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Abstract.

BACKGROUND: CT images are often affected by blooming artifacts during the diagnosis that facilitate an overestimation of
the expression of calcification stenosis, thereby impeding the accurate diagnosis of this condition.

OBJECTIVE: Arterial calcification can act as a blooming artifact in computed tomography (CT) images, leading to overesti-
mations of the blood vessel and the size of calcified plaque. This study proposes an improved CT post-processing method that
accurately measures calcium and lumen size in blood vessels.

METHODS: Six hundred and thirty calcium datasets were obtained from 63 patients diagnosed with a vascular disease. Patients
were grouped into three sets corresponding to each image acquisition method used: G1, for the invasive coronary angiography
(ICA); G2, for multiplanar reconstruction (MPR) imaging and post-processing; and G3, for the novel method of mixed Gaussian
filter and K-mean clustering (GK). Results of GK were generated by adding Gaussian and k-mean clustering algorithms to the
MPR post-processing procedure. The analysis of variance (ANOVA), linear regression, and intraclass correlation coefficient
(ICC) were used to compare the accuracy and sensitivity of the different methods. All measurements were performed multiple
times to mitigate human error.

RESULTS: The ANOVA test revealed no significant differences between the G1 and G3 groups. Hence, linear regression was
used to analyze the correlation between the G1 and G3 groups (p < 0.05, R2 = 0.885), and a higher correlation than G1 and G2
was reported (p > 0.05, R2 = 0.432). ICC was performed for reproducibility, wherein high correlation was identified among all
groups.

CONCLUSIONS: Results of the study indicate that the GK method yields images that are very similar to ICA image mea-
surements. This suggests that the GK can be used as a more effective post-processing method over the inaccurate MPR while
remaining non-intrusive when determining the arterial stenosis degree, unlike the ICA.
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1. Introduction

Although the annual rates of mortality are decreasing in Korea, the highest proportion (61%) of deaths is
attributed to cardiovascular diseases (CVDs) [1]. CVDs are a group of cardiac and blood vessel disorders
that are the leading cause of noncommunicable morbidity and mortality on a global level. In fact, CVDs
such as hypertension, stroke, heart failure, and coronary heart disease result in ~ 18 million deaths each
year [2]. These diseases are primarily caused by coronary atherosclerosis, i.e., a plaque buildup that
thickens and stiffens artery walls and inhibits blood flow to tissues and organs. Angiography and/or
computed tomography (CT) are important diagnostic tools that can help professionals assess individuals’
health by distinguishing regions of coronary artery calcification from lumenal regions. Despite their
profound advantages, these tests also have their drawbacks. Although angiography, and more specifically
invasive coronary angiography (ICA), is an important diagnostic imaging test that allows the early
diagnosis of coronary artery disease, this procedure is associated with a small risk, is relatively expensive,
and its invasive nature can limit its general application [3]. In contrast, CT images are often affected by
blooming artifacts during the diagnosis that facilitate an overestimation of the expression of calcification
stenosis, thereby impeding the accurate diagnosis of this condition [4].

A previous study has found that CT images tend to overestimate the extent of stenosis when calcification
is present, especially when obtaining images by adjusting the time resolution of the CT [4]. Other methods,
such as multiplanar reconstruction (MPR), a post-processing method applied to CT images, maintains
some of these inaccuracies. Therefore, such image post-processing techniques can only be used in limited
environments.

Our study proposes a method to enhance the diagnostic outcome of CT scans with a multiple sampling
technique, similar to the process employed by the coronary computed tomography angiography (CCTA),
which uses subtraction data to generate more accurate images [5]. However, instead of simple subtraction
data, the proposed method utilizes threshold and fuzzy algorithms to reduce the overestimation of
calcification [6,7]. The experimental process was performed by varying contrast with the IMAGE J
Program, whereas image post-processing technology was used to improve the accuracy of calcification
readings [8]. To detect and quantify aortic calcification, the Hough transform was used in all noncontrast
CT images [9]. Despite the efforts made to support the development of robust deep learning (DL)
software [10], an established limitation of these DL algorithms is that performance can be rapidly
degraded and fail with what appears to humans as only slight variations in the input data [11]. Current
studies have not taken the actual size of calcium in CT into consideration.

We acquired CT images using the calcification phantom and we measured the calcification with a
microscope. Next, images were compared with eight post-processed CT images, and calcification was
extracted with the application of a mixed Gaussian filter and k-mean clustering (GK). The GK utilizes
Gaussian and k-mean clustering algorithms to compare the calcified plaque within a calcification phantom,
defined by microscopic measurements of the calcification phantom, with the calcified plaque of an MPR
image. In general, CT image post-processing can be performed with approximately eight methods (i.e.,
MPR), and the GK method attempts to limit the number of these post-processing methods for brevity
while reporting equivalent or better imaging [12]. This study aimed to evaluate whether the GK method
can produce data as accurately as the [CA while maintaining the beneficial features of a CT scan.

Contributions

— As an updated option for overcoming the blooming artifact-related CTCA limitation, this study
attempts to implement a software-based technique at the stage of post-processing.
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— Among eight post-processing algorithms, a mixed GK methodology was adopted, which is the best
method to extract the calcification.

— Although the predictability in linear regression analysis based on ICA data was not high, the degrees
of stenosis measured by the GK method showed statistical significance.

2. Method
2.1. Patient characteristics

This study was approved by the Kyungpook National University Institutional Review Board (IRB
No. 2017-0120). Images were collected from 50 to 70 years old patients with calcium. To maintain
patient confidentiality, all medical image data were anonymous, and a total of 630 medical images were
obtained from 63 patients. ICA and MPR images were retrieved from 63 patients with multiple sites
of calcification. Ten images were taken from one calcium site. Data were divided into three group sets:
group one (G1) was the result of ICA imaging, group two (G2) was the default outcome of the standard
MPR post-processing, and group three (G3) included the MPR images treated with the GK method. A
total of 630 calcium data images were collected from the 63 patients to comprise the groups.

2.2. Modalities

A third-generation dual-source CT scanner, the SOMATOM Force (Siemens Healthineers Global,
Forchheim, Germany) was used for CT/MPR data acquisition. Prospective adaptive-sequential scan data
were acquired during 20%—100% of the respiratory rate-interval. An automated tube current modulation
(CARE Dose4D, Siemens Healthineers Global, Forchheim, Germany) and an automated tube voltage
selection (ATVS, Siemens) were applied. The peak voltage (kVp) settings ranged from 70 to 120 according
to the patient’s body habitus, and the adaptive detector collimation ranged from 96 to 192 steps of 8 x
0.6 mm. The gantry rotation time was 0.25 rotations per second, the matrix size was 512 x 512 pixels, and
the z-axis coverage was set from the carina to the cardiac base. A 60-80 mL contrast agent (350 mgl/mL,
isohexol, GE Healthcare, Chicago, IL, USA) was administered through an antecubital vein with a rate of
5 mL/s, followed by 50 mL of saline flushing. To optimize data acquisition, bolus tracking was conducted
on the ascending aorta with the threshold of 100 HU. Image data were subsequently reconstructed using
iterative reconstruction (ADMIRE, Siemens Healthineers Global, Forchheim, Germany) and a semi-sharp
reconstruction kernel algorithm (Bv36). Sample slice thickness and increments were set to 0.6 and
0.4 mm, respectively, and the phase with the least cardiac motion was automatically selected (Cardio
BestPhase, Siemens Healthineers Global, Forchheim, Germany).

2.3. ICA image post-processing

This study used the ICA image as the standard, exhibiting a method to examine coronary arteries
containing contrast media using MDCT for a more accurate determination of the presence of vascular
stenosis (Fig. 1). The degree of stenosis in the same vessel, as shown on the ICA images, was used to
calculate the ratio between the areas with and without stenosis. Equation (1) was used to calculate the
degree of stenosis, which is defined as ((vessel size with stenosis — vessel size without stenosis)/vessel
size with stenosis) x 100.

. Vessel size with stenosis — Vessel size without stenosis
Degree of stenosis = - - - x 100 (D)
Vessel size with stenosis
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Fig. 1. Stenosis measurement of blood vessels in ICA images.

Fig. 2. The longest diameter of the blood vessel was measured and then compared with the calcium at the same diameter.
(a) Measurement of the outer diameter of the blood vessel (b) Measurement of the length of the calcium region in the blood
vessel.

2.4. MPR image post-processing

We obtained the MPR image that was used as the control group in the study by a CT scan of the
coronary artery. In the subsequent images, the degree of stenosis was calculated as the ratio of the total
length of the vessel to the length of the calcified area. MPR images were measured using cross-sectional
images of the blood vessels, whereas MPR images of other shapes were excluded. Regarding blood
vessels and calcium in the MPR images, we measured the longest diameter of blood vessels and calcium
was measured within that longest diameter (Fig. 2). Equation (2) describes the degree of stenosis, which
is defined as (calcified area/blood vessel containing calcified) x 100.

Calcified area

D f st is = x 100 2
cETee OF Slenosts Blood vessel containing calcified @
2.5. GK image post-processing
1 —(=2+y?)
Gle.y) = o2 P 2 3)

For K-means clustering, the first K centers were specified. Dependent on the center of the data to form
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Fig. 3. The original image was cut to include calcium and lumen. A Gaussian filter was used to filter the cropped image and
k-mean clustering was used to extract the calcification values. Then, the cut image is multiplied from the original and the resulting
image is the image without the blooming artifact. Equation (3) was used to reduce noise in the image using a Gaussian filter.

Fig. 4. Measurement of the length of the lumen and calcium in the GK image with (left) measurement of the diameter of the
blood vessel and (right) measurement of the length of the calcium region in the blood vessel.

a cluster, a cluster is created that minimizes the cost function. The k-means clustering function is shown
in the form of Eq. (4).

k
E=3" 3" Il — ml? @

i=1 x,;€S;

The GK method (Fig. 3) is an image-processing technique that allows researchers to obtain more
accurate stenosis information because it reduces the range of exaggerated calcium in MPR images by
combining Gaussian and k-mean clustering algorithms. The GK method takes 128 x 128 sizes with the
original image, and the image is smoothened with a Gaussian filter. Output image was segmented using
k-mean clustering. The final image is created as a combination of the crop image and the output image.
The degree of stenosis was calculated as shown in Eq. (2) with the MPR image (Fig. 4).

3. Statistical analysis

G1 (ICA) was used as the control group, whereas G2 (MPR) and G3 (MPR with GK) were the
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Table 1
Descriptive statistics and ANOVA results comparing the stenosis of the three groups tested
Group N Mean (mm) SD (mm) Min (mm) Max (mm) ANOVA p-value Tukey’s HSD
Gl 630 38.1 5.24 13.24 51.11 p < 0.05 Group p-value
G2 630 42.5 4.86 14.21 56.34 p < 0.05 GlvsG2 p<0.05
G3 630 38.9 4.97 13.12 55.77 p < 0.05 GlvsG3 p>0.05

ANOVA between G1, ICA image (control group); G2, MPR image (experimental group); G3, GK image (experimental
group), N (number of calcium data).

Table 2
Linear regression showing the relation-
ship between the experimental and the
control groups

Group R square  p-value

G1vs G2 0.432 p > 0.05
G1 vs G3 0.885 p < 0.05

G1, ICA image (control group); G2,
MPR image (experimental group); G3,
GK image (experimental group).

Table 3
Intraclass correlation coefficient of G1, G2, and
G3
Group ICC 95% CI p-value
Min Max
Gl 0994 0981 0.998 < 0.001
G2 1 0.999 1 < 0.001

G3 0.999  0.999 1 < 0.001
G1, ICA image (control group); G2, MPR image
(experimental group); G3, GK image (experi-
mental group).

experimental groups. One-way analysis of variance (ANOVA) was used for the control group and we
compared the mean values obtained with the experimental groups. Next, a linear regression analysis
was performed to determine whether a correlation between the control group and the experimental
groups existed. The intraclass correlation coefficient (ICC) was calculated and was used to determine
whether differences depended on the person measuring the blooming artifact, as well as to evaluate the
reproducibility of such a measurement method. The researcher measured three consecutive cases of the
same image, 10 times in each of the three groups, while measuring the reliability and reproducibility with
the ICC [13]. Statistical analysis was performed by excluding outlier data.

4. Results

Table 1 presents the acquired ANOVA results (p < 0.05). ANOVA and Tukey honestly significant
difference (HSD) post-hoc test were used, and our findings revealed that were significant differences
between G1 and G2 (p < 0.05) and G2 and G3 (p < 0.05). In contrast, there were no significant
differences between the G1 and G3 test results (p > 0.05).

Linear regression analysis was used to examine the correlation among the control group G1 and the
experimental groups G2 and G3. As shown in Table 2, we found a value of R2 = 0.432 for G1 and G2
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(p > 0.05, no significant) and R2 = 0.885 for G1 and G3 (p < 0.05, significant). Therefore, G1 and G3
exhibited a higher correlation coefficient compared with G1 and G2. When measuring G1, G2, and G3,

images were directly measured manually instead of using an automated method. Table 3 presents the
following ICC analysis results: ICC = 0.994 for G1, ICC = 1 for G2, and ICC = 0.999 for G3.

5. Conclusion

The degree of stenosis due to blooming artifacts was measured in ICA, MPR, and GK images. With
the ICA images used as the standard, we compared the MPR images, and we used GK to identify which
method could most accurately identify the degree of stenosis in spite of the blooming artifacts. ANOVA
and linear regression showed that the MPR image was significantly different from the ICA image, whereas
GK showed similar results to the standard image. Thus, the GK method can promise more accurate and
highly reproducible stenosis measurements that are unaffected by blooming artifacts. We expect that
the GK method can improve the ability of health professionals to provide more accurate diagnosis and
minimize the number of ICA scans on patients. Based on the results of our research, it is important to
develop software that can remove calcification from the existing CT images, and thus provide accurate
images to clinicians.
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