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Effect of Tube Voltage on Image Quality in
64-Section Multidetector 3D CT Angiography:
Evaluation with a Vascular Phantom with
Superimposed Bone Skull Structures

BACKGROUND AND PURPOSE: Optimal tube voltage and tube current settings are not well established.
The purpose of our study was to investigate the image quality on 3D CT angiograms of the brain at
various kilovoltage settings by evaluating the depiction of simulated intracranial lesions by using a
vascular phantom.

MATERIALS AND METHODS: An anthropomorphic vascular phantom with superimposed bone skull
structures was designed to simulate various intracranial aneurysms with aneurysmal blebs. We
performed CT angiography by using a 64-detector row CT scanner for various effective tube currents
with 4 tube voltages of 80, 100, 120, and 135 kV(p). Simulated aneurysm enhancement and image
noise were quantified; SNR and CNR were calculated. The depiction of the simulated aneurysms and
blebs on 3D CT angiograms obtained with the volume-rendering technigue was subjectively assessed.
The effective dose was calculated on the basis of a CTDIw. The results of several protocols were
compared by using the Student t test.

RESULTS: At identical doses levels (CTDIw), the mean SNR and CNR at 100 kV(p) were significantly
higher than those at 80, 120, and 135 kV(p); and the mean qualitative image score at 100 kV(p) was
significantly superior to those at 80 and 135 kV(p).

CONCLUSIONS: Our phantom study suggests that the tube voltage of 100 kV(p) is desirable for
cerebral 3D CT angiograms, and the higher or lower kilovoltage settings may result in the degradation

in diagnostic image quality.

ABBREVIATIONS: CNR = contrast-to-noise ratio; CTDIw = weighted CT dose index; kV(p) = kilovolt
(peak); MDCT = multidetector row CT; ROl = region of interest; SNR = signal-to-noise ratio

T angiography has increasingly been recognized as an ef-
ficient noninvasive imaging method in the evaluation of
patients with suspected intracranial aneurysms. The recent in-
troduction of MDCT can offer volumetric acquisition with
considerable improvement in the image quality and spatial
resolution. A recently published series has shown that 64-de-
tector row CT angiography is an imaging method with a good
interobserver reproducibility and a high sensitivity and speci-
ficity for the detection and the morphologic evaluation of in-
tracranial aneurysms, though MDCT angiography still has
limited sensitivity in detecting aneurysms of <3 mm."' On the
other hand, there is a trend toward an increased radiation dose
with MDCT compared with the dose used for single-detector
row CT.>? Therefore, the evaluation of potential options for
dose reduction is important and has become the focus of

research.*”
In an attempt to mitigate the hazards of radiation exposure,
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various technologic- and patient-based strategies have been
evaluated to optimize the tube voltage and tube current set-
tings.®®'° Ertl-Wagner et al® have reported that higher tube
voltage resulted in better image quality. However, their study
was conducted to evaluate the 80 kV(p) techniques for lower-
ing the radiation dose; therefore, the tube currents were not
increased when 80 kV(p) was used. On the other hand, some
investigators recommended low-tube-voltage scanning with
properly adjusted tube currents for reducing the radiation
dose at cerebral CT scanning.”'® Waaijer et al’ reported that,
in a phantom study, with identical CT dose index volume, a
tube voltage of 90 kV(p) resulted in a 45%—52% increase of
SNR? compared with SNR* at 120 kV(p). An important limi-
tation of the study of Waaijer et al was their phantom design
without superimposed bone skull structures; the phantom,
which could not produce the x-ray attenuation or scatter of a
skull, may have collected much more radiation exposure for
generating these images than would have been the case in a
human examination.

Some researchers, for evaluation of the normal small ves-
sels in patients, reported better image quality at 80 or 90 kV(p)
scanning than at 120 kV(p).>'® However, they have not eval-
uated the diagnostic value of cerebral vascular lesions such as
intracranial aneurysms. Moreover, to our knowledge, there
have been no studies on the evaluation of the ability of 3D CT
angiograms with MDCT to delineate cerebral vascular lesions
at various kilovoltage settings. Thus, the purpose of our study
was to investigate image quality on 3D CT angiograms of the



Fig 1. Photograph (A) and schematic drawing (B) of the anthropomorphic vascular phantom used in this study.

brain at various kilovoltage settings by evaluating the depic-
tion of simulated intracranial aneurysms and aneurysmal
blebs by using an anthropomorphic vascular phantom with
superimposed bone skull structures.

Materials and Methods

Phantom Design

An anthropomorphic vascular phantom (Renaissance of Technology,
Shizuoka, Japan), which consisted of a 19-cm-diameter cylinder
made of silicone rubber, was designed to simulate the intracranial
arteries with various intracranial aneurysms; the arteries and aneu-
rysms were bored through the silicone rubber (Fig 1). Two types of
simulated aneurysms (8 aneurysms with diameters of 3 mm and 6
with diameters of 6 mm) were placed on the simulated internal ca-
rotid and middle cerebral arteries. Of the 14 aneurysms, 6 had an
aneurysmal bleb with a diameter of 2 mm, which was placed at a tip
onto the surface of the aneurysm. This phantom also had superim-
posed bone skull structures, which were made of gypsum.

Image Acquisition

All CT examinations were performed with a 64-section scanner (Aq-
uilion 64; Toshiba Medical Systems, Tokyo, Japan). Before the phan-
tom study, by using CT angiograms obtained with 5 clinical patients,
we calculated the CNR of the internal carotid artery with respect to the
background (brain parenchyma) by drawing a 2-mm? ROI. For the
clinical patients, the scanning parameters were a tube current of 200
mA, tube voltage of 120 kV(p), a detector collimation of 64 X 0.5 mm,
beam pitch of 0.641:1, and a 0.75-second gantry-rotation time. The
CNRs were calculated as follows: (ROIa — ROIb) / SDb, where ROIa
and ROIb were the CT numbers of the artery ROL, and background
ROI, and SDb [background noise] was the SD of the CT numbers of
the background. The mean CNR with clinical patients was 16.0 = 2.4.
To emulate the clinical conditions for CT angiography, we examined
the vascular phantoms filled with various concentrations of nonionic
contrast material (iohexol, Omnipaque 300 [300-mg iodine per mil-
liliter]; Daiichi Sankyo, Tokyo, Japan) and distilled water, and we
prepared 2 kinds of contrast material concentrations (20 and 15 mg
I/mL). The CNRs obtained with the vascular phantoms by using the
same CT parameters as in the clinical patients were 13.4and 17.8 at 15
and 20 mg I/mL, respectively. These 2 kinds of contrast material so-
lutions were prepared just before scanning to prevent settling of the
solution. Then, we sank the vascular phantom into a column-shaped

Table 1: Scanning parameters for CT angiography

kV(p) mA CTDIw (mGy)
80 360 33
420 38
470 43
100 210 33
240 38
270 43
300 48
330 53
120 140 33
160 38
180 43
200 48
220 53
135 110 33
120 38
130 43
140 48
150 53

container filled with the iodinated solutions so as to fill the hollow
intracranial arteries and aneurysms of the vascular phantom with the
contrast material without introduction of air bubbles.

By drawing a 20-mm?” ROI, we measured the CT number at 3
points (frontal bone, temporal bone, and occipital bone) of the cal-
varia on CT angiograms in 5 clinical patients who did not have bone
lesions (2 men, 3 women; mean age, 66.2 years; range, 57—72 years)
and the CT number at 5 points of the superimposed bone skull struc-
tures of the phantom. The mean CT number was 1017 £ 1.92 for the
phantom and 853.6 = 187.8 for the clinical patients.

Each vascular phantom with the iodinated solution was scanned
with 4 tube voltages, 80, 100, 120, and 135 kV(p), in combination with
various effective tube-current settings, which ranged from 110 to 470
mA (Table 1). For the standard 160-mm CT dose index phantom, a
weighted average of the measurements obtained in the 4 peripheral
positions and in the central position was used to calculate the CTDIw,
which, in a static setup, is identical to the CT dose index volume. We
could not perform the CT angiography at 80 kV(p) in high CT dose
index volumes (48 and 53 mGy) because of a technical problem with
MDCT system. For all CT angiograms, the following parameters were
kept constant: a detector collimation of 64 X 0.5 mm, beam pitch of
0.641:1, and 0.75-second gantry rotation time. The images were re-
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Table 2: Mean objective measurements of background noise®

CTDIw 15 mg I/mL 20 mg I/mL

(mGy) 80 kV(p) 100 kV(p) 120 kV(p) 135 kVp 80 kV(p) 100 kV(p) 120 kV(p) 135 kV(p)

33 348018 242024 211 £0.18 20.0 =0.20 353014 249 = 0.03 21.7 = 0.08 200*=0.16

38 31.4+0.26 223+034 19.4 £ 0.27 193 £0.12 329+028 23.0%=0.07 19.8 = 0.14 19.2 £ 0.02

43 293 £0.13 215*+0.14 18.6 = 0.08 18.0 = 0.15 29.7 £0.28 216 +0.28 18.6 = 0.07 17.7 £0.02

48 20.2 =0.16 17.7 £0.19 16.9 = 0.16 205028 17.9 £ 0.01 16.6 = 0.02

53 194 =01 16.6 = 0.21 16.3 £0.13 19.4 £ 013 6.5+ 0.16 15.9 + 0.02

? Data are the mean * SD.
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Aradiologist (Y.M.) interpreted the CT angiograms and selected the 8
simulated aneurysms with diameters of 3 mm and 6 blebs with diam-
eters of 2 mm for the evaluation; the aneurysms containing air bub-
bles in the phantom lumen were eliminated in this process. The image
quality of the CT angiography was evaluated by 2 experienced neuro-
radiologists (S.K, K.K.) together, according to the depiction of the
aneurysms and blebs, and the final judgments were obtained by con-
sensus. For interpretation of CT angiography, these radiologists were
blinded to the CT imaging parameters (effective tube current, tube
voltage). The volume-rendered display was used for this evaluation of
CT angiography. In assessing the CT angiography, each image was
analyzed separately, and only 1 image was shown at a time. The sche-
matic drawing of an anthropomorphic vascular phantom was always
used as the standard of reference (Fig 1B), and the radiologists rated
the aneurysm and aneurysmal bleb depiction by using a 5-point scale
as follows: 5 = excellent (an aneurysm or aneurysmal bleb was de-
picted with same quality, which was close to that at the schematic
drawing), 4 = more than adequate (aneurysm or aneurysmal bleb was
clearly depicted but image quality was somewhat reduced compared
with that at the schematic drawing), 3 = adequate (depiction of the
aneurysm or aneurysmal bleb was still sufficient), 2 = insufficient
visualization, 1 = not visible. After determining consensus in each
aneurysm as to the depiction of an aneurysm and aneurysmal bleb, a
single neuroradiologist reviewer (S.K.) measured the width of the
aneurysm on the 3D renderings of the CT angiography to evaluate the
accuracy of aneurysm measurements by using the schematic drawing
of the phantom as the standard of reference. The 8 simulated aneu-
rysms with diameters of 3 mm (width of the aneurysm, 3 mm) were
evaluated.

The CT angiograms were displayed and interpreted on a diagnos-
tic monitor (Flexscan L365; EIZO NANAO, Ishikawa, Japan). An in-
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Fig 2. Graphs show the mean SNRs obtained at contrast material concentrations of 15 (4)
and 20 mg I/mL (B). Asterisks show statistically significant differences at identical CTDI,ys
compared with the values of the standard CT image at 100 kV(p). At identical dose levels,
the mean SNRs at 100 kV(p) from contrast material concentrations of 15 and 20 mg I/mL
are significantly higher than those at 80, 120, and 135 kV(p) (P < .05).

tuitive and efficient user interface allows the manipulation of these
views in real-time, and the radiologists determined the threshold of
vessel images in each subject by interactively observing the CT angio-
grams at the workstation.

Statistical Analysis

For each subset of CT images, the qualitative image scores and the
objective image quality (background noise and SNR and CNR mea-
surements) for the cerebral vascular lesions were reported as mean =
SD, and a paired t test (StatView, Version I-5.0; SAS Institute, Cary,
North Carolina) was used to determine significant differences be-
tween the results of the following parameters: SNR, CNR, and quali-
tative image scores. A P value < .05 was considered to indicate a
statistically significant difference.

Results

At identical doses levels (CTDIw), the background noise sig-
nificantly increased as tube voltage decreased (P < .05) (Table
2). At identical doses levels, the mean SNR and mean CNR at
100 kV(p) from contrast material concentrations of 15 and 20
mg I/mL were significantly higher than those at 80, 120, and
135 kV(p) (P < .05) (Figs 2 and 3). For the mean qualitative
image score with regard to the depiction of the simulated ce-
rebral vascular lesions, 100 kV(p) was significantly superior to
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Fig 3. Graphs show the mean CNRs obtained at contrast material concentrations of 15 (A4)
and 20 mg I/mL (B). Asterisks show statistically significant differences at identical CTDIyys,
compared with the values of the standard CT image at 100 kV(p). At identical dose levels,
the mean CNRs at 100 kV(p) from contrast material concentrations of 15 and 20 mg I/mL
are significantly higher than those at 80, 120, and 135 kV(p) (P < .05).

that at 80 and 135 kV(p) for both contrast material concentra-
tions (P < .05) (Table 3 and Fig 4). When we compared them
at identical doses levels (CTDIw), the mean qualitative image
scores were higher at 100 than at 120 kV(p) at both contrast
material concentrations, and there was a significant difference
between 100 and 120 kV(p) in CT dose index volumes of 33,
38, and 43 mGy at contrast material concentrations of 15 mg
I/mL (P < .05) (Table 3). At identical dose levels, the mean
width of the aneurysm on CT angiography at 100 and 120
kV(p) more closely approximated 3 mm as the standard of
reference than widths at 80 and 135 kV(p) for both contrast
material concentrations (Table 4), while there was no differ-
ence between 100 and 120 kV(p).

Discussion
Precise visualization of the aneurysm neck and its relationship
with parent vessels is a fundamental factor that must be as-
sessed before choosing between an endovascular and neuro-
surgical treatment. Knowing the shape and size of the aneu-
rysm also is essential before performing endovascular
occlusion with coils. Recently, these can be obtained in part as
3D information by using CT angiography.''"'* Generally, in
clinical settings, an evaluation of CT angiography is per-
formed with 3D images to analyze an anatomic structure with
multidirectional views. Therefore, the evaluation with a re-
constructed 3D CT angiogram may be needed for an investi-
gation of the image quality of CT angiography. In our study,
we used a volume-rendering technique for reconstruction. In
the widely applied postprocessing method for spiral CT data,
volume rendering is the favored procedure for
reconstruction.'>'®

To our knowledge, previous studies have not assessed the
highest or lowest possible kilovoltage settings for the given
diagnostic task. In our study, among CT angiograms obtained

at 4 kilovoltage settings, the best image quality was obtained at
the 100-kV (p) setting; the higher or lower kilovoltage settings
resulted in the degradation in contrast and diagnostic image
quality of cerebral of CT angiography. In scans obtained with
alow tube voltage, the contrast was enhanced because iodine-
based contrast material provides greater x-ray attenuation
caused by the increase in the relative atomic number of iodine
(Z = 53) at exposure to reduced x-ray energy. The photoelec-
tric effect in x-ray attenuation increases at lower tube voltages,
particularly in scans of structures with high effective atomic
numbers, such as iodinated contrast material. Because of
Compton scattering, most x-rays interact less with soft tissue
as the tube voltage increases. Therefore, a reduction in the tube
voltage leads to an increase in the attenuation of iodinated
contrast material as the photoelectric effect increases and
Compton scattering decreases. Consequently, because the K-
edge of iodine is closer to the reduced voltage, beam attenua-
tion is increased and higher attenuation readings are ob-
tained.'” Waaijer et al® reported that, in head phantoms, lower
tube voltage improved SNR at equal radiation doses. More-
over, the authors demonstrated, for evaluation of the circle of
Willis in patients, that the better image quality was seen at
90-kV(p) scanning than at 120-kV(p) scanning, even if the
patient dose was reduced by approximately 30%. We also
found that SNR, CNR, and mean qualitative image scores were
substantially higher at 100 than at 135 kV(p) when we com-
pared these at identical doses levels (CTDIw).

Nakayama et al'® reported that, by decreasing the tube volt-
age from 120 to 90 kV(p), the amount of contrast material
could be reduced without image quality degradation and the
radiation dose could be reduced by as much as 56.8%. In our
study, the mean qualitative image score was significantly
higher at 100 than at 120 kV(p) for relatively low CT dose
index volumes (33, 38, and 43 mGy) with the use of a concen-
tration of 15 mg I/mL, though there was no significant differ-
ence in CT dose index volumes of 48 and 53 mGy. Our results
may also indicate that intracranial CT angiography at 100
kV(p) has a potential benefit at a lower radiation-dose setting
with a reduced amount of contrast material compared with
that at 120 kV(p).

At a lower tube voltage, the influence of the photoelectric
effect in the presence of iodinated contrast media is greater
because of the 33-keV K-edge of iodine.'” However, the close
topographic proximity of osseous and vascular structures in
the skull may hinder the application of this principle to intra-
cranial CT angiography. In this study, SNR and CNR were
higher at 100 than at the 80 kV(p), and the readers subjectively
rated the image quality regarding the depiction of the simu-
lated cerebral vascular lesions to be significantly better at 100
than at 80 kV(p). Our results support the finding of a previous
study,” which reported that image quality was worse at 80 than
at 120 or 140 kV(p), particularly in vessels adjacent to bone.
Naturally, the use of 80 kV(p) causes an increase in noise in
addition to the accentuation of beam-hardening artifacts, al-
ways to be expected with lower kilovoltage settings. Our re-
sults also demonstrated that, at identical dose levels, image
noise significantly increased as tube voltage decreased. More-
over, the attenuation of the surrounding structures (ie, the
brain parenchyma or the skull base) also increased at lower
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Table 3: Mean qualitative image scores for the depiction of simulated aneurysms and blebs®

(mGy) 80 kV(p) 100 kV(p) 120 kV(p) 135 kV(p) 80 kV(p) 100 kV(p) 120 kV(p) 135 kV(p)

33 1.86 = 0.54° 2.86 =+ 0.66 229 + 0.72° 1.79 = 0.58° 3.07 £ 062° 3.57 = 0.65 3.36 = 0.63 271 + 047°
38 207 £073° 3.07 + 0.62 2.57 + 0.85° 2.21 + 0.80° 329 +061° 3.79 + 0.58 357 + 051 292 +061°
43 2.57 = 0.65° 3.14 + 0.66 285+ 0.77° 2.28 +0.82° 3.50 + 0.65° 3.92 + 0.48 3.85 + 0.66 3.07 = 0.62°
48 3.36 + 0.63 3.29 + 0.61 271 +091° 4.07 * 0.48 4.00 + 0.55 329 +061°
53 3.71 = 0.61 3.57 + 0.51 286 + 0.77° 4.43 * 0.65 421 +0.70 357 +051°

2 Data are the mean = SD.

b Statistically significant difference at identical CTDIws, compared with the value of the standard CT image at 100 kV(p).

Fig 4. CT angiograms at a concentration of 20 mg I/mL and at identical dose levels (CTDIw of 38 mGy). A, Tube voltage is 80 kV(p). B, 100 kV(p). C, 120 kV(p). D, 135 kV(p). For the mean
qualitative image score with regard to the depiction of the simulated intracranial aneurysms (arrows) and aneurysmal blebs (arrowheads) on CT angiograms, 100 kV(p) is significantly superior

to 80 and 135 kV(p) and is slightly superior to 120 kV(p).

Table 4: Mean width of the 3-mm aneurysm measured with 3D renderings of CT angiography®

CTDIw 15 mg I/mL 20 mg I/mL

(mGy) 80 kV(p) 100 kV(p) 120 kV(p) 135 kV(p) 80 kV(p) 100 kV(p) 120 kV(p) 135 kV(p)
33 245 +0.16 270 £0.11 263014 265 +0.17 263 +£0.14 273 £017 273 +£0.16 265+0.18
38 268 +0.13 281 +0.16 270+0.18 264 +0.21 269 +0.21 2.89 +0.29 270 +0.14 269 +0.20
43 275 021 2.80 = 0.08 2.85+0.13 270 £0.22 2.85+0.18 293 +0.14 288 +0.17 273 £0.17
48 288 +0.10 290 £0.13 273 £017 2.96 +0.06 2.95+0.09 289 +0.26
53 288 +0.12 2.89 +0.10 276 £0.20 2.96 +0.04 293 +0.16 2.86 +0.19

2 Data are the mean = SD.

kilovoltage settings; this increase leads to reduced contrast be-
tween the vessel and its surroundings.

There are several limitations in our study. First, as a limi-
tation of the phantom design, our vascular phantom made of
silicone rubber had a higher CT value and was much less dy-
namic in terms of the absorption range compared with an
actual human head. In addition, the superimposed bone skull
structures, which were made of gypsum, have a higher degree
of attenuation compared with bones of an actual human head.
This results in higher image noise levels on CT angiograms at
80 kV(p), which degrade image quality. Second, we deter-
mined the contrast material concentration to fill the cylinder
tubes of the vascular phantom on the basis of CNR obtained
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with clinical patients, because to our knowledge, this has not
been evaluated in the previous literature. Therefore, the use of
concentrations of 15 and 20 mg I/mL may not reflect the clin-
ical reality. Third, we could not perform CT angiography at 80
kV(p) in high CT dose index volumes (48 and 53 mGy) be-
cause of a technical problem with the MDCT system. Finally,
for the evaluation of cerebral vascular lesions, the volume-
rendering technique was the only 3D display method used in
this study. This can be explained by the arbitrary determina-
tion of low and upper thresholds for data exclusion when per-
forming the volume-rendering technique.

In conclusion, in our phantom study of cranial 3D MDCT
angiography at various kilovoltage settings, we found that ex-



cessively high or low kilovoltage settings resulted in degrada-
tion in contrast and diagnostic image quality regarding the
depiction of the simulated cerebral vascular lesions. Although
a reduction in the tube voltage leads to an increase in the
attenuation of iodinated contrast material, the use of 80 kV(p)
may cause an increase in noise in addition to the accentuation
of beam-hardening artifacts. Our results suggest that it is de-
sirable to use 100 kV(p) for 3D MDCT angiography.
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