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Recently, there have been several physics and clinical studies on the use of lower tube potentials in CT imag-
ing, with the purpose of improving image quality or further reducing radiation dose. We investigated an exper-
imental study using a series of different sized, polymethyl methacrylate (PMMA) phantoms, demonstrating the
potential strategy for dose reduction and to distinguish component of plaque by imaging their energy responses
using CT. We investigated the relationship between different sizes of cylinderic PMMA equivalent phantoms
with diameter of 12, 16, 20, 24, and 32 cm and used contrast at various tube voltages (80, 100, 120, and 140
kVp) using a 16—detector row CT scanner. The contrast represented CT numbers as different materials for the
water, calcium chloride, and iodine. Phantom insertions also allow quantitative measures of image noise, con-
trast, contrast-to-noise ratio (CNR) and figure of merit (FOM). When evaluating FOM, it was found that the
lower kVp provided the better CNR. An experimental study was performed to demonstrate reduced dose for
both dose efficient and practical feasibility for different patient sizes and diagnostic tasks by relating achiev-
able CNR and the volume CT dose index (CTDI vol). The use of spectra optimized to the specific application
could provide further improvements of distinguishing iodine, calcium and plaque component for patient size.
The purpose of this study was to evaluate variations in image noise and contrast using different tube potentials

in a CTDI phantom on contrast imaging.
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1. Introduction

One of the major challenges with the use of computed
tomography (CT) is to establish the proper tradeoff bet-
ween radiation dose and image quality [1, 2]. Spectral
optimization has not been a topic of great concern; high
tube voltages around 120 kV have been in use since the
beginning of CT [3]. Improved acquisition protocols with
tube potentials of about 80 kVp for imaging iodine have
been proposed for diagnostic CT imaging in a previous
study that included children and adults. Increased X-ray
attenuation results in reduced detector exposure thereby
increasing image noise. When patient size is above a
particular threshold for small FOV (field of view), the
benefit of improved contrast enhancement is negated by
the increased noise level, and the lower tube potential
may reduce image quality compared to a higher tube
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potential at the same dose. For example, if CT examina-
tions can be performed at different tube potentials and
achieve comparable image quality, then it is clearly desir-
able to select the technique that minimizes patient dose. A
certain amount of photons has to pass through the patient
and be captured by detectors. Increased beam hardening
in large patients will increase the mean photon energy and
reduce image contrast [4, 5]. However, with improved X-
ray penetration, differential attenuation decreases and so
does the contrast between soft tissues and materials with
high atomic numbers, such as bones and iodine. A more
recent study used a dose-normalized contrast-to-noise
ratio as the criterion to determine the optimal tube potential
and thereby quantify its dependence on phantom sizes
and contrast material [6-9]. Their results demonstrated
that the selection of tube potential has to be adapted to the
size of the patient and to the diagnostic task to a much
greater degree than is common practice today. In this
work, we directly quantified the relative dose that is
required at each tube potential to achieve a target image
quality. In our phantom study, we investigated the contrast-
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to-noise ratio (CNR) and figure of merit (FOM) relating
to the CNR-to-dose ratio for different concentrations of
iodine, calcium chloride, water, and fat inserts in different
polymethyl-methacrylate (PMMA) phantom backgrounds.
Image CNR characteristics were studied for the range of
lesion composition of interest in CT, which ranged from
low Z (i.e., fat) to high Z (i.e., iodine) materials. The
weighted computed tomography dose index (CTDI,) for
the protocol setting was measured to compare changes in
image quality at the same X-ray dose. The purpose of this
study was to evaluate variations in image noise and con-
trast using different tube potentials in a CTDI phantom on
contrast imaging.

2. Materials and Methods

2.1. Geometry and dimensions of phantoms

The PMMA phantoms used for image quality and dose
measurements are shown with the CT units in the table.
We investigated the relationship between different sizes of
five cylindrical 150-mm long PMMA-equivalent phantoms
with diameters of 12, 16, 20, 24, and 32 c¢m, as shown in
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Fig. 1. Figure 1(b) shows the scout views with different
sizes of PMMA phantoms.

Each phantom had five holes (one central and four
peripheral holes, size 13 mm?) in Fig. 2.

The positions of a circular region of interest (ROI) with
the material (center) and the background (peripheral) for
contrast, noise, CNR, and FOM are shown in Fig. 3.

Material ROI

o

Background ROI (4 holes)

Fig. 3. Positions of the circular ROI with the material (center)
and the background (peripheral) for contrast, noise, CNR, and
FOM.

Fig. 1. (Color online) (a) PMMA phantoms used for image quality and dose measurements. A cylindrical PMMA phantom (12, 16,
20, 24, and 32 cm in diameter) was installed. (b) CT scout view with different sizes of PMMA phantom.

Fig. 2. (Color online) PMMA phantom used for measurements and plastic tube inserted containing water (0 HU), iodine (200 HU),

CaCl, (1000 HU), and fat (-120 HU) contrast solutions.



- 676 -

Table 1. Radiation dose summary for the CT scan used in this
study. Tube current settings were as close as possible to 10
mGy for the four tube potentials.

mAs
kVp
12 cm 16 cm 20 cm 24 cm 32 cm
80 130 200 210 300 330
100 70 105 110 155 195
120 50 70 70 95 125
140 35 50 50 65 85

As in shown in Fig. 2, several samples were placed in
the central region of the phantoms to allow measurements
of water, iodine, calcium, and fat signals within a given
PMMA background. The calcium chloride and iodine
were dissolved in water to mimic corresponding concent-
rations. The calcium chloride concentration was 600 mg/
mL for CaCQO;, and the iodine concentrations were 1.8
mg/mL and 370 mgl/mL for iodine Pamiray (Dong Kuk,
Seoul, Korea).

2.2. CT protocol

Light Speed 16-slice CT (GE, Milwaukee, WI, USA)
was used for evaluation of the radiation dose. Image noise
and contrast were evaluated as measures of image quality.
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CT scanning of the PMMA phantoms was performed
with four tube potentials: 80, 120, 100, and 140 kVp and
with a tube current of 30 to 330 mAs, respectively, as
shown in Table 1.

We performed the effective tube current settings so that
the phantom volume CT dose index (CTDI,,) was as
close as possible to 10 mGy for the four tube potentials.

2.3. Radiation dose measurement for experiments

CTDI has dominated CT dosimetry for more than 25
years since it allows quality assurance and radiation dose
optimization in CT imaging. Standard CTDI measurements
were universally adopted and routinely performed at the
periphery, i.e. 1 cm below the surface (CTDI,) and at the
center (CTDI,) of the standard head and body PMMA
cylindrical phantoms using a pencil ionization chamber
with an active length of 100 mm. In this study, dose
estimates were obtained by standard measurements, using
ionization chambers to measure the CTDI with a 10-cm
pencil-shaped ion chamber and an Unfors Xi CT Electro-
meter (Unfors Xi Corp., Billdal, Sweden). The weighted
value of CTDI was defined as follows:

CTDI, = 1/3CTDI,y, + 2/3CTDI,q, (1)

Table 2. Imaging parameter and image quality results of water, iodine, calcium chloride, and olive oil samples in the plastic tube at

80, 100, 120, and 140 kVp with a PMMA background.

v Contrast Noise CNR FOM

P 12 cm 32 cm 12 cm 32 cm 12 cm 32 cm 12 cm 32 cm
Water (0 HU)
80 3.8 1.6 2.5 34.7 21.1 2.4 5.1 0.1
100 0.1 1.6 2.2 23.6 26.9 35 4.9 1.0
120 0.1 8.3 1.8 18.1 36.5 4.7 53 1.1
140 0.2 8.3 13 15.0 49.4 59 6.2 1.2
Iodine 1.8 mg/mL (200 HU)
80 326 256 4.4 29.3 42.0 3.6 10.2 1.5
100 260 199 32 27.2 33.8 2.0 6.1 0.6
120 210 157 2.6 24.6 25.7 0.8 3.8 0.2
140 178 136 2.1 12.9 21.1 0.1 2.6 0.0
Bone/Calcium chloride 600 mg/mL (1000 HU)
80 1334 1035 5.1 53.5 198 48.9 55.5 6.9
100 1053 804 32 33.0 201 38.0 38.0 4.7
120 870 633 2.0 21.6 210 333 29.4 35
140 746 520 24 19.6 228 22.8 24.8 29
Fat/Olive oil (-120 HU)
80 -155 -127 4.2 247 43.1 6.3 10.5 24
100 -138 -109 3.0 224 523 7.2 94 2.1
120 -128 -97 4.3 18.1 64.0 8.1 9.3 1.9
140 -120 -96 32 18.7 81.2 10.0 10.1 1.9
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Fig. 4. Comparison ROI of acquired PMMA phantom images with different tube potentials: (a) 12 cm (b) 16 cm (c) 20 cm (d) 24
cm (e) 32 cm PMMA phantom at 80, 120, 100, and 140 kVp from left to right, respectively.

2.4. Image quality metrics

The variables used to determine the efficiency of the
phantom were contrast, noise, CNR, CTDI,,, and a figure
of merit (FOM) relating CNR and dose. The CNR was
expressed as:
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Fig. 5. (Color online) CNR values as a function of tube potential for 12 cm to 32 cm PMMA phantoms for (a) fat, (b) water, (c)

iodine, and (d) bone.
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Where Projmareriar 1S the average signal value in Houns-
field units (HU) inside the water, fat, iodine, and calcium
chloride plastic tube under consideration, and oro; material
and 0goy packeround are the corresponding standard deviations.
Pror backgrouna 1 the averaged signal in the PMMA back-
ground. The radiation exposure was quantified by the
CTDI,,. To better discern the effect of tube potential and
phantom size on CNR in relation to patient exposure, a
FOM was calculated as follows:

Fom=—NR_ 3)

JCTDI,,

FOM is independent of exposure and can be used as a
measure of improvement in image quality per radiation
dose. Therefore the assessment of image quality with
regard to dose minimization is carried out using a FOM.

3. Results

3.1. Image contrast and noise for each phantom size
Increasing the tube potential from 80 to 140 kVp
changed the water from —1.2 to 7.0 HU, bone from 1334
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to 520 HU, iodine from 326 to 136 HU, fat from —151 to
—96 HU, and PMMA for background from 88 to 113 HU.
Fig. 4 shows how lesion contrast changed with the select-
ed tube potential for iodine.

3.2. Image quality metrics for CNR

As expected, image noise; contrast; and the correspond-
ing CNR, CTDlI,,;, and FOM were affected by the acqui-
sition tube potential parameters. A full summary of these
results are shown in Table 2.

With low kVp, contrast increased but image noise also
increased, as shown in Fig. 4.

However, Fig. 5 provides a comparison of how much
CNR one gains per unit dose. This gain increases expon-
entially at higher CNR values, as shown in Fig. 6. The
graph demonstrates a dose reduction of 50 % with the use
of 80 kVp instead of 140 kVp.

Our analysis also allows for an assessment of the
overall effect of phantom diameter on dose image quality,
with a statistically significant increase in CTDlI,, (p <
0.0001) and a statistically significant decrease in image
quality (p <0.0001 for CNR) with increasing phantom
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Fig. 6. (Color online) FOM values as a function of tube potential for 12 cm to 32 cm PMMA phantoms for (a) fat, (b) water, (c)

iodine, and (d) bone.
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Fig. 7. (Color online) A plot of CT values for different mate-
rials in a phantom evaluated at 80, 100, 120, and 140 kVp.

size (Table 2 and Fig. 5).

3.3. Effect on FOM

The FOM enabled evaluation of the effect of varying
tube voltage settings on CNRs since this difference pre-
vented direct comparisons of image quality characteristics
of different tube potentials. The FOM was improved with
the use of lower kVp (80 kVp) for both calcium and
iodine (Fig. 6). Additionally, the relationship between the
FOM and different CT energies for calcium and iodine
are shown in Fig. 6.

4. Discussion

Different size phantoms are compatible with CT and
allow quantitative comparisons of important performance
metrics, such as image noise, contrast, CNR, and radiation
exposure. The phantom allows flexible selection of
materials to be inserted. We used water, olive oil for fat,
iodinated contrast material, and calcium chloride for bone

30

kV
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to establish the relationship between the material concent-
ration and CT attenuation. This result was consistent at
different tube potentials (80, 100, 120, and 140 kVp).
Image noise is closely related to tube potential and tube
current, and both of these parameters determine photon
fluency and incident beam. In order to compensate for
image noise when decreasing the tube potential, the tube
current must increase [10, 11]. A higher tube potential
could increase the radiation dose as a result of exposure
to higher X-ray energies. Therefore, selection of the
appropriate scanning parameters is critical to obtaining
optimum image quality as well as minimizing radiation
exposure. Scanning with lower tube potential results in
increased noise caused by direct reduction in photon flux.
Lower tube potential scans have as smaller number of
photons striking the detector, which results in limited data
to construct an optimal image. Inadequate amounts of
constructed data may cause the image appearance to be
very grainy and influence the diagnostic value of the
images. There is a subtle decreasing pattern, which might
be due to insufficient tube current compensation. Our
findings are consistent with a previous study which the
CT attenuation value of iodine increased at a lower tube
potential and resulted in higher image enhancement [12-
18]. A potential explanation for this phenomenon is the
photoelectric effect. At a lower tube potential, the influence
of photoelectric interactions in the presence of iodinated
contrast media is greater compared with Compton scatter-
ing effects because of the 33 keV k-edge of iodine [10,
11]. As a consequence, there is a much more dramatic
increase in the linear attenuation coefficient of iodine than
for water and fat. The increased image noise significantly
reduces conspicuity of low contrast lesions, where the
low kVp may diminish CNR. For imaging materials of
higher atomic number Z, such as contrast media, calci-
fications, and the skeleton, lower tube potentials appear
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Fig. 8. (Color online) Noise values as a function of tube potential for 12 cm to 32 cm PMMA phantoms at fixed 200 mAs and the

10 mGy CTDI,.
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appropriate. The representative photon energies are 51
keV at 80 kVp, 59 keV at 100 kVp, 65 keV at 120 kVp,
and 70 keV at 140 kVp [12]. The reduction of lesion
contrast relative to water is greatest for high atomic
number materials, such as iodine (Z=53) and bone (Z=
20), and low atomic number materials, such as water
(Z=7.51) and fat (Z=6.46), as shown in Fig. 7.

The CT number for calcium solution declined as energy
increased, whereas the CT number of oil increased. Con-
trast increased strongly for lower energies. Noise increased
similarly for lower energies and a given object size. Of
greatest importance, however, is that a simple CNR of
image quality only correlates with imaging performance
when lesions are embedded in a uniform background. The
same radiation dose (10 mGy) can be adjusted according
to the constraint noise level for various sizes of a PMMA
background at different tube potentials, as shown in Fig. 8.

Plotting CNR/CTDI,,, as figure of merit against beam
energy revealed interesting results. CNR measures image
quality, whereas FOM quantifies improvements in image
quality per exposure risk to the patient. This study com-
pared the image quality acquired for different patient
sizes, contrast materials, tube potentials, and dose settings
and may lead to a strategy to improve image quality using
the reference tube potential and dose settings.

5. Conclusion

This paper presents to evaluate variations in image noise
and contrast using different tube potentials in a CTDI
phantom on CT imaging. We performed a study to demon-
strate reduced dose efficiency and practical feasibility for
different patient sizes and diagnostic tasks by relating
achievable CNR and CTDI,,. Our results support using
lower kVp scan protocols in contrast imaging. There is a
clear differentiation between imaging of density-dependent
contrasts and of contrasts presented by high-Z materials.
The use of spectra optimized to the specific application
could provide further improvements in distinguishing
iodine, calcium, and plaque componentsbased on patient
size. Our analysis of phantom CT scans revealed compa-
rable image quality, and indicates that the phantom size
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significantly affects the radiation dose in clinical CT
studies.
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