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Background: To investigate the effect of different slice thicknesses and beam energies on the visualization
and assessment of coronary artery stenosis caused by calcified plaques using synchrotron radiation computed
tomography (CT) based on 3D printed coronary artery models.

Methods: Patient-specific 3D coronary models were created based on 3 sample coronary CT angiographic
cases with calcified plaques in the left coronary arteries. In addition to the original significant coronary stenosis
(>70%) shown on these CT images, stenoses of <50% and >90% were created in the segmented coronary
models for simulation of different degrees of stenosis. The coronary lumen and calcification were printed with
soft and rigid materials to simulate properties of coronary wall and calcified plaque, respectively. The models
were scanned with synchrotron radiation CT with beam energies of 30, 40 and 50 keV and spatial resolution of
0.019%0.019x0.019 mm’ voxel size. Original high-resolution images were reconstructed with slice thicknesses of
0.095, 0.208, 0.302 and 0.491 mm to determine the effect of spatial resolution on plaque and coronary stenosis
assessment based on 2D axial and 3D virtual intravascular endoscopy (VIE) images.

Results: Three coronary artery models were successfully printed with plaques placed in the coronary
arteries to simulate different degrees of stenosis. 2D and 3D VIE images reconstructed with slice thicknesses
of 0.095, 0.208 and 0.302 mm allowed for accurate assessment of coronary plaques and lumen stenosis with
no significant differences (P>0.05). Synchrotron radiation CT images reconstructed with a slice thickness
of 0.491 mm resulted in overestimation of coronary stenosis when compared to other images on 2D and 3D
VIE views (<50% vs. 55-72%; 70-79% vs. 80-90%) with significant differences (P<0.05). Similarly, irregular
plaque appearances were observed on 2D and 3D VIE images with a slice thickness of 0.491 mm when
compared to others using thin slice thicknesses. The scanning protocol with beam energy of 30 keV provided
optimal visualization of coronary lumen and plaque appearances.

Conclusions: This study shows the feasibility of using 3D printed coronary artery models to simulate
calcifications and different degrees of coronary stenosis. High resolution synchrotron radiation CT
imaging with the 30 keV beam energy enables accurate assessment of coronary stenosis in the presence of
calcification, thus highlighting the importance of high spatial resolution in the diagnosis of calcified coronary
plaques.
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Introduction

Coronary computed tomography angiography (CCTA) is
a widely used less-invasive imaging modality for diagnostic
assessment of coronary artery disease with high diagnostic
value in determining coronary stenosis and prediction of
cardiac events (1-6). In patients with low to intermediate
coronary stenosis, CCTA is a reliable and cost-effective
modality for excluding significant stenosis because of its
very high negative predictive value (7-10). However, it is
well-known that CCTA cannot accurately assess coronary
stenosis caused by extensive calcifications in the coronary
artery and has high false positive results due to blooming
and beam hardening artifacts. This is confirmed by several
studies reporting the low specificity and positive predictive
value ranging from 18% to 53% in the diagnosis of calcified
plaques (11-14).

A number of strategies have been developed to improve
the diagnostic performance of CCTA in diagnosing
calcified plaques, and these include use of image post-
processing methods and iterative reconstruction (IR)
algorithms for suppressing the effects of severe calcification
on coronary lumen assessment (12,15-19), and taking
left coronary bifurcation angle into account for making
diagnosis (20-22). Further, use of images acquired by high
resolution computed tomography (CT) scanners with a
slice thickness of 0.23 mm has been shown to increase the
diagnostic value of CCTA (23-25). To some extent these
approaches have improved the diagnostic performance of
CCTA in evaluating calcified plaques, however, presence of
extensively calcified plaques in the coronary arteries is still a
major challenge for CCTA due to limited spatial resolution.
Synchrotron radiation CT is an imaging technique with
superior spatial resolution able to address this limitation
(26-30).

The superiority of synchrotron radiation CT over
conventional CT has been confirmed in our previous
experiments with more accurate assessment of aortic stent
wire structures and resultant cross-sectional area reduction
caused by placement of stent grafts across the aortic ostia
(31-33). To the best of our knowledge, no research has
been conducted to investigate the effects of different
spatial resolutions and beam energies on the visualization
of calcified plaques and coronary lumen changes. Thus,
the purpose of this study was to utilize the high-resolution
synchrotron radiation imaging technique for scanning 3D
printed coronary models with simulation of calcified plaques
and different degrees of stenosis in the coronary arteries
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for investigating these effects. We hypothesized that the
spatial resolution of synchrotron radiation CT images has
significant impact on the assessment of coronary stenosis
caused by calcified plaques.

Methods
Selection of sample CCTA images

A retrospective analysis of CCTA images with calcified
plaques was performed to select three sample cases having
severe calcification in the left coronary arteries (15,20). The
calcified plaques resulted in different degrees of coronary
lumen stenosis (between 45% and 90%) in these coronary
arteries. Figure I shows 2D axial, 3D reconstruction and 3D
virtual intravascular endoscopy (VIE) views of the calcified
plaques in these cases. Details of the calcified plaques are as
follows:
% Case 1: calcifications in the left main stem (LM)
resulting in >70% stenosis, and in the proximal
segment of left anterior descending (LAD) coronary
artery with nearly 50% stenosis;
% Case 2: calcification in the proximal segment of LAD
with >60% stenosis;
% Case 3: calcification in the mid-segment of LAD
resulting in >80% stenosis.
Ethics approval was waived in this study due to the
retrospective nature and use of de-identified images with
patients’ information anonymized.

Image post-processing and segmentation of CCTA images
for 3D printing

Original CCTA images in digital imaging and communications
in medicine (DICOM) format were transferred to a
workstation with Analyze 12.0 (AnalyzeDirect, Inc., Lexana,
KS, USA) for image post-processing and segmentation. A
semi-automatic approach was used to separate the contrast-
enhanced coronary artery lumen and higher attenuation
calcified plaques from the surrounding soft tissues, bones or
other structures. Manual editing and image filtering were
applied to remove the unwanted structures and smooth the
surface of coronary artery lumen.

Since our aim was to create 3D printed, patient-specific
coronary artery models with calcified plaques inside the
coronary arteries, segmentation of coronary artery lumen
and calcified plaques was performed separately resulting in

2 different standard tessellation language (STL) files for 3D
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Model 1

Model 1 Model 2 — Model 3

Model 1 Model 2 Model 3

Figure 1 The 3 coronary computed tomography angiography cases selected for development of 3D printed models. (A) 2D axial images
showing calcified plaques at the left coronary arteries. (B) 3D reconstruction of these cases showing the plaque locations at the left coronary
arteries. Long arrows indicate the plaques in the left anterior descending, while short arrows refer to the plaque at the left main stem in

model 1. (C) 3D virtual intravascular endoscopy intraluminal views of the plaques. Arrows indicate the left coronary artery ostia.

printing each case (Figure 2). For generation of a coronary 1:1 ratio of the original size.

lumen model, its external wall thickness was increased by Due to significant stenosis in the LAD, discontinuity was
1.5 mm for ensuring the printed model with adequate observed in case 3 as shown in Figure 1B. Thus, calcified
stability, while the STL files for calcified plaques remained plaques were put into the proximal and middle segments of
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Model 1

Figure 2 Coronary lumen and plaque models for 3D printing. (A) The three coronary lumen models. (B) Coronary plaques. The red plaque

refers to the one causing >90% stenosis, while the green one represents the plaque resulting in 70% stenosis.

left circumflex (LCx) of the coronary lumen model for case
3 with resulting different degrees of stenosis (Figure 2A). In
addition to the significant stenoses in the LM in case 1 and
LAD in case 2, stenoses of around 45-49% in the proximal
segment of LAD and about 70% stenosis in the LCx were
created in cases 1 and 2 respectively by inserting the 3D
printed calcified plaques into these artery branches. The
following is a summary of the simulated calcified plaques in
these 3D coronary artery models with different degrees of
stenosis:
% Model 1: >90% stenosis in LM and <50% stenosis in
LAD;
% Model 2: >90% stenosis in LAD, and 70% stenosis in
LCx;
% Model 3: >90% stenosis in proximal LCx and 70%
stenosis in middle LCx.

3D printing of coronary artery models with calcification

in situ

3D printing was performed using Polyjet technology
available from Stratasys’ Objet500 Connex3 multi-material
3D printer (Objective 3D, Melbourne, Victoria, Australia).
The coronary artery wall was printed with TangoPlus
material which is soft and elastic with property similar to
the normal coronary artery, while the calcification was
printed with VeroWhite material with rigid and opaque
characteristics similar to the properties of the calcified
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plaques. Figure 3 shows the 3D printed coronary artery
models with calcification 7z situ (or inserted into the lumen)
in the left coronary artery branches, while Figure 4 shows
an example of 3D printed full-size calcifications which
were placed inside the LM and LAD in model 1. Figure 5
indicates measurement of the large calcification placed in
LM using a digital caliper.

Synchrotron radiation CT scans

Synchrotron radiation CT scans were conducted at the
Australian Synchrotron in Melbourne using the Imaging
and Medical Beamline (IMBL). The imaging characteristics
of IMBL have been described in our previous papers
(31-33). The synchrotron radiation CT images of the 3
coronary artery models were first acquired with a voxel size
of 0.019x0.019x0.019 mm’ (slice thickness of 0.019 mm)
and beam energies of 30, 40 and 50 keV resulting in 9
original datasets. The rationale of choosing low beam
energies was due to the lower X-ray attenuation properties
of the TangoPlus and VeroWhite materials used to form the
coronary artery models when compared to the one of stent
wires which required higher beam energies (60-90 keV)
for visualization (31-34). For each original dataset (with
0.019x0.019x0.019 mm” voxel size), further image
reconstructions were performed to generate 4 other sets of
synchrotron radiation CT images with various voxel sizes,
0.095%0.095%0.095, 0.208x0.208x0.208, 0.302x0.302x0.302

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):6-22
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Figure 3 3D printed coronary models with simulated calcifications in the left main stem (long arrow in left image) and left anterior descending

(long arrow in middle image, and short arrow in left image) and left circumflex arteries (short arrow in middle image and arrows in right image).

Calcfication in eft LAD

Figure 4 3D printed calcifications used for simulation of calcified plaques in the coronary models.

and 0.491x0.491x0.491 mm’ (slice thicknesses of 0.095,
0.208, 0.302 and 0.491 mm) resulting in 36 datasets
(excluding the original datasets) for subsequent analysis.
Figure 6 shows the setup of synchrotron radiation CT scan
with model 3 placed in the centre of scan table.

Image post-processing, visualization of coronary plaques
and coronary lumen assessment

Synchrotron radiation CT images in tagged image file
format (TIFF) underwent image analysis and measurements
with the approach similar to the one described in our recent
studies (32,33). Measurements were performed on 2D
axial and 3D VIE images from 36 datasets to determine
the degree of coronary lumen stenosis. Generation of VIE
images of coronary artery and plaques has been described

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in our previous studies (35-37). Each measurement was
repeated three times with the mean values taken as the final
ones to reduce intra-observer variation. A single observer
with more than 5 years of experience in synchrotron
radiation experiments performed all these measurements.
Measurements on randomly selected images of each
dataset were repeated by the same observer in 2 weeks with
excellent correlation of intra-observer agreement between
these measurements (r=0.945, P<0.01).

Statistical analysis

Data analyses were performed using SPSS V 24.0 (IBM
Corporation, Armonk, NY, USA). Continuous variables
were expressed as the mean and standard deviation.
Comparisons of the measurements of coronary lumen

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):6-22
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Figure 5 Use of digital caliper to measure the size of calcification

which was inserted into the left main stem of model 1.

Figure 6 Synchrotron radiation experimental setup for scanning

the coronary artery model.

stenosis across datasets with different voxel sizes (slice
thicknesses) and beam energies were performed using a
paired sampled Student’s ¢-test, with P value less than 0.05
indicating statistically significant difference.

Results

Synchrotron radiation CT scans were successfully
performed for these 3D printed coronary artery models
with use of different beam energies. For assessment of
highly significant coronary stenosis (>90%) of the LM,
LAD and proximal LCx arteries in these three models, the
measured values remained similar across 2D and 3D VIE

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

images. The images reconstructed with a slice thickness of
0.491 mm show higher degree of stenosis than other images
with thin slice thicknesses, although this did not reach
statistically significant (P>0.05) (Zables 1-3).

Significant differences were observed in the assessment
of calcified plaques with associated intermediate coronary
stenosis (45-70%) among these three models. The images
reconstructed with a large slice thickness, 0.491 mm
resulted in significantly different measurements compared
to the images acquired with other slice thicknesses (P<0.05).
Table 1 shows that the coronary stenosis caused by the
calcified plaque at the LAD in model 1 was measured less
than 50% in 2D and 3D VIE views of images reconstructed
with slice thicknesses of 0.095, 0.208 and 0.302 mm.
However, the stenosis was measured more than 55% on 2D
axial images and more than 70% on 3D VIE images when
the slice thickness of 0.491 mm was used to reconstruct
these images.

Tables 2 and 3 show the measurement of coronary
stenosis at the LCx in the models 2 and 3. The measured
values remained similar, which are between 70% and 79%
when images were reconstructed with 0.095, 0.208 and
0.302 mm slice thicknesses (P>0.05), although the values
were measured higher with images of 0.302 mm slice
thickness, and this is especially apparent in the model 2
measurements. In contrast, there are significant differences
in the measurements for the images reconstructed with
0.491 mm slice thickness (both 2D and 3D VIE images)
when compared to other images, with measured values
more than 80% (P<0.01).

Figures 7-9 show 3D synchrotron radiation CT image
reconstructions of the coronary artery models. As shown
in these images, when the slice thickness was increased to
0.491 mm, the coronary artery lumen became irregular, and
this is apparent in the images acquired with beam energies
of 40 and 50 keV compared to the images acquired with
beam energy of 30 keV. Figures 10-12 present a series of 2D
and 3D synchrotron radiation CT images of models 1-3
acquired with different beam energies and slice thicknesses,
respectively. When the slice thickness was increased to
0.491 mm, visualization of calcified plaques at the left
coronary arteries (either highly significant or intermediate
stenosis) was affected with either showing blurred edge
on 2D axial images, or irregular appearances on 3D
VIE images. Similar to 3D visualization of the coronary
lumen, images acquired with the beam energy of 30 keV
resulted in the best visualization of coronary plaques when
compared to those with use of 40 and 50 keV (Figures 10C

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):6-22
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Table 1 Measurements of coronary lumen stenosis in synchrotron radiation CT images of coronary artery model 1 acquired with different beam
energies and slice thicknesses

Left main stem (degree of lumen stenosis %) Left anterior descending (degree of lumen stenosis %)

2D and 3D Beam
VIE energies  0.095mm 0208 mm  0.302mm  0.491 mm 0.095mm 0208 mm  0.302mm  0.491 mm
(mean = SD) (mean + SD) (mean + SD) (mean = SD) (mean = SD) (mean + SD) (mean + SD) (mean x SD)

2D axial 30keV  99.1:0.004 98.8:0.003 99.1:0.004 100:0.000 47.4+0.007 47.3x0.001 48.60.022 55.1:0.036
images 40keV  98.7:0.002 98.7+0.006 98.8:0.006 100£0.000 47.5:0.017 46.5:0.014 47.3:0.014 57.7+0.026

50keV ~ 98.5:0.001 98.3:0.012 98.6:0.008 100:0.000 45.9:0.011 451+0.015 44.7:0.021 56.7+0.029
3D VIE 30keV  99.3:0.003 97.7:0.012 98.3:0.002 100:0.000 48.2:0.006 46.10.020 45.90.013 70.1+0.006
mages 40keV  98.3:0.005 96.8:0.024 97.4x0.007 100:0.000 46.9+0.011 47.1:0.011 44.2:0.023 71.3+0.037

50 keV 98.3+£0.000 97.9+0.011 99.2+0.021 99.4+0.010  46.4+0.032 44.1+0.002 48.2+0.044 72.9+0.019

SD, standard deviation; VIE, virtual intravascular endoscopy.

Table 2 Measurements of coronary lumen stenosis in synchrotron radiation CT images of coronary artery model 2 acquired with different beam
energies and slice thicknesses

Left anterior descending (degree of lumen stenosis %) Left circumflex (degree of lumen stenosis %)
2D and 3D Beam

VIE energies 0.095 mm 0.208 mm 0.302 mm 0.491 mm 0.095 mm 0.208 mm 0.302 mm 0.491 mm
(mean + SD) (mean +=SD) (mean + SD) (mean +SD) (mean +SD) (mean +SD) (mean +SD) (mean + SD)

2D axial 30keV  97.2:0.025 97.8:0.022 96.4:0.012 96.4:0.010 70.0:0.003 71.7:0.022 77.8+0.011 84.8+0.008
images 40keV ~ 97.3:0.001 96.2:0.023 96.1:0.005 96.1:0.020 70.70.005 71.6:0.031 74.6:0.033 80.3:0.000

50keV  97.3:0.007 95.9:0.010 96.4:0.021 96.7:0.027 70.2:0.020 71.9:0.022 75.1:0.000 83.6+0.028
3D VIE 30keV  97.8:0.013 95.7:0.018 96.8:0.026 96.5:0.017 72.5:0.019 72.6:0.030 73.8:0.028 90.8+0.040
images 40keV  96.6:0.026 97.1:0.004 95.8:0.001 96.2:0.014 76.8:0.005 73.4:0.027 79.7+0.034 89.8+0.019

50 keV  97.4+0.012 95.4+0.054 96.2+0.019 94.9+0.028 77.1+0.007 74.2+0.033 79.1+0.018 90.1+0.048

SD, standard deviation; VIE, virtual intravascular endoscopy.

Table 3 Measurements of coronary lumen stenosis in synchrotron radiation CT images of coronary artery model 3 acquired with different beam
energies and slice thicknesses

Left circumflex-proximal segment Left circumflex-mid segment
2D and 3D Beam (degree of lumen stenosis %) (degree of lumen stenosis %)
VIE energies 9095 mm 0208 mm  0.302mm  0.491Tmm  0.095mm 0208 mm  0.302mm  0.491 mm
(mean + SD) (mean = SD) (mean +SD) (mean +SD) (mean +SD) (mean +SD) (mean +SD) (mean + SD)
2D axial 30keV  99.2+0.005 97.2+0.009 97.8+0.005 100+0.000 71.5+0.011 75.2+0.017 74.7+0.021 85.1+0.078
images

40keV  99.0:0.003 98.9:0.005 97.8:0.001 96.8:0.018 71.2:0.011 75.6:0.015 79.7:0.014 84.2+0.009

50keV  98.9:0.003 98.2:0.001 97.3:0.006 97.3:0.011 70.7:0.013 74.7:0.013 73.7:0.039 87.1:0.011
3D VIE 30keV 99.2:0.006 96.6+0.028 96.3:0.018 97.9:0.003 73.6:0.007 78.7+0.007 74.10.048 89.5:0.012
images 40keV  98.2:0.002 96.9+0.013 96.9:0.018 96.2:0.002 75.9:0.042 74.2:0.011 78.5:0.009 87.5+0.007

50 keV  99.7+0.000 98.5+0.008 98.2+0.001 97.5+0.016  71.5+0.030 75.1+0.022 74.3+0.014 88.4+0.055

SD, standard deviation; VIE, virtual intravascular endoscopy.
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40 keV 0.491 mm

50 keV 0.491 mm

Figure 7 3D reconstruction of synchrotron radiation computed tomography images of model 1 with different beam energies and slice

thicknesses. It is noted that when the slice thickness was increased to 0.491 mm, visualization of coronary lumen and plaques is affected with

irregular or blurring appearance.

and 11D), although there are no significant differences in
measurements between 30 keV and other beam energies

(P>0.05) (Tibles 1-3).

Discussion

This study utilized the superior spatial resolution of
synchrotron radiation CT imaging for visualization and
assessment of calcified plaques and coronary artery stenosis
based on 3D printed coronary models. Synchrotron
radiation CT images reconstructed with slice thicknesses
ranging from 0.095 to 0.302 mm demonstrated accurate
measurements of the degree of coronary stenosis, while

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

images reconstructed with a slice thickness of 0.491 mm
resulted in significant overestimation of the coronary
stenosis caused by calcified plaques. Findings of this
study further confirm the recommendation of high spatial
resolution technique for assessment of calcified coronary
plaques and detection of coronary stenosis (34).

Heavy calcifications in the coronary arteries present a
challenge for CCTA due to the well-known fact of beam
hardening or blooming artifacts. Despite high sensitivity
and very high negative predictive value, CCTA has low
to moderate specificity and positive predictive value in
the diagnosis of calcified coronary plaques because of
high false positive rates (11-14,20). Use of image post-

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):6-22
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30 keV 0.491 mm

40 keV 0.49

50 keV 0.491 mm

Figure 8 3D reconstruction of synchrotron radiation computed tomography images of model 2 with different beam energies and slice

thicknesses. Similar to model 1 images, when the slice thickness was increased to 0.491 mm, visualization of coronary lumen and plaques is

affected with irregular or blurring appearance.

processing algorithms to suppress the artifacts resulting
from extensively calcified plaques has been shown to
improve specificity of CCTA from 33% to 66% (15,19).
When compared with traditional filtered back projection,
IR resulted in improved specificity and positive predictive
value in patients with high calcium scores or severe
calcifications in the coronary arteries. However, it should
be cautious to use IR due to contradictory finding reported
in some studies. This is because inappropriate use of IR
can significantly reduce the calcium volume (16-18,38).
Use of de-blooming algorithm is another novel approach
for solving calcification-related artifacts during CCTA
examinations. Li et a/. (39) tested this new algorithm on
both coronary artery phantom and patients, and their
results showed the de-blooming algorithm significantly
decreased the blooming artifacts caused by calcified plaques

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and improved diagnostic accuracy of CCTA. Despite
effectiveness of these strategies for reducing blooming
artifacts to some extent, the limitation of spatial resolution
of CCTA is unchanged, thus, the beam hardening artifacts
associated with high calcification remains unresolved.

High spatial resolution CT is a recently developed
prototype which allows for acquisition of images with
0.25 mm slice thickness leading to improved diagnostic
accuracy of CCTA in coronary artery disease and evaluation
of coronary in-stent restenosis (23-25,40,41). Motoyama
et al. (41) compared diagnostic value of high-resolution CT
(HRCT) with conventional resolution CT (0.25 vs. 0.5 mm
slice thickness) in 23 patients with calcified plaques. For 27
calcified plaques graded as >50% stenosis by conventional
CT, 85% of these were reclassified as <50% stenosis by
HRCT. Diagnostic accuracy of CCTA was significantly

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):6-22
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Figure 9 3D reconstruction of synchrotron radiation computed tomography images of model 3 with different beam energies and slice

thicknesses. Irregular or blurring appearance is observed at the left circumflex coronary artery when slice thickness was increased to

0.491 mm when compared to the smooth surface seen in images with slice thicknesses between 0.095 and 0.302 mm.

improved by HRCT compared with conventional CT
since the area under the receiver operating characteristic
curve being 0.98 (HRCT) vs. 0.80 (conventional CT). Our
results are consistent with these findings. High resolution
synchrotron CT images with slice thicknesses ranging from
0.095 to 0.302 mm allow for accurate assessment of calcified
plaques and coronary stenosis, while the calcification
appears oversizing due to limited spatial resolution of
images reconstructed with 0.491 mm slice thickness. Hence,
turther studies of CCTA should focus on the use of high-
resolution imaging for diagnostic assessment of calcified
plaques (34).

Synchrotron radiation CT is an imaging technique

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

offering superior spatial resolution with promising
applications in cardiovascular disease (27-33). The spatial
resolution of synchrotron radiation CT is more than 10-
fold of conventional CT, therefore, it is able to provide
detailed analysis of coronary wall changes and coronary
plaque composition (29,30). In our study, the original raw
data of synchrotron radiation CT images were acquired
with ultra-high-resolution 0.019 mm slice thickness. This
is far superior to the capability of the latest CT scanners
available in the clinical practice (0.019 vs. 0.25 mm), thus we
reconstructed the images into different slice thicknesses to
generate data with spatial resolution similar to that of latest
CT scanners for investigation of effect of spatial resolution

qims.amegroups.com Quant Imaging Med Surg 2019;9(1):6-22
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Figure 10 2D and 3D virtual intravascular endoscopy (VIE) synchrotron radiation computed tomography images of model 1. (A and B) 2D
axial images with beam energy of 30 keV and reconstructed with different slice thicknesses. Long arrows point to the plaque at left main
stem (LM), while short arrows refer to the plaque at left anterior descending arteries (LAD). (C) VIE images of plaque at LM acquired with
beam energies of 30, 40 and 50 keV and reconstructed with different slice thicknesses. Images with use of 30 keV beam energy demonstrate
best visualization of the coronary wall and plaque appearance when compared to those with 40 and 50 keV beam energies. Visualization
of coronary wall and plaque is significantly affected in images with 0.491 mm slice thickness. (D) VIE views of plaque at LAD with beam
energy of 30 keV and different slice thicknesses. Plaque shape or configuration was changed in images with a slice thickness of 0.491 mm.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. qims.amegroups.com Quant Imaging Med Surg 2019;9(1):6-22



Quantitative Imaging in Medicine and Surgery, Vol 9, No 1 January 2019

40" keV-0-302)m

50 keV"0095mm || 50 keV 0.208 mm

40 keV 0.208 mm 40 keV 0.302 mm

30 keV 0.302 mm

L)

40 keV 0.095 mm 40 keV 0.302 mm

50 keV 0.302 mm

40 keV 0.491 mm

30 keV' 0%+ mm

40 ke\L0.491 mm

50 k&V0.491 mm

40 keV 0.491 mm

30 keV 0.491 mm

40 keV 0.491 mm

50 keV 0.491 mm

17

Figure 11 2D and 3D virtual intravascular endoscopy (VIE) synchrotron radiation computed tomography images of model 2. (A) 2D axial

images acquired with beam energy of 40 keV and reconstructed with different slice thicknesses. Arrows refer to the plaque at left anterior

descending arteries (LAD). (B) 2D axial images acquired with different beam energies and slice thicknesses. Images reconstructed with a

slice thickness of 0.491 mm result in suboptimal visualization of plaque (arrows) at left circumflex (LCx). (C) 3D VIE images of plaque at
LAD acquired with beam energy of 40 keV and reconstructed with different slice thicknesses. (D) 3D VIE images of plaque at LCx acquired

with different beam energies and slice thicknesses. The plaque became irregular when the slice thickness of 0.491 mm was used for image

reconstruction.
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Figure 12 2D and 3D virtual intravascular endoscopy (VIE) synchrotron radiation computed tomography images of model 3 acquired with
beam energy of 50 keV and reconstructed with different slice thicknesses. (A and B) 2D axial images of plaques at the proximal and mid-
segments of left circumflex artery (arrows). (C and D) 3D VIE views of plaques at the left circumflex with visualization of plaque appearance

affected in images reconstructed with a slice thickness of 0.491 mm.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. qims.amegroups.com Quant Imaging Med Surg 2019;9(1):6-22



Quantitative Imaging in Medicine and Surgery, Vol 9, No 1 January 2019 19

on assessment of coronary stenosis caused by calcified
plaques. Further, different beam energies were tested on
our coronary artery models with 30 keV producing the
best visualization of coronary artery wall and calcified
plaque appearances. In our previous synchrotron radiation
experiments (31-33), we identified about 70 keV beam
energy was optimum for visualizing metal stent wires. As
monochromatic X-rays were used for synchrotron radiation
CT (31,32), 70 keV monochromatic beam energy is similar
to the mean photon energy of polychromatic beam produced
by 140 kVp tube potential in conventional CT (42).
However, the X-ray attenuation property of metallic objects
is considerably higher than that of calcified plaques. Also,
both calcified plaques and coronary artery wall which has
even lower X-ray attenuation coefficient were required to
be clearly visualized together for accurate assessment of
degrees of stenosis (34). The finding of 30 keV being the
optimum beam energy is within expectation.

3D printing is a promising technique with rapid
developments and applications in the medical field (43-45).
3D printed physical models of cardiovascular disease
replicate complex cardiovascular anatomical structures and
pathologies with high accuracy according to recent studies
(46-48). This is further confirmed in our study as we created
patient-specific 3D printed coronary artery models with
insertion of coronary plaques based on patients’ C'T images.
These 3D printed models were employed to investigate
the assessment of calcified coronary plaques using superior
spatial resolution synchrotron radiation CT images
reconstructed with some slice thicknesses which cannot
be acquired by current CT scanners. Use of HRCT on
coronary phantom experiments has been reported (40,41),
however, to our knowledge, this is the first report in the
literature regarding the use of 3D printed realistic coronary
models with calcification placed inside the coronary arteries
for analysis of coronary stenosis and plaque appearances.
Results of this study add valuable information to the existing
literature proving that accurate assessment of coronary
stenosis due to calcified plaques can be achieved with high
spatial resolution images, highlighting the future research
direction in this area.

There are several limitations in this study. First, as
explained in our previous reports (31-33), we did not
use contrast medium in our models because of superior
spatial and contrast resolution of synchrotron radiation
CT. Further, the models were not placed in a container
to simulate surrounding thoracic structures. This was not

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

an issue for our assessment as we focused on both 2D and
3D VIE images with excellent visualization of anatomical
details and plaque appearances. Second, we simulated <50%
and >70% coronary stenosis in these 3D printed coronary
models with the aim of differentiating non-significant
from significant coronary stenosis. However, the main
challenge of current CCTA is to determine the significance
of intermediate coronary stenosis (50-69%). Simulation of
different degrees of stenosis in this range of 50-69% should
be considered in future experiments. Finally, the external
coronary wall thickness was increased by 1.5 mm for 3D
printing purpose, which made the model wall look thicker
than its actual size. However, the dimensions of lumens of
coronary arteries remained unchanged, hence our analysis
was not affected.

In conclusion, we have successfully created 3D printed
coronary artery models based on patient’s CCTA images
with simulation of calcifications in the coronary arteries
resulting in different degrees of stenosis. Synchrotron
radiation CT images with different slice thicknesses and
beam energies were acquired with 30 keV being the optimal
protocol for visualization of coronary wall and plaques.
Synchrotron radiation CT images with thin slice thicknesses
between 0.095 and 0.302 mm allow for accurate assessment
of coronary stenosis on both 2D and 3D VIE images, while
images with a slice thickness of 0.491 mm lead to significant
overestimation of coronary stenosis. Future research
should focus on developments of high spatial resolution
CT imaging for accurate diagnostic assessment of calcified
coronary plaques.
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