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This study was conducted on a human aorta phantom with a commercially available stent graft placed in the
aorta with the aim of investigating visualization of aortic stent graft by synchrotron radiation. Synchrotron tomog-
raphy experiments were performed on imaging and medical beamline at the Australian Synchrotron facility, with
beam energy ranging from 40 to 100 keV, with spatial resolution of 19.88 um per pixel. Computed tomogra-
phy (CT) scans were performed on a 64-slice CT scanner with slice thickness of 1.0, 1.5 and 2.0 mm. Maximal
transverse diameter of stent wires was measured on synchrotron radiation and 64-slice CT images at suprarenal
stent struts and main body of aortic stent graft. The stent wire diameter measured on synchrotron images was
between 0.4 and 0.5 mm, representing the actual diameter of wire thickness, while overestimated wire thick-
ness was seen in 64-slice CT images with measured wire diameter ranging from 1.0 to 1.6 mm. There were
no significant differences in stent wire diameter between suprarenal stent struts and main body stent graft by
comparing two-dimensional (2D) axial (p = 0.93) and three-dimensional (3D) synchrotron image measurements
(p =0.07). Significant difference was found between 2D and 3D synchrotron measurements of stent wire diam-
eter in the main body of stent graft (p = 0.001). In contrast, significant differences were found in stent wire
diameter at the levels of suprarenal stent struts and the main body of stent graft by comparing 2D axial and
3D CT image measurements (p = 0.03 and 0.001 respectively). Also, significant differences were reached by
comparing measurements taken at the suprarenal stent struts and main body of stent graft with use of 2D axial
(p =0.04) and 3D CT images (p = 0.001). Synchrotron radiation provides superior advantages over multislice
CT for visualization of aortic stent wire structure with measurements representing the actual diameter, thus
allowing accurate assessment of endovascular stent graft repair.

Keywords: Aortic Stent Graft, Phantom, Synchrotron Radiation, Stent Wire, 3D Visualization.

1. INTRODUCTION

Endovascular aneurysm repair (EVAR) of abdominal aortic
aneurysm (AAA) has become a widely performed procedure
to treat patients with AAA due to its less invasiveness and
associated low peri-operative mortality when compared to open
surgery.' Technical developments in aortic stent grafts have
extended the application of EVAR to benefit more patients with
complicated aortic aneurysmal diseases, with resultant modifi-
cations in stent graft design ranging from traditional infrarenal
aortic stent grafts to suprarenal and fenestrated stent grafts.®!!
Although promising results have been reported in many stud-
ies with use of EVAR for treatment of patients with AAA, the
long-term outcomes, in particular the effect of stent wires on
subsequent renal function remain to be determined.® -5
Currently, computed tomography (CT) angiography is the pre-
ferred imaging modality for both preoperative planning and post-
procedural follow-up of EVAR.!®2° Despite rapid developments
in multislice CT scanners with high spatial resolution leading to
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isotropic voxel size of 0.4 x 0.4 x 0.4 mm>2'"2 stent wire diam-

eter is often overestimated on CT images due to point spread
function of CT imaging, which results in wire thickness between
1.0 and 2.0 mm, while the actual diameter of aortic stent wires
is less than 0.5 mm.>*2 This is clinically important in patients
treated with suprarenal stent grafts since there exists potential
interference with renal blood perfusion by stent wires.?’~2° There-
fore, reliable assessment of aortic stent wires by a high reso-
lution imaging technique is of paramount importance to ensure
safe implantation of stent grafts, and this could be achieved with
synchrotron radiation imaging.

Synchrotron imaging represents an immense leap forward in
performance over imaging techniques with use of conventional
X-ray sources due to its superior resolution (10-20 um as
opposed to the 300400 wm with currently available multislice
CT scanners) and has been extensively exploited in many areas
of science including medical applications.*® Promising results of
using synchrotron radiation in the investigation of cardiovascular
disease have been reported in the literature.>'> In these stud-
ies, researchers were able to quantitatively assess the restenosis
in stents and human atherosclerotic plaques. The actual structure
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of real human plaques and the chemical composition of calci-
fied lesions could be revealed with synchrotron imaging. Fur-
ther, the mechanical structure of the coronary stent was clearly
imaged and visualized. With its high spatial resolution and low
radiation dose, synchrotron radiation could be a potential imag-
ing technique to accurately evaluate the suprarenal stent wires
in relation to the renal artery ostium. The aim of this study is
to investigate the application of synchrotron radiation in imag-
ing aortic stent graft based on an in vitro phantom study. We
hypothesized that synchrotron radiation allows for more accurate
assessment of aortic stent wires in comparison with conventional
CT imaging.

2. MATERIALS AND METHODS

2.1. Human Aorta Phantom

This is an in vitro phantom study with use of a human aorta
model consisting of the aneurysm, superior mesenteric artery and
renal arteries (Fig. 1). The aorta model was built with medical
rapid prototyping technique based on our previous studies, and
it represents the accuracy of actual diameters of the aorta and its
main branches.?+2

2.2. Aortic Stent Graft

In order to simulate endovascular aortic repair, a commercially
available Zenith AAA endovascular stent graft (William Cook
Europe, Bjaeverskov, Denmark) was used as it has an uncovered
suprarenal component consisting of bare metal stent wires which
allow blood perfusion to the kidneys once the stent graft is placed
across the renal arteries. Figure 2 shows the Zenith stent graft
with suprarenal stent wires. The suprarenal stent wire was mea-
sured 0.47 mm while the stent wire in the main body of stent
graft was measured 0.46 mm.

Right renal artery

Fig. 1. Human aorta phantom manufactured by rapid prototyping technique
showing superior mesenteric and renal arteries (arrows). SMA-superior
mesenteric artery.
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Fig. 2. Zenith AAA stent graft. (A) Lateral view of stent graft with an uncov-
ered suprarenal component. (B) Top view of suprarenal stent wires with
hooks and barbs.

2.3. Synchrotron Radiation Experimental Set-Up

The synchrotron tomography experiments were performed on
imaging and medical beamline (IMBL) at the Australian Syn-
chrotron Facility in Melbourne, Australia. This is a method of
imaging that utilises single energy X-rays from a synchrotron
source and has produced images of test objects and tissues whose
contrast and information content far exceed conventional imaging
techniques.*>3?

For tomography imaging, a parallel beam of monochromatic
X-ray was used with a single two-dimensional (2D) detector
behind the sample for data collection. The sample was rotated
to acquire the projection images for tomographic reconstruction.
Projections were taken every 0.1° for a total sample rotation of
180°, giving 1800 projections per scan. Reconstruction using a
filtered back projection algorithm was performed off-line on a
workstation. Images were recorded on detectors with a field of
view 70 mm by 20 mm with pixel size 19.88 um.

Once the aorta phantom was secured and aligned properly
(Fig. 3), a range of beam energies was tested from 40 to 100 keV

Fig. 3. Experimental set-up of synchrotron radiation of aortic phantom
study. The phantom with aortic stent graft in place is positioned at the center
of beam line.
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with an increment of 10 keV at each step with the aim of deter-
mining the effects of different beam energies on the visualization
of stent wires. The beam energy of 50 keV was not included in
the scanning protocol because we first tested the lowest levels of
40 and 50 keV and noticed that both energy levels did not show
the stent wires clearly, thus, only 40 keV was used as the lowest
beam energy level.

2.4. CT Scanning Protocols

CT scans were performed on a 64-slice CT scanner (Siemens
Definition, Siemens Healthcare, Forchheim, Germany) with the
following scanning protocol: beam collimation 2 x 32 x 0.6 mm,
kVp 100, tube current 180 mA, slice thickness ranging from
1.0, 1.5 and 2.0 mm with 50% reconstruction interval with pitch
of 1.5. Selection of these protocols was based on our previ-
ous study with regard to optimizing image quality and radiation
dose in aortic stent grafting. The effective radiation dose asso-
ciated with these CT scanning protocols was between 1.88 and
2.04 mSv according to our previous study.*

2.5. Image Processing and Data Measurements

Original 2D axial synchrotron images in tagged image file format
(TIFF) and 64-slice CT images in Digital Imaging and Com-
munications in Medicine (DICOM) format were processed with
the commercial software, Analyze V 12.0 (AnalyzeDirect, Inc.,
Lexana, KS, USA). Data were transferred to a separate work-
station equipped with this software for image processing and
measurement. Measurements of stent wire diameter at maxi-
mal transverse dimensions were performed on both 2D axial
and three-dimensional (3D) volume rendering images acquired
with 64-slice CT and synchrotron radiation imaging respectively.
Measurements were taken at five different locations at the lev-
els of suprarenal stent struts and main body of stent graft,
with the mean value taken as final to avoid intra-observer bias.
Measurements were performed by an experienced radiologist
who has more than 15 years of experience in stent graft imaging.

2.6. Statistical Analysis

Statistical analyses were performed using SPSS 24.0 (SPSS Inc,
Chicago., IL, USA). Continuous variables were expressed as the
mean =+ standard deviation. A student ¢ test was used to compare
the differences between measured wire thicknesses based on syn-
chrotron radiation and multislice CT images. A p value less than
0.05 was considered statistically significant.

3. RESULTS

A total of 9 datasets were acquired for analysis with 6 from
synchrotron radiation and 3 from 64-slice CT imaging. Table 1
shows results of measuring stent wire thickness at suprarenal
stent struts and main body of stent graft locations.

Results of synchrotron tomography imaging showed that the
measured sizes of suprarenal stent wires were very close to the
actual wire thickness between 0.4 and 0.5 mm. The exposure
protocol of 40 keV resulted in the largest wire diameter with
visualization of stent wires affected to some extent due to insuf-
ficient exposure as shown in Figure 4. When the beam energy
was gradually increased from 40 to 100 keV, stent wires became
clearly visualized on both 2D axial and 3D reconstruction images
(Figs. 5 and 6). Although the measured wire thickness decreased
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Table I. Measurements of stent wire diameters at different regions of
aortic stent graft.

Suprarenal stent struts
(mm) (mean =+ SD)

Main body of stent graft
(mm) (mean =+ SD)

Imaging 2D axial 2D axial
parameters images 3D images images 3D images
Synchrotron
imaging (keV)
40 0.52+0.02 0.45+0.01 0.51+0.01 0.40+0.01
60 046+0.01 0.43+0.03 0.46+0.01 0.36+0.01
70 0.42+0.02 0.39+0.02 0.42+0.01 0.34+0.01
80 0.42+0.01 0.37+0.01 0.42+0.01 0.33+0.01
90 0.40+0.01 0.35+0.01 0.40+0.01 0.32+0.01
100 0.40+0.01 0.33+0.01 0.42+0.01 0.29+0.01
64-slice CT
imaging (mm)
1.0 149+0.10 1.32+0.11 1.32+0.18 0.95+0.05
15 1.63+0.06 1.44+0.11 1.40+0.08 1.03+0.13
2.0 1.62+0.14 1.42+0.10 1.47+0.11 1.03+0.09

Note: 2D = 2-dimensional; 3D = 3-dimensional; CT = computed tomography; SD =
standard deviation.

with the increase of keV on 2D and 3D images, there were
no significant differences in stent wire diameter measured with
2D axial and 3D images at the level of suprarenal stent struts
(p =0.09). Similarly, no significant differences were found in
stent wire diameter between suprarenal stent struts and main
body of stent graft by comparing 2D axial (p = 0.93) and 3D
image measurements (p = 0.07). The only significant differ-
ence was found between 2D axial and 3D image measurements
in the main body of stent graft, with wire thickness measured
on 3D images significantly smaller than that on 2D images
(p=0.001).

Fig. 4. Synchrotron tomography images acquired with 40 keV beam
energy. (A) 2D axial images show suprarenal stent wires and main body of
stent graft. (B) 3D reconstructed image indicates suboptimal visualization of
stent wires due to insufficient energy resulting in artefacts.
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100 keV *

Fig. 5. Synchrotron tomography images acquired with beam energy ranging from 60 to 100 keV. 2D axial images of suprarenal stent struts (top row) and

main body of stent graft (bottom row). Arrows refer to the stent graft material.

Results of 64-slice CT images showed overestimated wire
thickness with use of different slice thicknesses, with wire diam-
eter 2-3 fold of the actual size. Stent wires appear to be larger
with the increase of slice thickness as shown in Table I. Sig-
nificant differences were found in stent wire diameter at the
levels of suprarenal stent struts and the main body of stent
graft by comparing 2D axial and 3D image measurements

(p=0.03 and 0.001 respectively). Also, significant differences
were reached by comparing measurements taken at the suprarenal
stent struts and main body of stent graft with use of 2D
axial (p = 0.04) and 3D images (p = 0.001). Figure 7 shows
2D axial images acquired with different CT protocols, while
Figure 8 is an example showing 3D reconstructions of aortic stent
graft.

Fig. 6. Synchrotron tomography images acquired with beam energy ranging from 60 to 100 keV. 3D reconstructed images demonstrate stent wires clearly
with fine details visualized at the suprarenal stent struts with wire thickness similar to the actual diameter. Arrows point to the hooks at the suprarenal stent

wires.

(A)

B)

Fig. 7. 64-slice CT 2D views of aortic stent graft. 2D axial images showing suprarenal stent struts (A) and main body of stent graft (B).
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Fig. 8. 64-slice CT 3D views of aortic stent graft. 3D reconstructed images showing aortic stent graft with wire thickness overestimated greatly when compared

to synchrotron images as demonstrated in Figure 6.

4. DISCUSSION

This study was designed to investigate the application of syn-
chrotron radiation in the assessment of aortic stent grafting with
a focus on the visualization of stent wires and measurement of
wire thickness in comparison with 64-slice CT scanning. Results
of this study showed the superiority of synchrotron radiation with
stent wires clearly visualized on 2D axial and 3D reconstructed
images. Further, fine details of aortic stent graft such as barbs
of hooks (Fig. 6) comprising the suprarenal component can also
be demonstrated on the synchrotron images as compared to CT
images. Thus, synchrotron radiation allows for more accurate
assessment of stent graft structures.

The rationale behind this study is to utilize the recently estab-
lished synchrotron facility in Australia and provide new insight
into the anatomical structure of endovascular aortic stent grafts,
for advancing our understanding of the endovascular repair of
AAA that will contribute to improvements in the long-term
safety of this surgical procedure. The renal artery ostium nor-
mally ranges from 5 to 7 mm in diameter, whereas the thick-
ness of stent struts is about 0.4-0.5 mm. CT image findings of
this study are consistent with our previous reports showing that
suprarenal stent struts were overestimated with measured wire
thickness ranging from 1.0 mm to 1.6 mm in diameter on 2D
and 3D visualizations.?*2® This prevents accurate assessment of
the encroachment of stent wires to the renal artery ostium. Thus,
an imaging modality to overcome the above limitations inherent
in CT imaging is important for clinicians to evaluate the treat-
ment outcomes of EVAR. We believe synchrotron imaging holds
promise as such a method, and this is confirmed by findings pre-
sented in this study with measured wire diameter similar to the
actual diameter.

The synchrotron radiation facility produces high intensity light
beams across multiple wavelengths. The unique features of syn-
chrotron light make research results far superior in accuracy,
clarity and specificity than with conventional medical imaging
modalities. The advantages of synchrotron radiation imaging
have been increasingly explored in medical applications such
as 3D morphology of cell structures,?® micro-architectural alter-
ations in osteoarthritis and cartilage,**3” biological morphology
and biomaterial science.® In the diagnosis of cardiovascular
disease, synchrotron radiation has been shown to allow accu-
rate characterization of atherosclerotic plaques both qualitatively
and quantitatively with excellent correlation to histopathologic
findings.*-** With more than 10-fold resolution of current CT
scanners, this study shows synchrotron radiation enables detec-
tion of not only stent wire structures, but also other fine details
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associated with stent graft such as barbs and hooks, as shown
in the results of this study. Thus, research findings offer insights
into accurate assessment and characterization of aortic stent wire
details.

Although it is unrealistic to use synchrotron imaging for rou-
tine follow-up of patients treated with endovascular stent grafts,
synchrotron radiation angiography has been proved to be a novel
and safe tool for imaging of cardiovascular disease in patients.*!
This study provides a scientific basis on management of patients
who develop post-procedural complications which cannot be
resolved with conventional CT imaging. Therefore, phantom-
based experiments using synchrotron radiation will play a sig-
nificant role in improving understanding of the treatment effects
of the EVAR and identification and characterization of problems
related to the stent grafting.

Some limitations in this study should be acknowledged. First,
although Zenith stent graft was placed in the aorta phantom to
simulate treatment of AAA, there was no contrast medium used
to represent routine CT angiographic scans due to its potential
interference of contrast medium with stent wire visualization.
Second, we did not analyse the effect of stent wires in rela-
tion to the renal artery ostium as the focus of this study is to
compare the stent wire thickness measured with various beam
energies from synchrotron radiation and different slice thick-
nesses from 64-slice CT. Further studies are necessary to quan-
tify this effect. Third, the 64-slice CT scanner used in this study
is a widely available multislice CT scanner in clinical centers.
Although latest scanners including 320-slice and 3rd generation
dual-source CT represent the most recent CT models which offer
longer z-axis anatomical coverage and improved temporal reso-
lution, there is no difference in spatial resolution to that of 64-
slice CT.?* Thus, images acquired with the 64-slice CT in this
study are not inferior to those with latest CT scanners. Finally,
although the current aorta phantom represents anatomical details
of human aorta and aortic aneurysm, patient-specific realistic
3D printed models could be used for further experiments. 3D
printed models based on individual patient’s medical images such
as echocardiographic, computed tomographic or magnetic reso-
nance imaging have been shown to guide pre-surgical simulation
and planning, and intraoperative orientation through providing
unique anatomy for individual patients diagnosed with complex
cardiovascular disease.*>* Further, only one type of stent graft
(Zenith suprarenal stent graft) was included in this study. Due
to increasing use of different types of stent grafts for treatment
of AAA%? further research with inclusion of more stent grafts
such as fenestrated stent grafts is necessary to verify the results
as shown in this study.
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In conclusion, in this phantom study we demonstrate the
advantage of synchrotron radiation over multislice CT imaging
in the visualization of aortic stent graft. Aortic stent wires are
clearly visualized on synchrotron images with wire thickness rep-
resenting the actual diameter when beam energy of 60 keV or
higher is applied. The high-resolution images acquired with syn-
chrotron radiation are able to demonstrate anatomical details of
aortic stent graft. This technique could be a potential imaging
modality for more accurate assessment of encroachment of stent
wires to the renal artery ostium although this needs to be verified
by further studies.
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