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ABSTRACT

Purpose: To reevaluate a tin filter’s (TF) dose reduction effect in computed tomography (CT) using a combination
of an anthropomorphic chest phantom and a rod-shaped phantom.

Methods and materials: A third-generation dual-source CT system equipped with a built-in TF was employed. A
chest phantom was scanned under low-dose conditions of 0.2 to 1.0 mGy with the TF at 100 kV (TF100kV) and
without it at 100 kV and 120 kV (NF100kV and NF120kV). To eliminate effects other than that of the TF, only
filtered back projection (FBP) was used for image reconstruction. On the images of the rod phantom placed inside
the lung field, the CT number and the spatial resolution using the modulation transfer function (MTF) were
measured. Using these indices plus the noise power spectrum (NPS) that was also measured, the detectability
index based on the non-prewhitening model observer (d’ypw) was calculated.

Results: The CT numbers and MTFs were almost identical across the three conditions. The area under the NPS
curve was decreased by 13-17% with the TF compared with non-TF conditions. NPS increases at low frequencies
of < 0.06 mm ™! observed in NF120kV and NF100kV were eliminated by TF100kV. The potential dose reduction
by the TF, estimated using the d’npw values, turned out to be 22 to 25%.

Conclusion: Based on the analysis of the FBP images of a chest phantom, the dose reduction attributable only to

the TF was estimated at 22-25%, notably lower than those reported in previous studies.

Introduction

The cancer risk associated with high amounts of radiation dose
during a computed tomography (CT) scan is a serious concern [1].
Accordingly, CT vendors are constantly developing tools and methods
for reducing the dose required for CT acquisition while mitigating its
influence on image quality. The additional built-in tin filter (TF) is one of
such tools: It absorbs low-energy photons, which tend to increase the
dose to the patient without contributing to image quality, more
aggressively than other filters used in conventional X-ray CT systems
[2]. Because of this aggressive low-energy photon absorption, the X-ray
beam is hardened by the TF, thereby increasing the effective energy.
Therefore, contrast-enhanced protocols are not selected as applications

of the TF. Even at 100 kV instead of a conventional 120 kV, a contrast
reduction by the TF is inevitable [2]. Therefore, combined with demands
for low-dose acquisition in chest CT screening, clinical studies using this
filter have focused on non-contrast-enhanced chest CT [3-8]; the results
of most studies have indicated that the radiation dose was significantly
lower with protocols with a TF than with conventional protocols without
a TF. However, one study for pediatric chest CT reports that the clinical
performance was not significantly different between cases with and
without a TF at the same radiation dose [8]. The majority of studies
preceding to it had reported that significant dose reductions attributable
to a TF were made between different CT systems with and without a TF;
iterative reconstruction (IR) methods used were also different between
the CT systems [3,4,6,7]. Furthermore, variations in physical image
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quality due to the use of a TF were evaluated only with a phantom
simulating an adult abdomen [2]; a numerical simulation investigating
the dose reduction potential of TF with a wider range of tube voltages
was performed; however, its target was also only abdomen [9]. Thus, it
is not prudent to claim that they precisely estimated potential dose re-
ductions for chest CT. Therefore, it has not been clearly explained to date
how much a TF alone contributes to the reduction in dose in chest CT.

The purpose of this study is to estimate the potential contribution of a
TF to dose reduction, using an anthropomorphic chest phantom in
combination with a rod-shaped phantom made of a soft-tissue equiva-
lent material with a precise energy dependency corresponding to the
beam hardening by the TF.

Methods and materials
CT system and phantom

A third-generation dual-source CT system, Somatom Force (Siemens
Healthineers), equipped with a built-in TF with a thickness of 0.6 mm
was employed in this study. An anthropomorphic chest phantom
(LSCT001, Kyoto Kagaku, Japan) that simulates an adult chest was used
in combination with a custom-made rod-shaped phantom for measuring
spatial resolution and the CT number. After removing default parts
simulating lung vessels from the chest phantom, the rod-shaped phan-
tom with a diameter of 20 mm and a height of 30 mm, made of a soft-
tissue equivalent material (STEM-06, Kyoto Kagaku), was placed in-
side the right side of air cavities (corresponding to the right lung field)
created by the removal of the vessel parts. The locations of the center
slice of the rod phantom were 60 mm below the lung apex corresponding
to the apical segment in the upper lobe (AS) and 80 mm above the top of
right dome of the diaphragm corresponding to the basal segment in the
lower lobe (BS) (Fig. 1). The rod phantom was placed such that the rod
axis was parallel to the rotation axis of the CT system. The material of
STEM-06 provides a photon energy dependency equivalent to that of soft
tissue at energies from 40 to 160 keV [10], so that contrast variations
due to the beam hardening caused by the TF can be accurately repro-
duced. One of the purposes of using a rod phantom was to measure its CT
number; the other was to measure spatial resolution (modulation
transfer function (MTF)) from the circular edge of the cross-section
image (disk image) of the rod phantom using the circular edge
method described later.

Data acquisition and reconstruction

Scans in single source mode were performed at 100 kV with the TF
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(TF100kV); 100 kV and 120 kV without it (NF100kV and NF120kV). The
tube current was adjusted to achieve volume CT dose index (CTDIy,))
values of 0.2, 0.4, 0.6, 0.8, and 1.0 mGy. Due to the lower limit of the
tube current, the combination of 0.2 mGy at 120 kV was excluded. The
other conditions were 0.25 s per rotation, a detector configuration of 0.6
x 192 mm, and a pitch factor of 1.2 in helical mode. The chest phantom
including the rod phantom was repeatedly scanned ten times; moreover,
the chest phantom without the rod phantom was also scanned ten times
for noise power spectrum (NPS) measurement (described later). The CT
images were reconstructed with a display field of view (DFOV) of 200
mm, a slice thicknesses of 1.0 mm, a table increment of 1.0 mm, and a
reconstruction kernel of Br40. As for the reconstruction algorithm, only
filtered back projection (FBP) was employed and IR techniques were
excluded because FBP is a linear reconstruction method which can
correctly investigate the lone effect of the TF on image quality.

CT number

The CT number of the rod phantom for each of the three conditions
(TF100kV, NF120kV, and NF100kV) was measured using a total of 100
images (10 consecutive images at each scan) at 1.0 mGy with a region of
interest (ROI) of 32 x 32 pixels. The averaged CT numbers obtained
from the 100 images were compared between the three conditions and
used to calculate the detectability index as described later.

MTF measurement

Prior to the data processing for MTF calculation, image averaging
using the images obtained over the ten acquisitions was performed to
improve the accuracy of MTF measurement by reducing the image noise.
Only the center slice of the rod phantom was used for averaging because
the phantom alignment is precisely identical for all the 10 images. The
image contrast of the rod phantom based on the background (air) was
very high (>1000 Hounsfield unit [HU]); therefore, the contrast-to-
noise ratio of the averaged image clearly satisfied the recommenda-
tion (>15) in a guideline [11] even at the lowest dose of 0.2 mGy. MTFs
were calculated using the circular edge method previously reported
[12-16]. In summary, a one-dimensional (1D) edge spread function
(ESF) was synthesized from the circular edge of the averaged cross
section image. Then, the ESF was differentiated to produce the line
spread function (LSF), followed by a Fourier transform of the LSF to
calculate the frequency responses in MTF.

Fig. 1. CT image examples of a chest phantom
including a rod-shaped phantom with a window
condition for the mediastinum (window width = 500
HU, window center = 30 HU). The rod phantom with
a diameter of 20 mm and a height of 30 mm was
placed (a) in the right lung field at 60 mm below the
lung apex corresponding to the apical segment (AS) in
the upper lobe and (b) at 80 mm above the top of right
dome of diaphragm corresponding to the basal
segment (BS) in the lower lobe.
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NPS measurement

The CT images of the chest phantom without the rod phantom were
reconstructed for the locations corresponding to the AS and the BS. A
total of 200 images (20 consecutive images for one acquisition) were
used for the NPS measurement at each location. For an ROI of 128 x 128
pixels (50 x 50 mm) placed in the uniform area of the lung field (air
part) of each image, the NPS was calculated. An established method
using two-dimensional (2D) Fourier transform was employed
[14,16-18]. The NPS results of the 200 images were averaged to mini-
mize the statistical error of the measurement to a negligible level.

Detectability index

We used the detectability index (d’) based on the non-prewhitening
model observer as a task-specific figure of merit for imaging perfor-
mance [11,19-21], which is calculated using the following formula:

. [ [fWaL () MTF (f)df)’
NOW T2 [ W2 (F)-MTF(f)-NPS(f)df

(€Y

where fis the radial frequency and Wi, is the magnitude of the Fourier
transform of the rod image as shown below,
2J, (ngpf)

mek (f) = AHU—

2
20 (2)

where AHU is the difference in CT number between the soft-tissue
equivalent rod and the air background and J; and ¢ are the First-order
Bessel function and the rod diameter, respectively [22,23]. ¢ was set
at 5.0 mm, assuming a small solid nodule. This model observer compares
the image of interest to a template consisting of the expected signal using
cross-correlation technique, which can be achieved by calculation in the
Fourier domain, including Wy corresponding to the template, shown in
the above equations. This model has been demonstrated to correlate
strongly with human performance for low-contrast detection tasks [12].
We assessed the spatial resolution using the MTF rather than the task
transfer function (TTF) because we used only FBP (which is linear) as the
reconstruction algorithm. Thus, the d%ypy in this study depends on
Wik and NPS. We initially thought of estimating d’ values corre-
sponding to a pure grand-glass nodule (GGN) with a diameter of 5 mm
and AHU = 100-200 HU [24,25]. We decided, however, not to do it
because we presumed that relative changes in d’ value caused by the TF
(i.e., effect of the TF on d’) would not be much different between sim-
ulations of the solid nodule and the pure GGN. The pure GGN’s low CT
numbers tend to be due to air in the alveolar structures in it [25]; thus,
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the rates of CT number change caused by the TF from the CT number
without the TF are expected to be the same between the solid nodule and
pure GGN because of the no energy dependency of air.

Results
CT number

The averaged CT numbers of the rod phantom at the AS were 58.3,
58.6, and 58.2 HU for TF100kV, NF100kV, and NF120KkV, respectively.
Those at the BS were 59.6, 62.8, and 61.2 HU, respectively. A slight
decrease in CT number caused by the beam hardening with a TF was
observed at the BS.

Modulation transfer function

Fig. 2 shows the results of MTF for the AS and the BS at 0.4 mGy. The
MTFs were mostly identical. For this dose, the 50%MTFs of TF100kV,
NF100kV, and NF120kV were 0.344, 0.336, and 0.333 mm™! at AS,
respectively; 0.338, 0.337, and 0.338 mm ™! at BS, respectively. Simi-
larly, MTFs were also mostly identical at the other doses.

Noise power spectrum

Fig. 3 shows the results of NPS at 0.4 and 0.8 mGy. The NPSs at the
other doses exhibited similar tendencies. Table 1 shows the area under
the NPS curve for all the NPSs. Conspicuous differences between TF and
NF cases were observed at low spatial frequencies of < 0.06 mm !,
which are greater with NF100kV and NF120kV than with TF100kV. It is
suspected that the increases in noise resulted from more streak artifacts
observed with NF100kV and NF120kV than with TF100kV. The area
under the NPS curve of TF100kV was 13.7-15.9% lower than that of

NF100kV and 12.6-16.9% lower than that of NF120kV.

Detectability index

Fig. 4 shows how d*npw varies as a function of radiation dose. For
the AS, the percent increases of TF100kV compared with NF120kV
ranged from 21.8 (0.6 mGy) to 26.2% (0.4 mGy). Those compared with
NF100kV ranged from 22.0 (0.4 mGy) to 28.9% (1.0 mGy). For the BS,
the percent increases of TF100kV compared with NF120kV ranged from
18.0 (0.6 mGy) to 23.6% (0.8 mGy). Those compared with NF100kV
ranged from 16.4 (0.2 mGy) to 27.5% (1.0 mG). When using TF100kV
(by appropriately reducing the dose) as compared with NF120kV at 0.6
mGy, the potential dose reduction was 22% at both the AS and the BS.

1.2

0.8

MTF

0.6

0.4

0.2

0 . . . :
0 0.2 0.4 0.6 0.8 1 12
Spatial frequency (mm-')

(b)

Fig. 2. MTF results for (a) the AS and (b) the BS at 0.4 mGy for 100 kV with the TF (TF100kV); 100 kV and 120 kV without TF (NF100kV and NF120kV). Similarly,

MTFs were also mostly identical at the other doses (0.2, 0.6, 0.8, and 1.0 mGy).
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Fig. 3. NPS results of TF100kV, NF120kV, and NF100kV for (a) the AS and (b) the BS at 0.4 mGy; (c) the AS and (d) the BS at 0.8 mGy. The NPSs at the other doses

(0.2, 0.6, and 1.0 mGy) exhibited similar tendencies.

Table 1

Results of area under the NPS curve for TF100kV, NF120kV, and NF100kV at dose levels of 0.2 to 1.0 mGy.

Area under the NPS curve (HU~mm2)

Location corresponding to AS

Location corresponding to BS

CTDIvol (mGy) TF100kV NF120kV NF100kV TF100kV NF120kV NF100kV
0.2 526.7 NA 602.4 357.6 NA 404.1
0.4 334.4 402.3 381.9 206.9 249.0 244.3
0.6 248.9 284.6 288.6 157.6 180.4 182.2
0.8 202.9 237.9 238.6 125.8 147.7 146.7
1.0 173.1 203.8 205.9 107.0 124.1 126.9

NA: not applicable.

Those based on NF100kV at 0.6 mGy were 25% at the AS and 24% at the
BS.

CT images
Figs. 5 and 6 show typical CT images of TF100kV and NF120kV with

window conditions for the mediastinum and the lung field, respectively.
Corresponding to the NPS difference of 17% at both the AS and the BS,

64

the image noise was somewhat lower with TF100kV than with
NF120kV. In addition, although it is difficult in the lung regions, it is
observed that the streak artifacts in the soft-tissue regions (arrows in
Fig. 5) were reduced in the TF100kV compared with NF120kV.

Discussion

This study assessed imaging performance under low-dose conditions
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4. d2ypw of TF100kV, NF120kV, and NF100KkV as a function of radiation dose for (a) the AS and (b) the BS.

Fig. 5. Typical CT images obtained at 0.4 mGy with a window condition for the mediastinum (window width = 500 HU, window center = 30 HU) for (a) NF120kV

and (b) TF100kV at the AS; (c) NF120kV and (d) TF100kV at the BS.

(0.2-1.0 mGy) with a TF (TF100kV) and without a TF (NF100kV and
NF120kV), using d’nypw measured at two locations in an anthropomor-
phic chest phantom. The CT number of the rod phantom decreased
slightly (by 2-3 HU) with the TF, only at the BS; however, its effect on
d’npw Was negligible because the decrease in CT number was buried in
the very high phantom contrast based on the background air (>1050
HU). Since the contrasts were almost identical and also the MTF was not
altered by TF, we conclude that the difference in NPS is the main

65

contributor to the changes in d’nNpy. It was found that the overall level of
the NPS evaluated for the area under the NPS curve decreased roughly
15% with TF100kV compared with the non-TF cases. The NPS increases
at low frequencies below 0.06 mm™! present in the NPSs of NF100kV
and NF120kV were not observed in the NPSs of TF100kV. This suggests
that the TF effectively suppresses the streak artifacts frequently
observed at low doses because of the better penetration of the X-ray
hardened by the TF. As a result of these changes in NPS caused by the TF,
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Fig. 6. Typical CT images obtained at 0.4 mGy with a window condition for the lung field (window width = 1500 HU, window center = — 500 HU) for (a) NF120kV

and (b) TF100kV at the AS; (¢) NF120kV and (d) TF100kV at the BS.

d’szW increased by 21.8-28.9% at the AS and 18.0-27.9% at the BS. We
presume that the slightly higher d"?ypy improvement at the AS was
observed because the effect on the streak artifact reduction was some-
what greater at the AS than at the BS. Based on our hypothesis that the
rate of CT number change does not differ between the solid nodule and
pure GGN, we can also presume that the improvement in d’ ypy by the TF
for situations assuming the pure GGN is the same as that of the solid
nodule. Consequently, with only the modest improvements in d"?ypy by
the TF, we conclude that the potential dose reductions (22-25%) esti-
mated in this study were notably lower than those expected by the re-
sults that have been reported so far.

The 100 kV for the TF was selected because it was reported in a
document provided by the CT manufacturer that the mean energy of
100 kV with TF after passing through 30-cm water is similar to that of
the standard 120 kV. Those energies of TF100kV and NF120kV are 79
and 81 keV, respectively [26]. Mean energies in the air of TF100kV and
NF120kV in the manufacturer’s report are 75 keV and 69 keV, respec-
tively, which are nearly consistent with 76.0 and 64.2 keV reported in
Ref. 2. The 100 kV without TF (the mean energy of 58.7 keV reported in
Ref. 2) was additionally selected to examine the effect of TF at the same
tube voltage. Tube voltages lower than 100 kV are practically difficult to
use because the required tube currents may exceed the maximum one.
Tube voltages higher than 100 kV are also practically difficult because
not only the image contrast is unnecessarily decreased by the beam
hardening by TF especially for bones, but also window setting to
compensate for the contrast variations is not realistic for providing
consistent CT images to many doctors.

Greffier et al. evaluated low-dose conditions (0.4-3.4 mGy) with and
without a TF (TF at 100 kV and 150 kV, non-TF at 100 kV and 120 kV)
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using an ACR QA-phantom placed inside a body ring with a lateral
diameter of 33 cm and an anterior-posterior diameter of 24 cm [2].
Although they also used d’ypw in their assessment of low-dose condi-
tions for chest CT, they used a phantom representing an adult abdomen;
thus, the phantom attenuation was markedly different from (much
higher than in) the present study of ours. Furthermore, they used an IR
algorithm with a fixed strength. The percent improvement at 100 kV
with a TF over the same voltage without a TF was reported to be 89% at
0.4 mGy, while our results showed notably lower improvements of
28.9% at maximum. We attribute this difference primarily to the dif-
ference in phantom attenuation and the use of IR. To properly assess
potential dose reductions by a TF, it is essential to carefully choose a
phantom appropriate for the purpose.

Some previously reported dose reductions by a TF in clinical low-
dose chest CT are also difficult to compare with our results. As
mentioned in Introduction, these studies evaluated image qualities with
and without a TF between two different CT systems (second- and third-
generation dual source CT systems) with different IR techniques and
detector systems. Improved detector systems are effective in reducing
image noise caused under low-dose conditions [27]; IR can offer com-
parable standard deviations (not the NPS) between high and low doses.
It would be well presumable that these improvement factors also
contributed significantly to the high dose reduction rates of nearly 90%
reported in previous studies [3,4,6]. A study that compared a routine
dose of 3.8 mGy without a TF and a low dose of 0.8 mGy with a TF, using
one CT system, concluded that the routine dose with FBP is not signif-
icantly different from the low dose with IR in overall visual image
quality [5]. Thus, in this situation, the dose reduction effect is not
entirely attributable to the TF. Therefore, while potential dose
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reductions in the previous studies featuring a TF are clinically relevant,
the higher potentials were in fact achieved as a combined effect of a TF,
a new detector and/or IR.

The present study has several limitations. First, no observer study
was conducted to validate the potential dose reduction estimated by
d’Npw- Second, we used images reconstructed by FBP in order to evaluate
the dose reduction performance of a TF. However, we should have also
performed d’%py measurements with IR to evaluate the TF’s perfor-
mance to properly simulate the clinical conditions because IR is
commonly used in clinical CT. Third, we used only a chest phantom
mimicking an adult chest. Because of the beam hardening by a TF, there
was a noticeable reduction in the contrast of bones [2]; in general, some
contrast reductions are unavoidable with enhanced organs and vessels,
although our preliminary literature survey produced no concrete evi-
dence. Thus, it would be difficult to extend the application of TF to body
parts other than the chest because the NPS improvement by a TF found
in this study would be marred by contrast reductions. Nonetheless, it
would be worthwhile to measure the effects on detectability index for
other body parts. Fourth, although the tube voltage of 100 kV are
commonly used in chest CT with the TF and tube voltages other than this
voltage are difficult to use clinically as mentioned earlier, different en-
ergy level settings should be investigated to fully examine the effect of
tin filter on the dose reduction.

Conclusion

When FBP images were used to evaluate the lone effect of the TF, the
potential dose reduction at TF100kV, observed at locations corre-
sponding to the apical and basal segments in a chest phantom, was
estimated at 22-25% over NF120kV and NF100kV. This rate is signifi-
cantly lower than those reported in previous studies that evaluated the
combined effect of a TF, the CT system (particularly, detector), and IR in
dose reduction performance.
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