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Purpose Dedicated breast CT is an emerging volumetric X-ray imaging modality for diagnosis
that does not require any painful breast compression. To improve the detection rate of weakly
enhanced lesions, an adaptive image rescaling (AIR) technique was proposed.

Materials and Methods Two disks containing five identical holes and five holes of different di-
ameters were scanned using 60/100 kVp to obtain single-energy CT (SECT), dual-energy CT
(DECT), and AIR images. A piece of pork was also scanned as a subclinical trial. The image quali-
ty was evaluated using image contrast and contrast-to-noise ratio (CNR). The difference of imag-
ing performances was confirmed using student’s t test.

Results Total mean image contrast of AIR (0.70) reached 74.5% of that of DECT (0.94) and was
higher than that of SECT (0.22) by 318.2%. Total mean CNR of AIR (5.08) was 35.5% of that of SECT
(14.30) and was higher than that of DECT (2.28) by 222.8%. A similar trend was observed in the
subclinical study.

Conclusion The results demonstrated superior image contrast of AIR over SECT, and its higher
overall image quality compared to DECT with half the exposure. Therefore, AIR seems to have
the potential to improve the detectability of lesions with dedicated breast CT.

Index terms Breast Cancer; Computed Tomography, X-Ray; Contrast Agent;
Image Quality Enhancement
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INTRODUCTION

Breast cancer is one of the most frequently occurring cancers and the leading cause of
death from cancer among women worldwide (1). However, despite the increase in the num-
ber of breast cancer cases in recent years, mortality from breast cancer has shown a declin-
ing trend (2). Early detection and subsequent treatment of breast cancer may explain this
conflicting trend. Since the breast cancer is mainly begun within breast parenchyma such as
the ducts (the pipeline for the flow of milk) or the lobules (the breast gland at the terminal of
duct network), the diagnostic imaging of breast has been an effective modality for breast can-
cer screening (3). Currently, mammography and digital breast tomosynthesis (DBT) are the
standard imaging modalities for breast cancer screening, and advanced imaging technolo-
gies such as contrast-enhanced MRI have also been used to diagnose breast cancer (4).

Dedicated breast CT (BCT) has recently been used as a new three-dimensional (3D) diag-
nostic imaging system that can improve the early detection of breast cancer (5, 6). It can pro-
vide 3D anatomical information with higher detectability of imaging targets, especially malig-
nant tumors in dense breasts, than conventional two-dimensional (2D) mammography or
DBT, which have the drawback of superimposition of anatomies (7-9). Moreover, according to
a review paper (7) that evaluated the studies on BCT carried out since 2001, BCT can produce
breast images using a patient exposure comparable to that of conventional two-view mam-
mography in spite of higher dose than simple 2D imaging. In addition, BCT can avoid the
painful physical compression of patients’ breasts, which is essential for mammography and
DBT. Lindfors et al. (5) reported that there was no meaningful difference between BCT and
mammography in distinguishing malignant and benign tumors in a preliminary clinical study
in 2008.

Meanwhile, the usefulness of contrast-enhanced imaging in distinguishing benign and
malignant tissues has been demonstrated by several researchers (10-13). In BCT, contrast-en-
hanced images showed considerable differential enhancement between malignant (55.9 & 4.0
Hounsfield unit [HU]) and benign (17.6 = 6.1 HU) images, which was superior to that of unen-
hanced images (14). However, it is possible that small or weakly contrast-enhanced lesions
may not be detected, but these may be an important sign of early breast cancer. In the clinical
field, dual-energy CT (DECT) is generally used to increase the detectability of contrast-en-
hanced lesions using a material decomposition technique, which was first introduced in the
1970s (15-17). DECT can provide an outstanding image contrast by combining two different X-
ray energetic CT images compared to single-energy CT (SECT). It utilizes lower and higher
tube voltages, which are chosen so that the K-edge of the iodine lies between their mean ener-
gies, thus enabling differentiation of iodine-enhanced lesions from other materials (18, 19).

However, DECT generally requires double scans and/or double exposure of the patient in
principle, and the X-ray energy level used for DECT may be too high to scan small objects
such as breasts optimally. In addition, if double scans are applied, the relatively long scan
time may cause image artifacts to be generated by the patient’s motion.

We proposed an adaptive image rescaling (AIR) method suitable for dedicated BCT to clarify
small or weakly contrast-enhanced lesions. It requires only a single scan and subsequent X-
ray penetration length estimation to enhance the target material. This concept was first intro-
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duced by Kis et al. (20) through the distinguishment of bone and soft tissues of a virtual
phantom using a computer simulation. They also showed that the single-scan and length es-
timation method demonstrated an imaging performance similar to that of the dual-scan vari-
ant. In this study, we experimentally assessed the feasibility of the AIR method for high de-
tectability of small or weakly iodinated lesions by objectively calculating an optimal rescaling
threshold.

MATERIALS AND METHODS

THEORY

A cone-beam CT system consisting of a kilo-voltage X-ray generator and a flat-panel detec-
tor is generally adopted for dedicated BCT; therefore, we designed AIR algorithm suitable for
the system. The projection image acquired by the flat-panel detector is a distribution of the
mean attenuation coefficients of voxels lying on the corresponding X-ray beam path length
L(x) penetrating an imaging object, where x denotes the 2D coordinate vector of the projec-
tion image. We used the ray-tracing method proposed by Siddon (21) to compute the X-ray

path lengths from the reconstructed image:
L(x) = X1(u; %) 1)

where 1 is the path length within a single voxel along the corresponding penetration path,
and u is the 3D coordinate vector of the reconstructed volume. A conceptual description of
the X-ray penetration path length estimation is shown in Fig. 1.

Assuming that an imaging object consists of two materials, tissue and contrast agent, a sin-

ogram p can be expressed using the first-order approximation of Beer’s law (22):

ey
Iy (X)

= Uc - LC<X) + e LT<X) 2)

where I and Iy are the signal intensities with and without the imaging object, respectively,

Fig. 1. Conceptual description of the X-ray penetration path length in cone-beam CT.
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and . and u; are the mean attenuation coefficients of the contrast agent and tissue, respec-
tively. L and L: represent the subtotal penetration path lengths of the contrast agent and tis-

sue, respectively. The total penetration path length L(x) is the sum of L. and L, expressed as:
L(x) = Le(x) + L(x) 3)

L(x) can be computed from the reconstructed image. First, the boundary of the imaging ob-
ject was identified using an adaptive thresholding method, and we assigned unity to the in-
side of the object and zero to the rest. Second, the L(x) values in all x positions were acquired
through forward projection of the binary image according to Eq.1. Third, the L¢(x) and L«(x)
values were obtained by solving Eq.2 and Eq.3 simultaneously. A scheme for this AIR algo-
rithm is illustrated in Fig. 2. The final output of AIR is in the form of a material-selective im-
age that can be reconstructed from either L(x) or L«(x) given in the form of a sinogram.

For the comparison of imaging performances, we reconstructed DECT images using a con-
ventional image-based material decomposition algorithm (i.e., image blending), which is a
widely-used dual-energy data-processing method (23, 24). The reconstructed CT image data

using low and high tube voltages can be expressed as follows:

Mz () = M - e () + e - e () 4)
Ueerr(W) = Me + e (W) +me - L (W) 5)

where (s, and perrn denote the CT voxel values (or effective attenuation coefficients) using
the low and high tube voltages, respectively, and m is the mass fraction. We measured four u
values of iodine contrast and tissue-equivalent polymethyl-methacrylate (PMMA), i.e., (e,
Usz, Uen, and s, using a dedicated PMMA disk phantom with a hole filled with the iodine
contrast. By solving Eq.4 and Eq.5 simultaneously, we obtained an m.-distribution and an m«-

distribution, representing a contrast-selective image and a tissue-selective image, respective-

Fig. 2. Scheme of the adaptive image rescaling algorithm (A-F).
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ly. A correlated noise reduction algorithm suggested by Kalender et al. (25) was adopted to re-

duce the increased stochastic noise through the material decomposition process of DECT (26).

EXPERIMENTAL CONDITIONS

Two disk phantoms, each with a diameter of 70 mm, were manufactured using PMMA ma-
terial for the performance evaluation of material decomposition. Disk A had five holes of
equal diameter (5 mm), which were filled with iodine contrast agents of various concentra-
tions of 5, 10, 20, 40, and 80 mg/mL to cover the range actually used in human body. Disk B
had five holes with various diameters of 1, 2, 3, 4, and 5 mm to mimic contrast-enhanced le-
sions of various small sizes. All holes were filled with iodine contrast agent with the same
concentration of 20 mg/mL, which was the median value of all concentrations in disk A. The
details of the disk phantoms are illustrated in Fig. 3.

As shown in Fig. 4, a benchtop CT system composed of an X-ray tube (E7239X, Toshiba, To-
kyo, Japan) with a tungsten anode and a flat-panel detector (Shad-o-Box HS, Dalsa, Waterloo,
Canada) was used to scan the disk phantom. The pitch of the detector pixel was 0.099 mm,
and the magnification ratio was 1.78. The inherent filtration of the tube was 0.7 mm Al equiv-
alent at 62.5 kV, and the X-ray field size was 354 X 354 mm? at a distance of 750 mm. The
source-to-detector distance was 1420 mm and the source-to-axis distance was 800 mm.

For CT image reconstruction, the Feldkamp-Davis-Kress algorithm (27), which is an ex-
tended 3D approximation of the 2D filtered back-projection algorithm of conventional fan-
beam CT imaging, was employed. All reconstructed volumes consisted of 750 X 750 X 500
voxels with a one-side length of 0.12 mm. We measured the projection images at 60 kVp to re-
construct SECT images, which were also used as inputs to the AIR algorithm. Reconstructed
images at 100 kVp were obtained for DECT. All CT images were reconstructed with Wiener
filtration for reducing the noise, and the uniformity was evaluated to 2.9% as the standard
deviation of a reconstructed flood image. We maintained the imaging dose of approximately
2 mGy per rotation to evaluate the performance of AIR at low dose levels. A solid-state X-ray
dosimeter (Piranha 657, RTI, Molndal, Sweden) was placed at the isocenter of our CT system

Fig. 3. Details of the disk phantoms made of PMMA with five holes filled with iodinated contrast agent.
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Fig. 4. Experimental setup of a benchtop CT imaging system.
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Table 1. Information on Imaging Exposures with Low and High X-Ray Energies

Energy Tube Air Kerma (Measured)
Voltage (kVp)  Current(mA) Time(ms)  1Projection(Gy) 360 Projections (mGy)
Low 60 40 8 6.84 2.46
High 100 10 10 6.28 2.26

to measure air kerma to acquire a projection image. To mimic the environment at the center
of the disk phantom, we placed a PMMA block with a thickness of 35 mm, the radius of the
phantom, in front of the dosimeter toward the tube. In this study, 360 projection images tak-
en at every one-degree angle were used to reconstruct a CT image set. The measured air ker-
ma data and relevant X-ray beam conditions are summarized in Table 1. The total exposure
of DECT is equal to the sum of the exposures of the 60 kVp and 100 kVp scans, and the expo-
sure required for AIR is equal to that of the 60 kVp scan.

IMAGE ANALYSIS

We assessed the image contrast of iodinated regions of interest (ROIs) in the phantom be-
cause their conspicuity was essential to achieve a higher detection rate. The contrast-to-noise
ratio (CNR) was also used to address the effect of image noise on conspicuity. The image con-
trast and CNR were calculated as follows:

| Iror-Ingn | . | Iror-Ingn |

Image contrast= ————, 5 5
Iror + Ibgn Orort O bgn

6)

where Iror and Ingn denote the mean CT numbers of the ROI and neighboring background, re-
spectively, and o refers to their standard deviations. The ROI and background region were
square and their sizes were fixed at 20 X 20 pixels, except for the ROIs of disk B, which were
proportional to hole sizes. We selected 15 backgrounds to consider the possible variations in
image contrast and CNR; thus, 15 image contrast and CNR values were obtained for each im-
age. The image contrast and CNR of AIR were statistically compared to those of SECT and
DECT, respectively, using student’s t test. Additionally, in the case of disk A, the relevance of
CT number to iodine concentration was also evaluated.

1482 jksronline.org
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SUBCLINICAL STUDY

To evaluate the imaging performance in a tissue-equivalent environment, we used a piece
of pork with five holes of similar diameters of approximately 3 mm. Three holes were filled
with iodinated contrast as a concentration of 10 mg/mL to simulate weakly-enhanced le-
sions, and the rest with contrast at a concentration of 20 mg/mL. The image contrast and

CNR were assessed in the same manner as in the disk phantom.

IODINE CONCENTRATION

We acquired a reconstructed image of disk A including five holes filled with different con-
centrations of iodinated contrast and subsequently extracted an AIR-processed image from
it. A DECT image was also acquired using the two reconstructed images at 60 and 100 kVp. All
reconstructed images are presented in Fig. 5.

As presented in Table 2, the mean image contrast of AIR (0.67) reached 71.6% of that of
DECT (0.93), and apart from the lowest two concentrations, image contrast values of AIR

Fig. 5. Three reconstructed images of disk A (transverse view).
A-C. Single-energy CT (A), dual-energy CT (B), and adaptive image rescaling (C) images for disk A. All images were normalized to unity at re-
gion of interest of 20 mg/mL, and window width is [0 1].

Table 2. Image Contrast and CNR Values with Respect to lodine Concentrations in Disk A

5 0.06 (p<0.001) 0.88(p<0.001) 037() 3.42(p<0.001) 1.04(p<0.001) 1.15(-)
10 0.11(p<0.001) 0.90(p<0.001) 056(-) 7.42(p<0.001) 1.21(p<0.001) 2.24(-)
20 0.20(p<0.001) 0.94(p=0.002) 0.70(-) 13.10(p<0.001) 2.08(p<0.001) 4.35(-)
40 0.33(p<0.001) 0.96(p=0.007) 082() 26.86(p<0.001) 3.40(p=0.007) 8.74(-)
80 049 (p<0.001) 0.98(p=0.021) 090(-) 37.09(p<0.001) 5.16(p=0.023) 14.27(-)
Mean 0.24 0.93 0.67 17.58 2.58 6.15

All p values were calculated using student’s t test with AIR.
AIR = adaptive image rescaling, CNR = contrast-to-noise ratio, DECT = dual-energy CT, SECT =single-energy CT
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were more than 84% of those of DECT. At the lowest and highest concentrations, image con-
trast values of AIR were 42.4 & 25.7% and 92.5 £ 3.3% of those of DECT, respectively. The
mean image contrast of AIR (0.67) was much higher than that of SECT (0.24) by 279%.

In the case of CNR, AIR presented a moderate performance between those of SECT and
DECT, as presented in Table 2. The mean CNR of AIR (6.15) was 35.0% of that of SECT (17.58),
and a similar percentage difference in CNR was shown between SECT and AIR at all concen-
trations of iodine, unlike in the case of contrast values. Meanwhile, the mean CNR of AIR
(6.15) was superior to that of DECT (2.58) by 238.4%. However, this superiority of AIR de-
creased as the concentration of iodine decreased. All measured image contrast and CNR val-
ues for disk A are summarized in Table 2, and plotted in Fig. 6. All p values of student’s t test
were lower than 0.05.

To verify the linearity between image pixel intensity and iodine concentration, we plotted

their relationships with the normalization to unity at 5 mg/mL, as shown in Fig. 7. The slope

Fig. 6. Comparison of imaging performances using disk A.

A, B. Contrast (A) and CNR (B) curves with respect to the iodine concentrations in disk A.

AIR = adaptive image rescaling, CNR = contrast-to-noise ratio, DECT = dual-energy CT, SECT = single-energy
CT
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gradients, representing the increase in image pixel intensity per unit concentration, were
0.022, 0.070, and 0.109 for SECT, DECT, and AIR, respectively, and the Pearson coefficients of
them were higher than 0.999.

SPATIAL RESOLUTION
We acquired a reconstructed SECT image of disk B, which had five holes of different diam-

eters filled with the same concentration of iodinated contrast, 20 mg/mL. The AIR-processed
and DECT images were acquired in the same manner as in the case of disk A. All reconstruct-
ed images are shown in Fig. 8.

The contrast values of different ROIs appear to be constant in all images. AIR presented a
moderate image contrast between those of SECT and DECT as presented in Table 3, and the
mean image contrast of AIR (0.73) was 77.7% of that of DECT (0.94). The mean contrast value
of AIR (0.73) was 365.0% higher than that of SECT (0.20).

The CNR values of different ROIs appear similar within a certain range in all images, ex-

cept for the smallest ROI with a diameter of 1 mm, as shown in Fig. 9B. The mean CNR of

Fig. 8. Three reconstructed images of disk B (transverse view).
A-C. Single-energy CT (A), dual-energy CT (B), and adaptive image rescaling (C) images for disk B. Allimages were normalized to 1 at region of
interest of 5 mm, and window width is [0 1].

(A

Table 3. Image Contrast and CNR Values with Respect to the Size of ROIs in Disk B

1 019(p<0.001) 096(p=0304*) 0.72() 472(p<0.001) 149 (p=0.889*) 2.53()
2 020(p<0.001) 094(p<0.001) 073() 12.18(p<0.001) 2.37(p<0.001)  4.49(-)
3 021(p<0.001) 0.94(p<0.001) 0.74() 12.56(p<0.001) 2.06(p<0.001)  4.17(-)
4 021(p<0.001) 0.94(p<0.001) 0.74() 1317(p<0.001) 2.00(p<0.001)  4.48()
5  020(p<0.001) 0.94(p=0002) 0.74() 1245(p<0.001) 192(p=0.003)  4.33(-)
Mean 0.20 0.94 0.73 11.02 1.97 4.00

All p values were calculated using student’s t test with AIR.

*Indicate p values greater than 0.05.

AIR = adaptive image rescaling, CNR = contrast-to-noise ratio, DECT = dual-energy CT, ROI = region of inter-
est, SECT =single-energy CT
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Fig. 9. Comparison of imaging performances using disk B.

A, B. Contrast (A) and CNR (B) curves with respect to the diameters of regions of interest in disk B.

AIR = adaptive image rescaling, CNR = contrast-to-noise ratio, DECT = dual-energy CT, SECT = single-energy
CcT
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Fig. 10. Comparison of imaging performances in a subclinical trial.
A-D. Single-energy CT (B), dual-energy CT (C), and adaptive image rescaling (D) images of a piece of pork (A) with five iodine inserts in the
subclinical study (A, B, C: 10 mg/mL; D, E: 20 mg/mL).

ATR (4.00) was 202.8% of that of DECT (1.97), and the CNR difference between them de-
creased as the diameter of the ROI decreased. At the smallest ROI, SECT showed a signifi-
cantly lower CNR value than at other ROIs, owing to the high fluctuation of image intensities
inside the ROI. All measured contrast and CNR data are summarized in Table 3. All p values
of student’s t test were lower than 0.05, except for the ROI with diameter of 1 mm of DECT.

SUBCLINICAL STUDY

All reconstructed images of a piece of pork with five holes were acquired under the same
experimental conditions as for the disk phantom as shown in Fig. 10. In most images, the
contrast values were comparably consistent with those of the corresponding disk phantom
images. However, mean CNR ratios of the subclinical images to disk A images of SECT, DECT,
and AIR were 16.8, 39.8, and 61.2% at 10 mg/mL, respectively. In case of 20 mg/mL, they were
14.3, 34.5, and 31.0%, respectively. The quantitative results are presented in Fig. 11; we found
that the contrast of AIR was comparable to that of DECT, and that the CNR of AIR was com-
parable to that of SECT.

1486 jksronline.org
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Fig. 11. Comparison of the contrast and CNR values between SECT, DECT, and AIR.
AIR = adaptive image rescaling, CNR = contrast-to-noise ratio, DECT = dual-energy CT, SECT = single-energy
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DISCUSSION

The improved conspicuity of target lesions through material decomposition with the dual-
energy imaging technique comes at the cost of increased stochastic image noise due to the
combination or addition of the inherent stochastic noise of two different CT image sets.
However, solving Eq.4 and Eq.5 is intrinsically a subtractive process that causes a reduction
in signal size, which means that the signal-to-noise ratio can be significantly reduced. Thus,
noise reduction strategies are often employed for the dual-energy technique to suppress im-
age noise (25, 26, 28-30). The AIR method introduced in this study uses a single CT image set
and X-ray penetration length information computed from it, as described in Fig. 2. Because
the noise component of the image set partially disappears owing to the binarization process
during the estimation of the penetration lengths, the resultant image generated by AIR is af-
fected by the noise of the original image set itself. Finally, the images post-processed by AIR
presented good image contrasts comparable to DECT and showed moderate CNRs between
those of SECT and DECT, as presented in Figs. 6 and 9, respectively. Because the quality of im-
age noise in AIR was superior to that in DECT, the CNR of AIR was higher than that of DECT. It
was also statistically confirmed that the performance of AIR showed a significant difference
compared to that of SECT or DECT using student’s ¢ test as shown in Tables 2 and 3.

Although the image contrast of DECT is superior to that of AIR, the relatively high noise
levels made it more difficult to maintain superiority in the conspicuity of ROIs. For example,
considering p values greater than 0.05, DECT was not superior to AIR in case of ROI with di-
ameter of 1 mm in disk B as shown in Table 3. Considering the significant influence of noise
on the visual reading of diagnostic images, the low-noise characteristic of AIR can be an im-
portant feature that enables AIR to be theoretically comparable to conventional DECT. A
comparison of the central line profiles of the ROI with a diameter of 3 mm (Fig. 12) could
support this point. Nevertheless, further studies should be conducted to make actual noise
comparisons between DECT and AIR, because a variety of advanced noise reduction algo-

rithms have been adopted for commercial DECT systems.

https://doi.org/10.3348/jksr.2020.0191 1487
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Fig. 12. Comparison of central line profiles of the 3 mm-diameter region of interest in single-energy CT (A), dual-energy CT (B), and adaptive
image rescaling (C). Each curve was normalized to 1 at its own maximum intensity.
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A single scan is obviously preferred over a dual scan in terms of patient exposure and scan-
ning time. An equivalent dose is generally required to obtain each image set in the dual scan
of DECT; however, AIR requires roughly half of the total dose while providing a comparable
image quality as mentioned above. Moreover, we demonstrated that AIR showed a low image
noise characteristic despite relatively low imaging doses (approximately 2 mGy per scan).
The typical imaging doses used for 2D mammography and 3D abdominal CT are 3 mGy and
10 mGy, respectively, and the potential cancer risk caused by a diagnostic CT imaging dose
has already been reviewed by Brenner and Hall (31). The scanning time of AIR, which is ap-
proximately half that of DECT, can also improve the convenience to the patient and mini-
mize motion artifacts.

As mentioned above, only one image set using a single tube voltage was required to imple-
ment the AIR algorithm. Considering the K-edge of iodine (33 keV), it is strongly recommend-
ed for one of the two different tube voltages essential to conventional DECT to be more than
100 kVp. However, such a high tube voltage has not been preferred in dedicated BCT studies.
Several researchers have mentioned that a tube voltage in the range of 60-80 kVp is suitable
for obtaining a uniform dose distribution and good image quality for BCT (9, 32, 33). The AIR
method is theoretically less dependent on the tube voltage, and we obtained remarkable re-
sults using 60 kVp as shown in the previous section. This implies that the AIR algorithm can
be applied to existing BCT systems without any additional hardware cost.

In the subclinical study, as plotted in Fig. 11, the image produced using AIR presented a
similar imaging performance to that in the disk phantom study. Because noise components
of holes A and D were overestimated owing to their irregular shapes as shown in Fig. 10B,
CNR values of them were relatively low compared to others with same iodine concentrations.
The image contrast of AIR was comparable to that of DECT, and the overall increase in image
noise appeared to have slightly increased the CNR difference between AIR and DECT. There-
fore, AIR is expected to show the usable imaging performance, especially at lower concentra-
tions of contrast material (see arrows in Fig. 10), which might be clinically important for in-
creasing the detection rate. Although the contrast and CNR of AIR in the subclinical study
were lower than those of the disk phantom images owing to the inhomogeneity in biological
tissues, we noted that this subclinical study demonstrated high feasibility for the clinical ap-
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plication of AIR because the rescaled image that was adaptively optimized for the individual
case could be acquired.

The AIR algorithm has some limitations. First, the X-ray penetration lengths should be
carefully estimated to achieve accurate results. For example, if the original SECT image is de-
fectively reconstructed owing to metal or motion artifacts, it becomes difficult to identify the
actual body surface, which may cause an additional noise component in the resultant imag-
es. In the breast, fortunately, prostheses causing metal artifacts are rare. However, the respi-
ration of patients should be properly controlled. In addition, the scanning field of view of CT
should cover the whole breast because the truncation of projection images may cause imag-
ing artifacts.

Second, the performance of AIR is dependent on the attenuation coefficient . In fact, the
main issue in the field of material decomposition is also to find the effective i values of basic
materials, which are difficult to accurately compute owing to the poly-energetic and scatter
characteristics of X-rays. Thus, some researchers have introduced empirical calibration tech-
niques to avoid these difficulties (34-37). In this study, we directly measured . and p: using a
dedicated disk phantom with a hole filled by an iodinated contrast material with a known io-
dine concentration. Considering the tissue homogeneity in the anatomy of the breast, the
measured p values from the phantom were expected to be applicable in clinical situations,
although the image quality in our subclinical study was slightly lower than that in the phan-
tom study. We intend to conduct further research to improve the overall image quality of AIR
by implementing hardware configurations and noise reduction algorithms optimized to
more clinical objects such as cadaveric breasts and finding more effective . values of the ba-
sic materials through a calibration procedure suitable to dedicated BCT systems. The phan-
tom containing three or more different materials that mimic artificial inserts such as breast
expanders will be also studied to evaluate the practical use of AIR in clinical situation. In ad-
dition, the analysis of performance evaluation metrics, such as sensitivity and specificity, us-
ing a number of subclinical or clinical images will be included in our further study to verify
the performance of AIR.

In conclusion, the performance of AIR method was verified to provide the superior image
contrast over SECT and the higher CNR compared to DECT with half the exposure. There-
fore, AIR is expected to show the potential to improve the detectability of lesions for dedicat-
ed breast CT.
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