. Cerebr. Circ. 33, 1786-1791. https://doi.org/10.1161/01.5tr.0000019125.80118.99 (2002).

. Dzialowski, I., Weber, J., Doerfler, A., Forsting, M. & von Kummer, R. Brain tissue water uptake after middle cerebral artery occlu-

sion assessed with CT. J. Neuroimaging Off. J. Am. Soc. Neuroimaging 14, 42-48 (2004).

Schriger, D. L., Kalafut, M., Starkman, S., Krueger, M. & Saver, J. L. Cranial computed tomography interpretation in acute stroke:
physician accuracy in determining eligibility for thrombolytic therapy. JAMA 279, 1293-1297. https://doi.org/10.1001/jama.279.
16.1293 (1998).

Barber, P. A., Demchuk, A. M., Zhang, J. & Buchan, A. M. Validity and reliability of a quantitative computed tomography score in
predicting outcome of hyperacute stroke before thrombolytic therapy. ASPECTS Study Group. Alberta Stroke Programme Early
CT Score. Lancet 355, 1670-1674. https://doi.org/10.1016/s0140-6736(00)02237-6 (2000).

Alvarez, R. E. & Macovski, A. Energy-selective reconstructions in X-ray computerized tomography. Phys. Med. Biol. 21, 733-744.
https://doi.org/10.1088/0031-9155/21/5/002 (1976).

Ogawa, A. et al. Randomized trial of intraarterial infusion of urokinase within 6 hours of middle cerebral artery stroke: the middle
cerebral artery embolism local fibrinolytic intervention trial (MELT) Japan. Stroke J. Cerebr. Circ. 38, 2633-2639. https://doi.org/
10.1161/STROKEAHA.107.488551 (2007).

Brenner, D. J. & Hall, E. J. Computed tomography-an increasing source of radiation exposure. N. Engl. J. Med. 357, 2277-2284.
https://doi.org/10.1056/NEJMra072149 (2007).

Fazel, R. et al. Exposure to low-dose ionizing radiation from medical imaging procedures. N. Engl. J. Med. 361, 849-857. https://
doi.org/10.1056/NEJM0a0901249 (2009).

Richards, P. J. & George, J. Diagnostic CT radiation and cancer induction. Skeletal Radiol. 39, 421-424. https://doi.org/10.1007/
500256-009-0819-2 (2010).

Tamm, E. P. et al. Quality initiatives: CT radiation dose reduction: how to implement change without sacrificing diagnostic quality.
Radiographics 31, 1823-1832. https://doi.org/10.1148/rg.317115027 (2011).

Willemink, M. J. & Noel, P. B. The evolution of image reconstruction for CT-from filtered back projection to artificial intelligence.
Eur. Radiol. 29, 2185-2195. https://doi.org/10.1007/s00330-018-5810-7 (2019).

Willemink, M. J. et al. Iterative reconstruction techniques for computed tomography Part 1: technical principles. Eur. Radiol. 23,
1623-1631. https://doi.org/10.1007/s00330-012-2765-y (2013).

Willemink, M. J. et al. Iterative reconstruction techniques for computed tomography part 2: initial results in dose reduction and
image quality. Eur. Radiol. 23, 1632-1642. https://doi.org/10.1007/s00330-012-2764-z (2013).

Kalender, W. A, Deak, P, Kellermeier, M., van Straten, M. & Vollmar, S. V. Application- and patient size-dependent optimization
of x-ray spectra for CT. Med. Phys. 36, 993-1007. https://doi.org/10.1118/1.3075901 (2009).

Pomerantz, S. R. et al. Virtual monochromatic reconstruction of dual-energy unenhanced head CT at 65-75 keV maximizes image
quality compared with conventional polychromatic CT. Radiology 266, 318-325. https://doi.org/10.1148/radiol.12111604 (2013).
Bechara, B. et al. Contrast-to-noise ratio difference in small field of view cone beam computed tomography machines. J. Oral. Sci.
54, 227-232. https://doi.org/10.2334/josnusd.54.227 (2012).

Rozeik, C. et al. Cranial CT artifacts and gantry angulation. J. Comput. Assist. Tomogr. 15, 381-386. https://doi.org/10.1097/00004
728-199105000-00007 (1991).

Ben-David, E. et al. Significance of enhanced cerebral gray-white matter contrast at 80 kVp compared to conventional 120 kVp
CT scan in the evaluation of acute stroke. J. Clin. Neurosci. 21, 1591-1594. https://doi.org/10.1016/j.jocn.2014.03.008 (2014).
Brooks, R. A., Di Chiro, G. & Keller, M. R. Explanation of cerebral white-gray contrast in computed tomography. J. Comput. Assist.
Tomogr. 4, 489-491. https://doi.org/10.1097/00004728-198008000-00016 (1980).

Kanal, K. How to develop CT protocols for children. Image gently: the alliance for radiation safety in pediatric imaging. Sci. Rep.
2,109 (2007).

Bricout, N. et al. Reduced-dose CT protocol for the assessment of cerebral vasospasm. Neuroradiology 57, 1211-1218. https://doi.
0rg/10.1007/500234-015-1585-6 (2015).

Bodelle, B. et al. Acute intracranial hemorrhage in CT: benefits of sinogram-affirmed iterative reconstruction techniques. AJNR
Am. J. Neuroradiol. 35, 445-449. https://doi.org/10.3174/ajnr.A3801 (2014).

Schulz, B. et al. Performance of iterative image reconstruction in CT of the paranasal sinuses: a phantom study. AJNR Am. J.
Neuroradiol. 34, 1072-1076. https://doi.org/10.3174/ajnr.A3339 (2013).

Pourjabbar, S. et al. Dose reduction for chest CT: comparison of two iterative reconstruction techniques. Acta Radiol 56, 688-695.
https://doi.org/10.1177/0284185114537256 (2015).

Schindler, A. et al. Iterative image reconstruction techniques for CT coronary artery calcium quantification: comparison with
traditional filtered back projection in vitro and in vivo. Radiology 270, 387-393. https://doi.org/10.1148/radiol.13130233 (2014).
Park, M. et al. Intraindividual comparison of diagnostic performance in patients with hepatic metastasis of full-dose standard and
half-dose iterative reconstructions with dual-source abdominal computed tomography. Invest. Radiol. 49, 195-200. https://doi.
0rg/10.1097/RLI1.0000000000000014 (2014).

Bodelle, B. et al. Iterative reconstruction leads to increased subjective and objective image quality in cranial CT in patients with
stroke. AJR Am. J. Roentgenol. 205, 618-622. https://doi.org/10.2214/AJR.15.14389 (2015).

Park, H. J. et al. Comparison of knowledge-based iterative model reconstruction and hybrid reconstruction techniques for liver
CT evaluation of hypervascular hepatocellular carcinoma. J. Comput. Assist. Tomogr. 40, 863-871. https://doi.org/10.1097/RCT.
0000000000000455 (2016).

Inoue, T. et al. Brain computed tomography using iterative reconstruction to diagnose acute middle cerebral artery stroke: useful-
ness in combination of narrow window setting and thin slice reconstruction. Neuroradiology 60, 373-379. https://doi.org/10.1007/
$00234-018-1982-8 (2018).

Scientific Reports |

(2021) 11:22271 | https://doi.org/10.1038/s41598-021-01162-0 nature portfolio


https://doi.org/10.1212/wnl.57.7.1222
https://doi.org/10.1212/wnl.57.7.1222
https://doi.org/10.1159/000362719
https://doi.org/10.1159/000362719
https://doi.org/10.1161/STROKEAHA.113.003229
https://doi.org/10.1161/STROKEAHA.113.003229
https://doi.org/10.1007/s10554-015-0757-0
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1212/wnl.47.2.366
https://doi.org/10.1148/radiology.176.3.2389039
https://doi.org/10.1161/01.str.0000019125.80118.99
https://doi.org/10.1001/jama.279.16.1293
https://doi.org/10.1001/jama.279.16.1293
https://doi.org/10.1016/s0140-6736(00)02237-6
https://doi.org/10.1088/0031-9155/21/5/002
https://doi.org/10.1161/STROKEAHA.107.488551
https://doi.org/10.1161/STROKEAHA.107.488551
https://doi.org/10.1056/NEJMra072149
https://doi.org/10.1056/NEJMoa0901249
https://doi.org/10.1056/NEJMoa0901249
https://doi.org/10.1007/s00256-009-0819-2
https://doi.org/10.1007/s00256-009-0819-2
https://doi.org/10.1148/rg.317115027
https://doi.org/10.1007/s00330-018-5810-7
https://doi.org/10.1007/s00330-012-2765-y
https://doi.org/10.1007/s00330-012-2764-z
https://doi.org/10.1118/1.3075901
https://doi.org/10.1148/radiol.12111604
https://doi.org/10.2334/josnusd.54.227
https://doi.org/10.1097/00004728-199105000-00007
https://doi.org/10.1097/00004728-199105000-00007
https://doi.org/10.1016/j.jocn.2014.03.008
https://doi.org/10.1097/00004728-198008000-00016
https://doi.org/10.1007/s00234-015-1585-6
https://doi.org/10.1007/s00234-015-1585-6
https://doi.org/10.3174/ajnr.A3801
https://doi.org/10.3174/ajnr.A3339
https://doi.org/10.1177/0284185114537256
https://doi.org/10.1148/radiol.13130233
https://doi.org/10.1097/RLI.0000000000000014
https://doi.org/10.1097/RLI.0000000000000014
https://doi.org/10.2214/AJR.15.14389
https://doi.org/10.1097/RCT.0000000000000455
https://doi.org/10.1097/RCT.0000000000000455
https://doi.org/10.1007/s00234-018-1982-8
https://doi.org/10.1007/s00234-018-1982-8

www.nature.com/scientificreports/

37. Inoue, T. et al. Diagnosis of small posterior fossa stroke on brain CT: effect of iterative reconstruction designed for brain CT on
detection performance. Eur. Radiol. 27, 3710-3715. https://doi.org/10.1007/s00330-017-4773-4 (2017).

38. Iyama, Y. et al. Iterative reconstruction designed for brain CT: a correlative study with filtered back projection for the diagnosis
of acute ischemic stroke. J. Comput. Assist. Tomogr. 41, 884-890. https://doi.org/10.1097/RCT.0000000000000626 (2017).

39. Lombardi, S. et al. “Hyperdense artery sign” in early ischemic stroke: diagnostic value of model-based reconstruction approach
in comparison with standard hybrid iterative reconstruction algorithm. Neuroradiology 60, 1273-1280. https://doi.org/10.1007/
500234-018-2092-3 (2018).

40. Liu, X. et al. Thin-slice brain CT with iterative model reconstruction algorithm for small lacunar lesions detection: Image quality
and diagnostic accuracy evaluation. Medicine (Baltimore) 96, €9412. https://doi.org/10.1097/MD.0000000000009412 (2017).

41. Loffler, M. T. et al. Improved reliability of automated ASPECTS evaluation using iterative model reconstruction from head CT
scans. J. Neuroimaging Offic. J. Am. Soc. Neuroimaging 31, 341-347. https://doi.org/10.1111/jon.12810 (2021).

42. Mookiah, M. R. K. ef al. Multidetector computed tomography imaging: effect of sparse sampling and iterative reconstruction on
trabecular bone microstructure. J. Comput. Assist. Tomogr. 42, 441-447. https://doi.org/10.1097/RCT.0000000000000710 (2018).

43. Sollmann, N. et al. Multi-detector CT imaging: impact of virtual tube current reduction and sparse sampling on detection of
vertebral fractures. Eur. Radiol. 29, 3606-3616. https://doi.org/10.1007/s00330-019-06090-2 (2019).

44. Sollmann, N. et al. Low-Dose MDCT of Patients With Spinal Instrumentation Using Sparse Sampling: Impact on Metal Artifacts.
AJR Am ] Roentgenol. 216, 1308-1317. https://doi.org/10.2214/AJR.20.23083 (2021).

45. Sollmann, N. et al. Effects of virtual tube current reduction and sparse sampling on MDCT-based femoral BMD measurements.
Osteoporos. Int. 29, 2685-2692. https://doi.org/10.1007/s00198-018-4675-6 (2018).

Author contributions

Conception and design: K.J.P,, T.B., ].S.K, and N.S. Acquiring data: K.J.P,, K.K., and N.S. Analysing data: K.J.P.,
K.K., and N.S. Drafting manuscript: K.J.P. and N.S. Revising the manuscript: All authors. Approving the final
content of the Manuscript: All authors.

Funding

Open Access funding enabled and organized by Projekt DEAL. We acknowledge support by the B. Braun Founda-
tion (Project No BBST-D-19-00106), Dr.-Ing. Leonhard Lorenz Foundation, and the Joachim Herz Foundation
(awarded to N.S.).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.J.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:22271 | https://doi.org/10.1038/s41598-021-01162-0 nature portfolio


https://doi.org/10.1007/s00330-017-4773-4
https://doi.org/10.1097/RCT.0000000000000626
https://doi.org/10.1007/s00234-018-2092-3
https://doi.org/10.1007/s00234-018-2092-3
https://doi.org/10.1097/MD.0000000000009412
https://doi.org/10.1111/jon.12810
https://doi.org/10.1097/RCT.0000000000000710
https://doi.org/10.1007/s00330-019-06090-2
https://doi.org/10.2214/AJR.20.23083
https://doi.org/10.1007/s00198-018-4675-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

PATIENT SAFETY

K. Kilic

G. Erbas

M. Guryildirim
M. Arac

E. ligit

B. Coskun

FELLOWS'
JOURNAL
CLUB

Lowering the Dose in Head CT Using Adaptive
Statistical Iterative Reconstruction

BACKGROUND AND PURPOSE: While CT has found wide use in medical practice, it is also a substantial
source of radiation exposure and is associated with an increased lifetime risk of cancer. There is an
urgent need for new approaches to reduce the radiation dose in CT. In this regard, ASIR is an
alternative method to FBP. We assessed the effect of ASIR on dose reduction in adult head CT.

MATERIALS AND METHODS: \We retrospectively evaluated a sample of 149 adult head CT examinations
that were divided into 2 groups, STD and LD. We lowered the tube current and used ASIR in the LD
group. SNR and CNR were analyzed. Dose parameters were recorded while subjective image noise,
sharpness, diagnostic acceptability, and artifacts were graded. The Student t test, the Mann-Whitney
U test, and k statistics were used for statistical analyses.

RESULTS: We achieved a dose reduction of 31% in the LD group (STD, 2.3 = 0.1 mSv; LD,
1.6 £ 0.1 mSv; P<.001). There was no significant difference in the noise measured in the air between
the 2 comparison groups (P = .273). Noise in the CSF was higher in the STD group (P < .001), while
the noise in the WM was higher in the LD group (P < .001). Differences in the CNR between groups
were insignificant, but the STD group displayed better SNR values. There was no significant difference
in the modal scores of diagnostic acceptability (P = .062) and the artifacts (P = .148) between the 2
groups. Better scores for subjective image noise (P < .001) and sharpness (P = .04) were observed
in the STD group.

CONCLUSIONS: ASIR appears to be useful in reducing the dose in adult head CT examinations. While
the effect of ASIR on noise reduction observed in the present study of head CT is less than that
reported previously in abdomen and chest CT, these findings encourage further prospective studies in

larger patient samples.

ABBREVIATIONS: ASIR = adaptive statistical iterative reconstruction; CNR = contrast-to-noise

ratio; CTDI = CT dose index; CTDI,, =

volume CT dose index; CT,, = CT number; DLP =

dose-length product; ED = effective dose; FBP = filtered back-projection; GM = gray matter; LD =
low dose; SNR = signal-to-noise ratio; STD = standard dose; WM = white matter

ith recent advances and availability of biotechnology,
CT has become a major source of medical radiation ex-
posure.' At present, CT-derived dose accounts for 75% of the
dose given at medical imaging. Given the past reports point-
ing to the major contribution of CT in the increased risk of
lifetime cancer associated with medical radiation, there is an
urgent need for new approaches to reduce the dose in CT. To
date, some of the dose-reduction strategies that have been in-
vestigated and proved to be efficient include, for example, in-
plane and longitudinal automatic tube-current modulation,
lowering tube potential especially in iodinated examinations,
bismuth shields, filters, x-ray shutters for over-ranging, in-
creasing detector efficiency, and low-dose techniques.’”
Recently, some of the mathematic methods for reconstruc-
tion that have been known since the 1970s have been used for
CT research and practice. These methods remove the noise
from the image by means of iterations. Notably, iterative re-
construction has been used in positron-emission tomography
but could not be implemented in CT until now because calcu-
lations required for these methods can only be performed with
recently developed high-performance computer processors.
Noise is inversely proportional to the square root of the
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dose. By lowering image noise, these methods can, conceiv-
ably, be used to reduce radiation dose. Indeed, clinical studies
supporting this hypothesis have been reported, describing the
use of iterative reconstruction methods such as ASIR—a name
given by the vendor (GE Healthcare, Milwaukee, Wiscon-
sin)—in abdomen®® and chest CT*"' and coronary CT an-
giography.'>'* On the other hand and most important, the
role of ASIR in head CT has never been reported to date, to
our knowledge. The aim of the present study was to assess
the effect of ASIR on dose reduction in adult head CT by using
a 16-section multidetector row CT scanner. While the re-
ported observations herein derive from a retrospective exam-
ination, we submit that they contribute to the emerging
knowledge base on the utility of iterative methods to achieve
CT dose reduction.

Materials and Methods

Study Description and Patient Sample
This retrospective study was reviewed and approved by the Gazi Uni-
versity Institutional Review Board.

From July 1, 2010, to August 31, 2010, 149 consecutive patients
who underwent head CT with a 16-section multidetector row CT
scanner (BrightSpeed, GE Healthcare) were examined retrospectively
in the present study.

There were 2 groups of patients: 1) the STD group comprising
51 patients (28 men, 23 women; mean age, 52.0 years; range, 20—



91 years) who went through the STD and standard reconstruction
algorithm (FBP) head CT protocol before implementation of ASIR in
our protocols; and 2) the LD group comprising 98 patients (44 men,
54 women; mean age, 55.5 years; range, 19-94 years) who were ex-
amined with LD and a mixture of ASIR and FBP reconstruction algo-
rithm head CT protocols after implementation of ASIR as a depart-
mental policy.

Only adult patients were examined in the present study because, in
our department, different protocols are used for children of different
age groups. Hence, our focus on adult patients ensured consistency in
the protocol used in the present study sample. Moreover, to have
adequate noise measurements, patients with images with severe streak
artifacts caused by foreign bodies, metallic surgical materials, and
movement of the head were excluded from the study. Emergency
patients, who were scanned with a faster helical mode protocol, were
also excluded. Only noncontrast studies were included, while pa-
tients’ follow-up examinations were excluded.

Scan Protocol

A lateral scout image with 100 kV (peak) and 20 mA was obtained to
define the scan area prior to axial imaging. Scanning parameters of the
STD group wre 170-mA tube current, 2-second tube-rotation time,
140-kVp tube voltage, 4 X 2.5 mm section thickness, 25-cm FOV, a
standard reconstruction algorithm for the posterior fossa; and
270-mA tube current, 1-second tube rotation time, 120-kVp tube
voltage, 2 X 5 mm section thickness, 25-cm FOV, a standard recon-
struction algorithm for the cerebrum. A routine reconstruction algo-
rithm of FBP was used. The same protocol except with lowered mA
settings (125 mA for the posterior fossa, 190 mA for the cerebrum)
and the addition of ASIR (30%) was used in the LD group. Thirty
percent ASIR means a blend of 30% ASIR and 70% FBP. ASIR per-
centage can be selected in a spectrum of 0%—100%, where 0% means
all FBPs and 100% means all ASIRs. With the increase in the percent-
age, noise decreases. At higher levels, contours of the structures begin
to blur.®'" With the vendor’s suggestions (30%-50%) and our initial
experience, we chose 30% by consensus in our department.

Dose Parameters

The CTDI,,,; and DLP were derived from the result page of each
examination, which was automatically prepared by the system. ED
(mSv) was estimated by multiplying DLP (mGy.centimeter) by a con-

version factor (0.0021 mSv X mGy ™' X cm™')."?

Quantitative Analysis

Image noise, defined by a percentage SD of the mean CT,, within a
region of interest, was measured in the air, CSF, and WM. A region of
interest (60 mm?) was placed in the air on the 3 consecutive sections
at the level of the posterior fossa, and an average of the measurement
of 3 sections was used for comparison. A place with minimum streak
artifacts and maximum 1-cm distance away from the patient was
chosen. We measured noise in the CSF in a subgroup of patients
(82/98, 84%, LD group; 38/51, 75%, STD group) whose lateral ven-
tricles were suitable for drawing a region of interest of =15 mm®. A
third region of interest of 40 mm® was placed in the WM at the level of
centrum semiovale.

Moreover, the CNR and SNR were analyzed as described in the
literature.'®'® For CNR, 3 regions of interest of 4 mm? were placed in
the WM and 3 regions of interest of 4 mm? were placed in the GM at
the level of centrum semiovale without causing partial volume effects.
CT,, and SD values were recorded and averaged for each part. CNR

was calculated by using a standard equation: (mean GM CT,, — mean
WM CT,)/[(SD GM)? + (SD WM)?] /2. For SNR, 3 regions of inter-
est of 20 mm? were placed in the WM at the level of centrum semi-
ovale. CT, and SD values were recorded and averaged. SNR was cal-
culated by dividing the CT,, by the SD.

Qualitative Analysis
Examinations were reviewed in a random manner at the same work-
station (Advantage Windows 4.4, GE Healthcare) by 2 radiologists
working independently (G.E., 10 years’ experience; K.K. 8 years’ ex-
perience) who were blinded to the protocol, ASIR usage, and date.
Image noise, sharpness, diagnostic acceptability, and artifacts were
graded. A second-year resident (M.G.) helped in the interpretation
process by removing all the information on the monitor and anony-
mizing the patients. Window level (40— 60 HU for the posterior fossa,
40-50 HU for the cerebrum) and window width (80—100 for the
posterior fossa, 50—70 for the cerebrum) were kept within predefined
limits for all images.

Subjective noise was graded on a 4-point scale: 1, little, best noise;
2, optimum noise; 3, noisy but permits evaluation; and 4, too much,
which degrades the image so that no information can be gathered.

Sharpness was graded on a 5-point scale according to WM and
GM differentiation; visualization of the basal ganglia, pons, and ven-
tricular system; and CSF space around the mesencephalon and over
the brain: 1, Structures are well-defined with sharp contours; 2, better
seen but contours are not fully sharp; 3, structures can be seen, con-
tours are sharp enough, diagnostic information can be retrieved;
4, structures can be visualized but not enough for diagnostic report-
ing; contours are blurred; and 5, structures cannot be defined.

Diagnostic acceptability was graded on a 4-point scale: 1, fully
acceptable; 2, probably acceptable; 3, only acceptable under limited
conditions; and 4, unacceptable. The presence of artifacts was graded
on a 4-point scale: 1, no artifacts; 2, minor artifacts; 3, major artifacts;
and 4, artifacts that make interpretation impossible. The grading
method was constructed around the European Guidelines on Quality
Criteria for Computed Tomography."’

Statistical Analysis
We compared the STD and LD groups by using quantitative measure-
ments and qualitative modal scores. For modal score comparison, the
average of the scores of the 2 readers was used.

An unpaired Student ¢ test was used for continuous variables, and
a Wilcoxon rank sum (Mann-Whitney U) test was used for categoric
variables. A statistically significant difference was P < .05. The degree
of interobserver agreement was determined by using k statistics
(Statistical Package for the Social Sciences, Version 13.0; SPSS,
Chicago, Illinois).

Results
The differences in the ages and number of images were not
significant (P > .05).

After lowering the tube current, we achieved a significant
dose reduction of 26% in the CTDI of the posterior fossa, 35%
in the CTDI of the cerebrum, and 31% in the DLP and ED
(P <.001) (Table 1).

The quantitative and qualitative measures are presented in
Table 2.

Noise measured in the air and CSF in the LD group was less
than that of in STD group, with insignificant difference in the
former (P = .273) and a significant difference in the latter
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Table 1: Dose parameters

Mean Parameter STD Group LD Group P

CTDI,,, posterior fossa (mGy) 93.49 = 2.26 69.14 =148  <.001
CTDI,,, cerebrum (mGy) 59.40 + 1.44 38.55 = 0.83 <.001
No. of images 395+25 398 +27 470
DLP (mGy>cm) 1081.28 = 66.57 748.61 =51.78 <.001
Effective dose (mSv) 23+0.1 16 = 0.1 <.001

Table 2: Quantitative and qualitative measures

Mean Measure STD Group LD Group P

Measured noise in the air (HU) 3.40 = 0.50 3.32 =043 273
Measured noise in the WM (HU) 3.60 = 0.33 407 =052 <.001
Measured noise in the CSF (HU) 3.46 = 0.48 2.92 + 0.46 <.001
CNR 229 + 061 240 = 0.74 349
SNR 6.77 = 0.86 5.52 = 0.80 <.001
Subjective image noise 1.53 = 0.50 1.86 = 0.40 <.001
Sharpness 143 =045 1.63 = 0.57 .04

Diagnostic acceptability 1.16 = 0.41 1.24 042 .062
Artifacts 209+030 202=*031 148

(P <.001). On the other hand, when we measured noise in the
WM, we found higher noise values and lower SNR in the LD
group than in the STD group (P < .001). The difference in the
CNR values was insignificant (P = .349).

There was no significant difference in the diagnostic ac-
ceptability (P = .062) and artifacts (P = .148) between groups.
None of the images of the patients were graded as diagnosti-
cally unacceptable. Two patients (1 from the LD group, 1 from
the STD group) had scores of 3 (Fig 1), and 2 patients (both
from the LD group) had scores of 2.5. The rest of the patients
(97%, 95/98, of the LD group; 98%, 50/51, of the STD group)
had scores =2 (Fig 2). None of the patients had artifacts that
impeded evaluation.

Modal scores for subjective image noise (P < .001) and
sharpness (P = .04) were better in the STD group. However,
all patients in both groups were considered suitable for report-
ing, thus having scores of =3 for both criteria.

Interobserver agreements were moderate for image noise
(k = 0.556), sharpness (k = 0.539), and diagnostic acceptabil-
ity (k = 0.540) and substantial for artifacts (k = 0.613). The
differences between the scores of the readers never exceeded 1
in any criteria. The visual scores for both readers are given in
Table 3.

Discussion
With the increasing public awareness of the radiation dose
burden of radiologic examinations, dose-reduction strategies
for CT have attracted marked interest among the research
community. In pursuit of such new approaches to reduce the
radiation dose in CT, relatively old iterative reconstruction
algorithms have been increasingly revisited in this research
field. Most of the scanners that are in use currently have ana-
lytic reconstruction algorithms called “FBP.” While FBP is fast
as an algorithm, it is also sensitive to noise and artifacts be-
cause it ignores the system optics and statistical fluctuations of
photons. On the other hand, with iterative reconstruction
methods, the focal spot size, image voxel, and detector size
(namely system optics) are taken into consideration.”?°
Iterative reconstruction starts with an initial estimate and
forward projection. Subsequently, this projection is updated

1580  Kilic | AJNR 32 | Oct 2011 | www.ajnr.org

to minimize the difference between the actual image and the
forward projection. Photon statistics are also put into this es-
timation, updating flow. Abnormal measurements, which are
deviated far from the adjacent ones, are considered statistical
fluctuations and are removed. This process is repeated until
the difference between the successive iterations gets smaller.
The largest part of the extensive calculations required is mostly
for the modeling of the system optics. On the other hand, the
modeling of system statistics is not as demanding as the mod-
eling of system optics. The reconstruction algorithm used in
our system (ASIR) deals only with the system statistics; by
doing so, it allows faster reconstruction.”’

The vendors tend to implement their own iterative image
reconstruction methods to achieve dose reduction without
image-quality degradation (GE: ASIR; Siemens, Erlangen, Ger-
many: Iterative Reconstruction in Image Space*'**; Toshiba
Medical Systems, Tokyo, Japan: Adaptive Iterative Dose Re-
duction; and Philips Healthcare, Best, the Netherlands:
iDose.>* With these methods, 30%—80% dose reduction is
expected.

By adapting ASIR into our protocols, we observed a reduc-
tion in the head CT dose by 31% in the LD group without
compromising the CNR and diagnostic acceptability. Similar
reductions were reported in abdomen CT by Hara et al (29%-—
65%),° Prakash et al (25.1%),” and Sagara et al (33%)® and in
chest CT by Prakash et al (27.6%).'® Notably, Flicek et al*
were able to reduce the dose by 50% in their study, in which
they compared an STD supine set with an LD prone set with
ASIR in a CT colonoscopy examination without degrading
image quality.

We achieved different levels of noise reduction across the
image plane. Noise measurements in the air revealed insignif-
icant differences between the LD and STD groups. We found
lower noise levels in the CSF of the LD group than of the STD
group. However, unlike the above-mentioned studies, with
these reduced levels of dose, WM measurements (noise and
SNR) and visual scores of noise were better in the STD group.
Our results were in concordance with those of Marin et al.>° By
using the noise power spectrum curve, they showed that the
effect of ASIR on the noise reduction was more noticeable in
the smoother areas than in the grainy areas. In light of these
findings, we propose that less aggressive noise reduction
(<30%) should be aimed at head CT examinations if keeping
the noise at routine levels is desired. Because 97% (95/98) of
the examinations in the LD group were considered fully or
probably acceptable for diagnosis, we have kept using LD set-
tings as our routine head CT protocol.

We observed better image sharpness scores in the STD
group than in the LD group. Sagara et al® also reported the
same finding without affecting the diagnostic acceptability.
We attributed this to the oversmoothing effect of ASIR as well
as to the noise. At higher levels of ASIR, contours of structures
begin to blur and sharpness decreases.® Even if we chose a low
ASIR percentage (30%), we could not prevent the sharpness
from degrading.

Minor artifacts seen in both groups were expected such as
beam-hardening artifacts at the posterior fossa. Higher tube
settings were used in the posterior fossa to decrease the mag-
nitude of artifacts. We did not observe any artifacts in either
group that made interpretation impossible.



Fig 1. Axial images of a 34-year-old woman with normal findings at the level of the posterior fossa (4) and basal ganglia (B). The patient belongs to the LD group (DLP, 832 mGyXxcm).
Note that the WM and GM differentiation is decreased. This is 1 of the 2 examinations that are considered diagnostically acceptable only under limited conditions (score of 3 for diagnostic

acceptability criterion).

Fig 2. Axial images of a 45-year-old woman (A and C) from the STD group (DLP, 1100 mGy>cm) and a 37-year-old man (B and D) from the LD group (DLP, 713 mGy>cm) are compared.
Both examinations have good WM and GM differentiation and are considered fully acceptable (score of 1 for diagnostic acceptability criterion). A and B, Posterior fossa. C and D, Basal

ganglia.

There are limitations to our study. First, we disregarded
patients with images with severe artifacts caused by foreign
bodies, metallic surgical materials, and movement of the head,
which might have also been compared. They were too small in
number for a healthy comparison to be made; thus, larger

series are needed. Second, we used a small region of interest
(60 mm? for air and 40 mm? for WM). This could not be
prevented because of a lack of space in and around the cra-
nium. Therefore, to overcome this, we made measurements
on 3 consecutive sections and averaged them. Third, we did
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Table 3: Visual scores for readers 1 and 2

Reader 1 Reader 2

STD Group LD Group STD Group LD Group
Subjective image noise 1.53 = 0.58 1.92 =042 153 =0.58 1.81 =047
Sharpness 1.45 =050 165056 1.41 =050 1.57 £0.56
Diagnostic acceptability 1.16 = 0.42 1.28 =051 1.16 £ 042 1.21 =044
Artifacts 2.06 =031 2.02+038 212033 201 =030

Mean of Criteria

not verify our results with different scanning and reconstruc-
tion settings. Our findings should be validated on a head
phantom and should be correlated with different detector
configurations. Fourth, we did not assess the diagnostic accu-
racy or the effect of ASIR on the different disease subgroups
in this study. Larger prospective series are warranted for this.

For the future studies, ASIR can be used in conjunction
with other dose-reduction methods, such as automatic tube-
current modulation. Smith et al® proposed that automatic
tube-current modulation could be used as an effective dose-
reduction tool for head CT. Therefore, when incorporated
with ASIR, more dose reduction would be possible. In addi-
tion, although we did not assess the diagnostic accuracy or the
effect of ASIR on the different disease subgroups in the present
study with a limited sample size, we suggest that future studies
in a larger sample might consider such further stratified
analyses.

Conclusions

ASIR appears to reduce the dose in adult head CT examina-
tions performed on a 16-section multidetector row CT scan-
ner without compromising the diagnostic acceptability. While
the effect of ASIR on the noise reduction observed in the pres-
ent study of head CT is less than that reported previously in
abdomen and chest CT, these findings encourage further pro-
spective studies in larger patient samples.
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