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Synchrotron radiation computed tomography versus conventional
computed tomography for assessment of four types of stent
grafts used for endovascular treatment of thoracic and abdominal
aortic aneurysms
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Background: To determine the accuracy of synchrotron radiation computed tomography (CT) for
measurement of stent wire diameters for i vizro simulation of endovascular aneurysm repair by four different
types of stent grafts when compared to conventional CT images.

Methods: This study was performed using an aorta model with implantation of four aortic stent grafts for
endovascular treatment of thoracoabdominal and abdominal aortic aneurysms. The aorta model was scanned
using synchrotron radiation CT with beam energies ranging from 60 to 90 keV with 10 keV increment at
each scan and spatial resolution of 41.6 pm per pixel. Stent wire diameters were measured at the top and
body regions of each stent graft based on 2-dimensional (2D) axial and 3-dimensional (3D) reconstruction
images, with measurements compared to those obtained from 128-slice CT images which were acquired with
slice thickness of 0.5 mm.

Results: Synchrotron radiation CT images clearly demonstrated stent graft details with accurate assessment
of stent wire diameters, with measurements at the top of stent grafts (between 0.32+0.02 and 0.47+0.02 mm)
similar to the actual diameters (between 0.32+0.01 and 0.48+0.01 mm) when the beam energies of 70 and
80 keV were used, regardless of the types of stent grafts assessed. A beam energy of 60 keV resulted in stent
wires thicker than the actual sizes, although this did not reach statistical significance (P=0.07-0.29), while the
beam energy of 90 keV led to stent wires smaller than the actual sizes at the top (P=0.16) and body region
(P=0.02) of stent grafts on 2D axial images. The stent wire sizes measured at the body region of stent grafts
on 3D synchrotron radiation images (between 0.19+0.02 and 0.43+0.02 mm) were significantly smaller
than the actual diameters (P=0.02-0.04). Stent wires were overestimated on conventional CT images with
diameters more than 2-fold larger than the actual sizes (P=0.007-0.03) at both top and body regions of all
four stent grafts.

Conclusions: This study further confirms the accuracy of high-resolution synchrotron radiation CT
in image visualization and size measurement of different aortic stent grafts with measured wire diameters
similar to the actual ones, thus allowing for more accurate assessment of stent wire details for endovascular

repair of aortic aneurysms.
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Introduction

Endovascular aortic repair (EVAR) by use of stent grafts
is a widely available, less-invasive procedure for treatment
of patients having thoracoabdominal and abdominal aortic
aneurysms, with clinical benefits of lower risk of procedure-
related mortality when compared to open surgical repair
(1-6). Further, the cost of EVAR appears lower than open
surgery of aortic aneurysms (7,8). Technical developments
of aortic stent grafts over the last decades have enabled
EVAR to treat patients with complex aortic aneurysms such
as the use of fenestrated and branched aortic stent grafts for
preservation of renal and visceral arterial branches (6,9-11),
thus improving the durability and safety of the implanted
endovascular stent grafts.

Patients receiving EVAR undergo regular imaging follow-
up to check the patency of arteries and the diameter of aortic
aneurysms, and to determine whether the aortic aneurysms
are completely excluded from the systemic circulation, and
whether the stent grafts are deployed properly in relation to
the renal and other visceral arteries. Among various imaging
modalities, computed tomography angiography (CTA) is
the preferred imaging technique for postoperative follow-up
of EVAR, with low-dose CTA protocols reported to reduce
cumulative radiation dose (12-15). With improvements
in computed tomography (CT) scanning techniques, the
spatial resolution of latest multi-detector row CT scanners is
between 230 and 500 pm, which enables accurate assessment
of anatomical structures and pathologies such as coronary
arteries and plaque features (16-18). However, CT images
acquired with the current scanners still suffer from beam
hardening and blooming artifacts when imaging aortic stent
wires, which result in overestimation of wire thickness as
reported in our previous studies (19-22).

The limitation of inferior spatial resolution of current
CT systems can be overcome by synchrotron radiation
CT due to its advantage of superior spatial resolution,
which is more than ten times higher than the most recent
CT scanners (23,24). Our recent studies have shown
the accuracy of synchrotron radiation CT for accurate
assessment of stent wires and cross-sectional area reduction
caused by aortic stent grafts (25,26). However, the study
was limited to only imaging one particular type of stent
graft. The purpose of this study was to determine the
accuracy of measuring the diameters of stent wires shown
on synchrotron radiation CT images of four different types
of aortic stent grafts that were commonly used to treat
thoracoabdominal and abdominal aortic aneurysms. This
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Figure 1 Aortic model used for simulation of endovascular

aneurysm repair. (A) Anterior view of the silicon model consisting
of ascending aorta, aortic arch with 3 main arterial branches and
descending aorta down to the bifurcation; (B) posterior view of the

model with simulated aneurysms in ascending and descending aorta.

study further expanded our previous reports to assess stent
grafts with different designs of the top/uncovered stents and
body part of the stent grafts.

Methods
Aorta model and stent grafis

An aortic model consisting of ascending aorta, aortic arch
and abdominal aorta down to iliac bifurcation made by
silicon was used in this study to simulate EVAR. Two aortic
aneurysms were simulated in the model, with ascending and
descending ones being 4.5 and 5.5 cm respectively (Figure I).
The model was produced by pouring silicon onto a mould.
The mould was then removed once the silicon was solidified.

Four different aortic stent grafts (A-D) were used in
this study (Figure 2). All of these aortic stent grafts were
manufactured with Cook Zenith system (William A. Cook,
Brisbane, Australia) and they were commercially available
products that were used to treat patients with different types
of aortic aneurysms. Details of these stent grafts regarding
their applications in treating aortic aneurysms are shown in
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Figure 2 Four different aortic stent grafts (A-D) that were used in

the experiments.

the following:
% Zenith TX2 distal thoracic component;
¢ Thoracoabdominal with helical side-branches and
fenestrations;

°,
”Q

Zenith Alpha proximal component with low profile
material;
Thoracoabdominal with helical side-branches and

X3

*

fenestrations.

Stent graft B was intended to land inside the distal end
of another graft, either pre-existing or placed just before
graft B while stent graft D was a standalone graft intended
to seal into native anatomy at both ends. Two stent grafts
(A and B) were first placed together inside the aorta model
with one in the ascending aortic aneurysm and the other
in the descending aortic aneurysm, followed by CT image
acquisition. The same stent graft placement and image
acquisition approach was used for stent grafts C and D as
well. Thus, each CT image dataset contains 2 types of stent
graft details. Figure 34 is an example showing simulated
implantation of stent grafts A and B in the aorta model,
while Figure 3B shows stent grafts C and D placed inside
the aorta with foam used to support the model during
synchrotron radiation CT imaging.

Synchrotron radiation CT scans

Synchrotron radiation CT imaging was conducted at the
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Figure 3 Simulation of endovascular aneurysm repair during
experiments. (A) Stent grafts A and B were placed inside the aorta
model; (B) stent grafts C and D were placed inside the aorta model
with use of foam to support the aorta arch for fixing its position

during synchrotron radiation CT imaging.

Australian Synchrotron in Melbourne using the Imaging and
Medical Beamline (IMBL). Details of experimental setup
and imaging characteristics of IMBL have been described
in our previous studies (25,26). The synchrotron radiation
CT images were acquired with a pixel size of 41.6 pm
and beam energies ranging from 60 to 90 keV with 10 keV
increment at each scan. The purpose of selecting different
beam energies was to determine the effect of energies on
the visualization of stent wires and identify optimal energy
range for synchrotron radiation CT imaging of aortic stent
grafts. The rationale of choosing 60 keV as the minimal
beam energy and 90 keV as the maximum was based on our
previous study findings, beam energy lower than 60 keV
resulting in suboptimal visualization of stent wires, while
beam energy higher than 90 keV leading to disruption of
wire structures (25,26). To ensure that the model did not
move during synchrotron radiation CT imaging, the model
was immobilized by foam boards fixed to the centre of
IMBL scan table as shown in Figure 4.

Conventional CTA scans

CTA scans of the aorta model with stent grafts placed in the
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Figure 4 Experimental setup during synchrotron radiation. Foam
boards were used to fix the aorta model with the aim of providing
support to keep aorta model stable during synchrotron radiation

CT imaging.

ascending and descending aorta were performed on a second
generation of 128-slice dual-source CT (Siemens Definition
Flash, Siemens Healthcare, Forchheim, Germany). CT
scanning protocol was as follows: detector collimation:
2x64x0.6 mm, 80 kVp, automatic tube current modulation,
pitch: 1.2 and slice thickness: 0.5 mm with reconstruction
interval of 0.25 mm. The voxel size of volumetric data
was 0.48x0.48x0.48 mm’. To simulate CTA of abdominal
aorta and follow-up imaging of aortic stent grafting, the
aorta model was immersed in a plastic container which
was filled with contrast medium, Optiray 350 Ultraject™™
(Mallinckrodt Pty Ltd, NSW, Australia). The contrast
medium was diluted to 7% with CT attenuation being
250 HU, which was similar to the one in routine CTA
scanning involving real patients.

Image post-processing and measurements

Synchrotron radiation CT images in TIFF (tagged image
file format) and 128-slice CTA images in DICOM (Digital
Imaging and Communications in Medicine) underwent post-
processing and analysis on a workstation with use of Analyze
12.0 (AnalyzeDirect, Inc., Lexana, KS, USA). Original
2-dimensional (2D) axial images were converted into
3-dimensional (3D) volumetric data for image visualization
and measurements. The stent wire diameters were measured
at the top and body regions of aortic stent grafts based on
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2D axial and 3D reconstruction images. Measurements were
performed at three different wire locations and the mean
values were used to indicate the stent wire diameters so as
to minimise intra-observer disagreement. Measurements
for synchrotron radiation CT images were performed by an
observer (observer 1) with more than 20 years of experience
in CTA and more than 5 years of experience in synchrotron
radiation studies. Measurements for CTA images were
independently conducted by two observers (observers 1
and 2, with more than 20 and 10 years of experience in
CT imaging, respectively), with good correlation achieved
between these measurements performed by two observers
(r=0.69-0.73; P=0.008-0.013).

The actual wire diameters were measured at the top and
body regions of these four aortic stent grafts. Similarly,
measurements were performed at three different wire
locations with the mean values used to indicate the diameters.
Figure 5 shows an example of measuring stent wire diameters
at the top and body of stent graft C using a digital caliper.

Statistical analysis

Statistical analyses were performed using SPSS software
24.0 (IBM Corporation, Armonk, NY, USA). Descriptive
data were given as the mean and standard deviation. Mean
values of diameters of stent wires shown on synchrotron
radiation CT and CTA images were compared using
the Student t test. Statistically significant difference was
assumed at P<0.05.

Results

Images acquired with synchrotron radiation provided more
accurate assessment of wire diameters at the top and body
regions of stent grafts, regardless of the types of stent
grafts. The wire thicknesses were apparently affected by
beam energies of synchrotron radiation with low energy
resulting in slightly overestimated wire thicknesses, and
high energy leading to wire diameters smaller than the
actual sizes (Tubles 1,2).

Of these four different stent grafts, the beam energies
of 70 and 80 keV allow for more accurate assessment of
wire diameters with measured thicknesses similar to the
actual sizes of stent wires at the top and most of the body
regions of stent grafts. Overall, the stent wire diameters
at the top and body regions of stent grafts illustrated
on images acquired with a beam energy of 60 keV were
measured thicker than the actual ones although this did
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Figure 5 Use of digital caliper to measure the stent wire diameters. Measurements were performed at the top (A) and body regions of the
stent graft C (B).

Table 1 Measurements of stent wire diameters on 2D axial images acquired using synchrotron radiation with beam energies ranging from 60 to
90 keV and 128-slice CT

Scanning Stent graft A (mm) Stent graft B (mm) Stent graft C (mm) Stent graft D (mm)
protocols Top Body Top Body Top Body Top Body
60 keV 0.48+0.02 0.36+0.01 0.41+0.01 0.42+0.04 0.55+0.02 0.46+0.02 0.53+0.02 0.48+0.02
70 keV 0.37+0.01 0.29+0.01 0.38+0.01 0.33+0.01 0.46+0.02 0.44+0.02 0.44+0.02 0.31+0.02
80 keV 0.32+0.02 0.28+0.02 0.36+0.02 0.33+0.01 0.43+0.01 0.44+0.01 0.45+0.01 0.32+0.01
90 keV 0.30+0.01 0.25+0.01 0.34+0.01 0.25+0.00 0.44+0.02 0.40+0.01 0.44+0.01 0.27+0.04
128-slice CT* 2.11£0.28/  2.44+0.00/ 2.44+0.00/  1.46+0.00/ 2.11£0.28/  1.95+0.00/ 1.95+0.00/  1.95+0.00/

2.10+0.26 2.21+0.21 2.13+0.26 1.52+0.11 1.99+0.03 1.81+0.23 1.97+0.03 1.97+0.03
Actual diameters 0.34+0.01 0.34+0.01 0.39+0.01 0.32+0.01 0.48+0.01 0.48+0.01 0.48+0.01 0.33+0.01

*Refers to measurements of stent wires on 128-slice CT by 2 separate observers.

Table 2 Measurements of stent wire diameters on 3D images acquired using synchrotron radiation with beam energies ranging from 60 to
90 keV and 128-slice CT

Scanning Stent graft A (mm) Stent graft B (mm) Stent graft C (mm) Stent graft D (mm)
protocols Top Body Top Body Top Body Top Body
60 keV 0.43+0.02 0.32+0.01 0.54+0.02 0.36+0.03 0.60+0.03 0.43+0.02 0.59+0.01 0.31+0.01
70 keV 0.36+0.03 0.28+0.01 0.39+0.03 0.28+0.01 0.47+0.02 0.35+0.01 0.44+0.02 0.26+0.01
80 keV 0.34+0.02 0.26+0.01 0.33+0.01 0.26+0.03 0.46+0.02 0.36+0.01 0.47+0.01 0.24+0.01
90 keV 0.27+0.02 0.23+0.02 0.30+0.03 0.27+0.03 0.34+0.02 0.31+0.01 0.38+0.01 0.19+0.02
128-slice CT* 1.05+£0.07/  1.05+0.12/ 1.12£0.06/ 0.76+0.31/ 0.98+0.00/  1.05+0.81/ 1.01£0.07/  0.72+0.24/

1.05+0.12 1.16+0.06 1.37+0.15 0.85+0.32 1.25+0.11 1.17+0.31 0.92+0.20 0.76+0.30
Actual diameters 0.34+0.01 0.34+0.01 0.39+0.01 0.32+0.01 0.48+0.01 0.48+0.01 0.48+0.01 0.33+0.01

*Refers to measurements of stent wires on 128-slice CT by 2 separate observers.
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60 keV stent graft A 60 keV stent graft B

80 keV stent graft A 80 keV stent graft B

70 keV stent graft A

90 keV stent graft A
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70 keV stent gre{ft B

90 keV stent graft B

Figure 6 Synchrotron radiation 2D axial images of stent grafts A and B with use of different beam energies ranging from 60 to 90 keV at the

body of stent grafts.

not reach statistically significant difference (P=0.07-0.29).
Nearly all wire diameters measured at the body regions
were significantly smaller than the actual sizes when the
beam energy was higher than 60 keV (P=0.02-0.04). This
is especially apparent on 3D images of the body regions of
stent grafts as most of the wire diameters were smaller than
the actual sizes, even on images acquired with 60 keV. The
wire diameters became much smaller than the actual ones
when beam energy was increased to 90 keV (Table 2).

Figure 6 shows a series of synchrotron radiation 2D axial
images of the body regions of stent grafts A and B acquired
with different beam energies ranging from 60 to 90 keV,
while Figure 7 shows synchrotron radiation 3D images of
these 2 stent grafts. Figure § presents a series of synchrotron
radiation 2D axial images of the top regions of stent grafts
C and D acquired with different beam energies ranging
from 60 to 90 keV, and Figure 9 demonstrates synchrotron
radiation 3D images of these stent grafts. Stent wire details
are clearly visualized on these synchrotron radiation images.
When beam energy was increased to 90 keV, some stent
structures were disrupted as shown in Figure 9.

In comparison with synchrotron radiation images, CT
images acquired with 128-slice scanner lacked of providing
wire structure details with wire diameters measured
significantly larger than the actual sizes. The wire diameters
measured on synchrotron radiation images were found to

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

be significantly smaller than those on conventional CT
images, regardless of the range of beam energies used or
the locations of the stent grafts (P=0.007-0.03). The stent
wire diameters were overestimated to a greater extent on
both 2D axial and 3D reconstruction conventional CT
images for all types of stent grafts. The stent wire diameters
measured on conventional CT images were at least 2-3
fold thicker than the actual sizes, as shown in Tubles 1,2.
Figures 10,11 show 2D axial conventional CT images of
stent wires, 3D surface shaded display of the aorta model
with stent grafts placed in the ascending and descending
aorta and 3D visualization of stent grafts, respectively. The
wire diameters were significantly larger than the actual
sizes at the top and body regions of these stent grafts on the
conventional CT images (P<0.001).

Discussion

This study further confirms the superiority of synchrotron
radiation CT imaging over conventional CT imaging in
the assessment of aortic stent grafts with high accuracy of
measuring sizes of stent graft structures. Findings of this
study show that synchrotron radiation allows for more
accurate assessment of stent wires with wire diameters
measured similar to the actual sizes in most of the measured
locations when beam energies of 70 and 80 keV were
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Figure 7 Synchrotron radiation 3D imaging of stent grafts with excellent demonstration of stent wire structures. 3D imaging of stent grafts

A and B (Figure 74, 7B respectively) with use of different beam energies ranging from 60 to 90 keV.

selected. In contrast, despite the use of thin slice thickness
of 0.5 mm, conventional CT images still significantly
overestimate the stent wire sizes, with measured diameters
larger than the actual ones, irrespective of locations or types
of stent grafts.

Short to mid-term outcomes of EVAR have been
satisfactory due to its less invasiveness and low rate
of complications associated with the procedure when
compared to invasive open surgery (1-4,6-8). The long-
term safety of EVAR depends on regular imaging follow-
ups, with a focus on the patency of visceral artery branches
due to implantation of modified stent grafts for dealing with
complex aortic aneurysms. Recent single and multicenter
studies have reported the feasibility and durability of
using fenestrated and branched endovascular stent grafts

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

in the treatment of juxta/suprarenal aortic aneurysms or
thoracoabdominal aortic aneurysms (27-29). However,
long-term follow-up of these stent grafts is necessary to
determine the impact of these modified stent grafts on
preservation of blood flow to the aortic arteries and disease
progression, as well as on device safety.

Previous studies by our group and others show that the
interference of stent wires with hemodynamic flow to the
renal arteries was minimal when suprarenal or fenestrated
stent grafts were placed inside the abdominal aorta (30-32).
With accumulation of blood cells on the stent surface,
the wire could become thicker than the original size, thus
resulting in a potential risk of reducing cross-sectional area
of the renal artery ostium (33,34). Current conventional CT
systems lack the ability to accurately assess wire diameters
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v
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70 keV stent graft D

90 keV stent graft C

Figure 8 Synchrotron radiation 2D axial images of stent grafts C and D with use of different beam energies ranging from 60 to 90 keV at

the top of stent grafts.

due to inferior spatial resolution, with overestimation of
wire diameters to more than 2-fold than the actual sizes.
This is confirmed in this study and previous reports with
measured wire diameters ranging from 0.7 to 2.44 mm,
while the actual stent wire sizes were measured between
0.32 and 0.48 mm (25,26). Therefore, routine CT imaging
is a useful technique for follow-up of position of stent grafts
in relation to the aortic branches, and patency of stented
vessels, but not for accurate assessment of wire diameters
with regard to the hemodynamic effects on renal arteries or
cross-sectional area reduction due to presence of stent wires
across the renal artery ostium.

Synchrotron radiation CT represents a novel imaging
technique with the ability of detecting very fine details owing
to its superior resolution with many applications in different
fields including in cardiovascular disease (23,24,35,36).
Recent reports on animal experiments indicated the
accuracy of synchrotron radiation CT in the visualization of
cardiovascular structures such as assessment of fine details
of coronary wall thickness (13.6-37.4 pm) and component
analysis of atherosclerotic plaques (<30 pm for thin fibrotic
cap) (37-39). Although the stent wires are less than 0.5 mm
in diameter, the required imaging resolution to detect its
dimensional change (minimal 20% change) is estimated to be
0.1 mm (40). This is beyond the ability of latest CT scanners
as the best spatial resolution of most recent conventional

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

CT scanners is between 0.23 and 0.5 mm. With superior
resolution, synchrotron radiation CT is able to demonstrate
macroscopic and microscopic details of stent grafts by
producing high resolution 3D images (with resolution down
to 1 pm), as shown in Figures 7,9. Synchrotron radiation CT
improves our understanding of the structural components
of aortic stent grafts by providing more accurate assessment
of the stent wires in terms of dimensional change and
relationship with other aortic branches. Despite its limitation
as a research tool, synchrotron radiation # vitro experiments
in this study and in ex vivo/in vivo in other animal studies
allows for morphological assessment of cardiovascular
structures and understanding pathogenesis of disease
development and progression.

Several limitations in this study should be acknowledged.
First, similar to our previous reports (25,26), no contrast
medium was used in the synchrotron radiation imaging
due to its superior spatial and contrast resolution. This
did not affect our assessment of stent graft details on
all of the images acquired with different beam energies.
Second, we tested four different stent grafts including the
most recently developed fenestrated and branched stent
grafts, and these products were commercially available for
treating thoracoabdominal and abdominal aortic aneurysms.
However, these stent grafts were all manufactured by Cook
Medical Australia, which is another limitation. Inclusion
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Figure 9 Synchrotron radiation 3D imaging of stent grafts C and D with excellent demonstration of stent wire structures. 3D imaging of

stent grafts C and D (Figure 94,98 respectively) with use of different beam energies ranging from 60 to 90 keV.

Figure 10 128-slice CT images of stent grafts A and B. (A) 2D axial images of stent wires at the body of stent grafts; (B) 3D surface shaded

display showing aorta model with stent grafts A and B placed in the aorta; (C) 3D visualization of stent wires of these 2 stent grafts.
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Figure 11 128-slice CT images of stent grafts C and D. (A) 2D axial images of stent wires at the top of stent grafts; (B) 3D surface shaded

display showing aorta model with stent grafts C and D placed in the aorta; (C) 3D visualization of stent wires of these 2 stent grafts. In

comparison with synchrotron radiation images as shown in Figures 7,9, 128-slice CT images were inferior to synchrotron radiation ones

with regard to displaying fine details of stent wires.

of other stent grafts from different manufacturers deserves
to be investigated in further studies. Third, although the
3D silicon model replicates aortic anatomy and aneurysms
with accuracy, use of 3D printed models with materials
similar to normal tissue properties could be another option
for simulating EVAR, given the rapid developments of
3D printing technology over the last few years (41-43).
Finally, we conducted conventional CT scans of the model
with implanted stent grafts with slice thickness of 0.5 mm,
however, high spatial resolution imaging of 0.23-0.25 mm
may prove to be superior to the current CT scanners. This
could be performed in the near future when the high spatial
resolution imaging is available in local clinical centers.

Conclusions

In conclusion, we have tested imaging of four different aortic
stent grafts with various beam energies using synchrotron
radiation and 128-slice CT. Synchrotron radiation CT
enables accurate assessment of stent wire diameters with
beam energies of 70 and 80 keV being the optimal protocol
resulting in measured wire sizes similar to the actual
wire diameters in most of the measurements. Despite
improved spatial resolution with current conventional CT
scanners, stent wire sizes are significantly overestimated on
conventional CT images due to inferior spatial resolution.
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