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¤ ¤
Purpose: To investigate the effect of multislice computed tomography (CT) protocols on
the visualization of target vessel stents in patients with abdominal aortic aneurysm (AAA)
treated with fenestrated endovascular grafts.
Methods: Twenty-one patients (19 men; mean age 75 years, range 63–86) undergoing
fenestrated endovascular repair of AAA were retrospectively studied. Multislice CT
angiography was performed with several protocols, and the section thicknesses used in
each were compared to identify any relationship between slice thickness and target vessel
stents visualized on 2-dimensional (2D) axial, multiplanar reformatted (MPR), and 3-
dimensional (3D) virtual intravascular endoscopy (VIE) images. Image quality was
assessed based on the degree of artifacts and their effect on the ability to visualize the
configuration, intra-aortic location, and intraluminal appearance of the target vessel stents
and measure their protrusion into the aortic lumen.
Results: There were 7 different multislice CT scanning protocols employed in the 21
patients (25 datasets, with 2 sets of follow-up images in 4 patients). The slice thicknesses
and numbers (n) of studies included were 0.5 (n53), 0.625 (n56), 1.0 (n51), 1.25 (n59), 2.5
(n53), 3.0 (n51), and 5.0 mm (n52). Of these CT protocols, images (especially 2D/3D
reconstructions) acquired at 2.5, 3.0, and 5.0 mm were significantly compromised by
interference from artifacts. Images acquired with a slice thickness of 1.0 or 1.25 mm were
scored equal to or lower than those acquired with a submillimeter section thickness (0.5 or
0.625 mm), with minor degrees of artifacts resulting in acceptable image quality.
Conclusion: Visualization of the target vessel stents depends on the appropriate selection
of multislice CT scanning protocols. Our results showed that studies performed with a slice
thickness of 1.0 or 1.25 mm produced similar image quality to those with a thickness of 0.5
or 0.625 mm. Submillimeter slices are not recommended in imaging patients treated with
fenestrated stent-grafts, as they did not add additional information to the visualization.
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¤ ¤
Endovascular repair of abdominal aortic an-
eurysm (AAA) using fenestrated stent-grafts
evolved to treat patients with short aneurysm
necks.1–3 The principle of fenestration is to
preserve blood flow to renal or visceral
vessels and enhance stability by inserting
bare or covered stents into side branches to
produce a durable relationship between the
graft fenestration and the branch artery
ostium. With stents in position, a balloon is
typically inflated to deploy the stent within
the renal or other visceral arteries.2,3 At this
point, the stents are normally flared with a
balloon to secure the fenestration to the side
branch ostium, so there exists a risk of
distorting or deforming the implanted stents.
Thus, accurate evaluation of the appearance
of target vessel stents, especially the intra-
aortic portion, is of paramount importance for
endovascular specialists to assess the treat-
ment outcomes of the procedure.

Imaging techniques play an important role
in the detection of any abnormalities associ-
ated with fenestrated endovascular repair.
Helical computed tomographic (CT) angiog-
raphy is the routine technique used to assess
the patency of the fenestration vessels and
target vessel stents in relation to the arterial
branches.4 In recent years, the diagnostic
value of CT angiography in fenestrated
stent-grafting has been significantly aug-
mented with the development of the multi-
slice CT imaging technique.5 In addition to
conventional 2-dimensional (2D) axial imag-
es, a series of 2D or 3-dimensional (3D)
reconstructions are commonly generated to
enhance the understanding of stent-grafts in
relation to the aortic branches. These recon-
structions include multiplanar reformation
(MPR), maximum intensity projection, vol-
ume rendering, and virtual intravascular en-
doscopy (VIE). These reconstructions provide
valuable information used in the evaluation of
traditional infrarenally or suprarenally affixed
stent-grafts.6–8

One of the main limitations of CT imaging
in the evaluation of fenestrated stent-grafts is
overestimation of the stent wire thickness,

which is determined mainly by the slice
thickness. With the current 64-slice CT scan-
ner, a voxel size of 0.430.430.4 mm can be
achieved, so a thin-slice thickness (submilli-
meter) is commonly applied to scan patients,
presumably to enhance image quality with
higher resolution.9 However, this is not
always the case; it is well known that thin
slice thickness results in high image noise or
a low signal-to-noise ratio.10,11 Moreover,
radiation dose is another important issue to
be considered when selecting the CT scan-
ning protocol, especially for the protocols
with thinner slice thicknesses.12,13 These
issues have not drawn endovascular special-
ists’ attention in the follow-up of patients
using multislice CT technique, so the aim of
this study was to investigate the effect of
multislice scanning protocols, mainly slice
thickness, on the visualization of target vessel
stents based on 2D axial, MPR, and VIE
images in a group of AAA patients treated
with fenestrated stent-grafts.

METHODS

Patient Data Selection

Twenty-one patients (19 men; mean age 75
years, range 63–86) with AAA treated by
implantation of a fenestrated endovascular
graft were retrospectively reviewed for this
study. Sixty-four side branches were targeted
for fenestrations of 4 types: scalloped (mini-
mum 10-mm width and a height range of
6 to 12 mm), double-width scalloped (20320
mm), large (838 or 10310 mm), and small
(636 or 638 mm). Scalloped fenestrations
were placed in 17 aortic branches [8 celiac
axis and 9 superior mesenteric artery (SMA)],
large fenestrations were placed in 8 aortic
branches (1 celiac axis and 7 SMAs), and
small fenestrations were placed in 39 arterial
branches (19 right renal arteries and 20 left
renal arteries).

In this cohort, 25 multislice CT datasets
were identified (including 2 sets of follow-up
images in 4 patients) in the analysis. As
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patients were referred from different vascular
centers in Western Australia, the CT scans
were performed with different equipment [24
scans were done on a Light-Speed scanner
(GE Medical Systems, Milwaukee, WI, USA)
and 1 on an Aquilion scanner (Toshiba
Medical Systems, Kingsbury, UK)]. The slice
thickness used in our study group ranged
from 0.5 to 5.0 mm. Table 1 lists the scanning
protocols identified in the 25 CT scans.

Data Postprocessing and
Image Reconstruction

Original DICOM (Digital Imaging and Com-
munication in Medicine) data were trans-
ferred to a workstation equipped with Analyze
V 7.0 (AnalyzeDirect, Inc., Lexana, KS, USA)
for generation of 2D and 3D reconstructed
images. First, the 2D axial images were
reviewed in each patient, followed by the
reconstruction of MPR images showing the
target vessel stents, mainly in the renal
arteries. The Analyze software allowed the
user to generate multiplanar views in any
given plane and to view the images in both
fixed and cine imaging formats. In addition,
VIE images were included to visualize the
intraluminal appearance of target vessel

stents. The methodology used to generate
VIE has been described elsewhere.6,7

Image Assessment

For visualization of the target vessel stents,
the focus was on both the intra-aortic portion
and the extra-aortic stents based on 2D axial
and MPR images. With VIE visualization, the
aim was to demonstrate the intraluminal
appearance of target vessel stents with regard
to the type of fenestration employed in each
patient. Characterization of the intraluminal
stent appearance on VIE images has been
reported previously8 and was applied in this
correlation of the slice thickness with corre-
sponding VIE images to provide unique
intraluminal views of fenestration stents that
can assist endovascular specialists in detect-
ing any postprocedural abnormalities or
complications. The intraluminal stent ap-
pearance was classified into 4 types: I re-
ferred to a circular appearance, II was a
circular appearance with a flaring effect at
the inferior portion of the stent wires, III
referred to an elliptical appearance with
flaring effect at the inferior portion of the
stent wires, and IV indicated no stent wires
observed, only markers. Most commonly,
type IV referred to scalloped fenestrations
because normally there is no stent inserted
into this type of fenestration.

The presence of windmill or blooming
artifacts caused by the stent wires was
analyzed in each visualization mode. A 4-
point scoring scale was used according to our
previous experience in 3D imaging of endo-
vascular aneurysm repair to assess the qual-
ity of 2D and 3D images.10,14 Score 1 was
target vessel stents clearly visualized with
minor or no artifacts, score 2 referred to
target vessel stents visualized with moderate
artifacts, score 3 was stent visualization with
severe artifacts, and score 4 indicated no
visualization of the target vessel stents. Each
imaging modality was scored with regard to
the appearance (either intraluminal or extra-
luminal) of the target vessel stents. Each
patient’s data were scored individually for
the 3 visualization tools, and an average score
was calculated for the number of cases using
each scanning protocol. Images scored with 1

¤ ¤
TABLE 1

Assessment of Image Quality Corresponding With
Different Multislice CT Scanning Protocols

Slice Thickness,
mm

Visualization of
Target Vessel Stents*

2D Axial MPR VIE

0.5 (n53) 1.3 1.3 1.3
0.625 (n56) 1.3 1.3 1.3
1.0 (n51) 1 1 1
1.25 (n59) 1 1.2 1.4
2.5 (n53) 2.3 2.7 2.7
3.0 (n51) 2 2 3
5.0 (n52) 2 3.5 3.5
¤ ¤

2D: 2-dimensional, MPR: multiplanar reformation,
VIE: virtual intravascular endoscopy.
* Average score based on 1: target vessel stents
are clearly visualized with minor or no artifacts, 2:
target vessel stents are visualized with moderate
artifacts, 3: target vessel stents are visualized with
severe artifacts, and 4: target vessel stents cannot
be visualized.
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or 2 were considered acceptable for diagnos-
tic purposes, while images with a score of 3
or 4 were deemed to be significantly affected
by the artifacts and not acceptable for diag-
nosis.

Measurement of Stent Protrusion Into
the Abdominal Aorta

In addition to 2D axial images, MPR and VIE
images were used to measure the length of
stents protruding into the abdominal aorta
after fenestrated endovascular repair. The
measurements were performed by one of

the authors (Z.S.) with more than 9 years’
experience in 3D CT imaging of aortic stent-
grafts. The length of stent protrusion was
measured 3 times at each location, and the
mean values were used to avoid intraobser-
ver disagreement.

Statistical Analysis

The differences in measurements of stent
protrusion between VIE and MPR and VIE and
axial images were tested using linear regres-
sion analysis and displayed in scatterplots as
differences versus means. If there was no

Figure 1¤Examples of scatterplots comparing VIE with axial scans in the left renal artery (A)
and VIE with MPR in the right renal artery (B) for measurement of stent protrusion length. The
mean difference between these measurements was not significantly different from zero, nor
was the correlation coefficient.
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trend in the bias (difference), then the scat-
terplot appears random (Fig 1). If there is a
trend, it appears as a statistically significant
correlation. P,0.05 indicated a statistically
significant difference. Analyses were per-
formed using SPSS software (version 14.0;
SPSS, Chicago, IL, USA).

RESULTS

Our results showed that images acquired
with a slice thickness of .2.5 mm received
scores higher than those acquired with a
slice thickness ,2.5 mm, mainly due to the
presence of moderate or severe artifacts
on protocols with thicker slices, especially
the 5.0-mm slices, which received the
highest score. Images acquired with thinner
slices, such as 0.5, 0.625, 1.0, and 1.25 mm,
were scored similarly for all 3 imaging
modalities.

Table 2 presents the length of stent protru-
sion into the abdominal aortas measured with
the 3 visualization modalities. Most of the
stents protruded between 3.0 and 7.0 mm,
while in 2 exceptional cases (1 SMA and 1 left
renal fenestration), the length exceeded
8.0 mm. Our results showed there was no
statistically significant difference between 2D
axial and MPR, MPR and VIE, or 2D axial and
VIE visualizations in the measurement of
stent protrusion (p.0.05). For images ac-
quired with thicker slices (.2.5 mm), stent
protrusion could not be measured in 1 of the
3 cases scanned at 2.5 mm or in the 2 cases
scanned at 5.0 mm. For the images acquired
with thinner slices ranging from 0.5 to
1.25 mm, stent length was successfully mea-
sured in all cases.

Table 3 provides information about the
intraluminal appearance of target vessel
stents visualized on VIE images. VIE charac-

¤ ¤
TABLE 2

Stent Protrusion Measured With 2D Axial, MPR, and VIE Images

Case
Slice Thickness,

mm

Length of Stent Protrusion Measured With 2D Axial/MPR/VIE, mm

Celiac Axis SMA RRA LRA

1 0.5 — — 3.7/3.1/3.2 3.9/3.4/3.6
2 0.5 — — 3.7/3.1/3.2 3.9/3.4/3.6
3 0.5 — — — 5.9/4.9/5.5
4 0.625 4.4/4.4/5.3 3.4/4.4/3.8 5.5/4.9/5.7 6.9/6.3/6.4
5 0.625 — 5.4/5.6/5.8 5.3/5.2/5.9 17.3/17.3/17.8
6 0.625 — — 5.9/4.0/4.6 4.0/4.0/4.4
7 0.625 — 8.7/8.5/8.5 3.6/3.2/3.5 3.6/3.6/3.6
8 0.625 — — — 5.8/5.3/5.2
9 0.625 — — 4.8/4.6/5.1 4.6/4.5/4.6
10 1.0 — — 4.8/5.1/5.3 4.8/4.7/4.6
11 1.25 — — 3.3/3.5/3.9 2.5/2.4/3.0
12 1.25 — 5.7/4.5/4.4 6.6/6.3/6.4 4.2/3.5/3.6
13 1.25 — 4.8/4.2/3.9 5.5/5.9/6.3 6.1/6.6/6.0
14 1.25 — 4.0/3.9/4.2 4.7/4.4//3.9 4.5/3.9/4.0
15 1.25 — — 3.1/3.1/3.3 3.1/3.0/3.3
16 1.25 — 3.3/4.0/4.6 4.9/4.0/4.0 —
17 1.25 — — 5.6/5.0/5.0 2.5/2.0/2.7
18 1.25 — — 4.1/3.8/4.6 5.3/4.9/4.6
19 1.25 — — 4.9/4.0/4.1 2.4/2.4/2.9
20 2.5 — — NA NA
21 2.5 — — 4.0/4.1/4.5 2.3/2.4/2.8
22 2.5 — — 4.6/4.5/4.5 2.1/2.7/2.7
23 3.0 — 8.8/8.3/7.8 4.1/2.6/2.9 3.2/2.8/3.2
24 5.0 — — 3.6/NA/NA NA/NA/NA
25 5.0 — — 4.0/NA/NA 4.4/NA/NA

¤ ¤
2D: 2-dimensional, MPR: multiplanar reformation, VIE: virtual intravascular endoscopy, SMA: superior mesenteric
artery, RRA: right renal artery, LRA: left renal artery, NA: not available.
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terized the stents successfully in most of the
thinner slices, while in slices .2.5 mm thick,
image quality was significantly compromised
due to artifacts. As shown in the Table, 39% of
the target vessel stents were demonstrated
on VIE as type I (circular), while 26% of the
stents were type II (circular with flaring). Only
8% of the stents were type III. All of the
scalloped fenestrations (whether standard or
double-width) were type IV (27%) because no
fenestration stents were placed.

Figures 2 to 4 show a number of 2D axial,
MPR, and VIE images, respectively, acquired
with variable slice thicknesses. The effect of
slice thickness on the 2D axial images is seen
in both thinner (0.5 mm) and thicker (2.5 mm)
slices, with moderate artifacts. For MPR and
VIE images, thinner slices most commonly
produced better image quality. Moderate or
severe artifacts were present in images

acquired with a slice thickness .2.5 mm in
both MPR and VIE images, which interferes
with the visualization of target vessel stents to
a great extent.

DISCUSSION

This study was designed to investigate the
effect of multislice CT scanning protocols on
the visualization of target vessel stents in
AAA patients treated with fenestrated stent-
grafts. Thus, research arising from this report
is of potential benefit to endovascular spe-
cialists in choosing appropriate multislice CT
scanning protocols when following patients
treated with fenestrated endovascular grafts.

Helical CT angiography has been widely
regarded as the preferred imaging modality
in both preoperative planning and postoper-
ative surveillance of endovascular stent-

¤ ¤
TABLE 3

Types of Fenestration Deployed Per Procedure and Intraluminal Appearance of
Target Vessel Stents Visualized With VIE

Cases

Type of Fenestration/Intraluminal Appearance of Target vessel Stents

Celiac Axis SMA RRA LRA

1 — — Small/II Small/I
2 — — Small/I Small/II
3 — — — Small/I
4 Large/I Large/I Small/I Small/I
5 — Large/I Small/I Small/I
6 — Scallop/IV Small/I Small/I
7 DW Scallop/IV Large/III Small/I Small/II
8 — — — Small/I
9 DW Scallop/IV Scallop/IV Small/I Small/II
10 DW Scallop/IV Scallop/IV Small/I Small/II
11 Scallop/IV Scallop/IV Small/II Small/II
12 DW Scallop/IV Large/III Small/I Small/III
13 DW Scallop/IV Large/II Small/II Small/III
14 DW Scallop/IV Large/I Small/II Small/III
15 — Scallop/IV Small/I Small/II
16 DW Scallop/IV Large/I Small/I —
17 — DW Scallop/IV Small/I Small/II
18 — Scallop/IV Small/II Small/II
19 — Scallop/IV Small/I Small/II
20 — — NA NA
21 — Scallop/IV Small/I Small/II
22 — Scallop/IV Small/I Small/I
23 — Large/III Small/I Small/III
24 — NA NA NA
25 — NA NA NA

¤ ¤
SMA: superior mesenteric artery, RRA: right renal artery, LRA: left renal artery, NA: not available, DW: double
width, I: circular appearance, II: circular with flaring effect, III: elliptical with flaring effect, and IV: only markers on
stents wires are visualized.
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grafts.15,16 In recent years, the role of helical
CT imaging has been greatly enhanced with
the development of multislice scanners,
which demonstrate superior spatial and tem-
poral resolution over traditional single-slice
CT.5 However, selection of the optimal multi-
slice CT scanning protocol in imaging of
fenestrated stent-grafts has not been studied
systematically, to the best of our knowledge.

As already known, capturing CT images
using thin slices results in higher spatial
resolution, which improves detection of tiny
structures, such as stent wires. This is
especially important for 2D or 3D reconstruc-
tions, such as MPR or VIE. As shown in our
results, both MPR and VIE visualizations of

the fenestration stents were significantly
affected when the slice thickness was
.2.5 mm. However, the thin slices that are
available with multiple CT detectors are also
associated with unfavorable effects, such as
increased image noise and higher radiation
dose. These effects were confirmed by recent
studies comparing different multislice CT
detectors in cerebral and cardiac imaging,12,17

which showed increased radiation dose asso-
ciated with higher resolution CT scanners. In
our study, we did not find a significant
difference between a very thin slice (0.5 to
0.625 mm) and relatively thin slices (1.0 to
1.25 mm) in the assessment of target vessel
stents. Therefore, we recommend a slice

Figure 2¤Axial CT images of the renal stents were acquired with variable slice thicknesses
(0.5, 0.625, 1.0, 1.25, 2.5, 3.0, and 5.0 mm, respectively, in A–G). Visualization of the renal
stents was affected with both thin (0.5 mm in A) and thick slices (2.5 mm in E).

Figure 3¤MPR images of the renal stents were acquired with variable slice thicknesses (0.5,
0.625, 1.0, 1.25, 2.5, 3.0, and 5.0 mm, respectively, in A–G). When the slice thickness is
.2.5 mm, moderate or severe artifacts interfere with visualization of stent wires (E–G).
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thickness of 1.0 to 1.25 mm as an appropriate
multislice CT protocol in the follow-up of
patients with fenestrated stent-grafts; this
resolution achieves acceptable image quality
while avoiding extra radiation exposure to
patients by using submillimeter slice thick-
nesses.

Most commonly, clinicians have the general
impression that thin slices result in better image
quality without considering the associated
higher radiation dose, which we corroborated
to some extent because 36% of the multislice CT
scans was performed with a submillimeter slice
thickness (0.5 to 0.625 mm). As the clinical
application of fenestrated stent-grafts goes
back 10 years,18 many patients have been
followed for a long period since they underwent
treatment. Therefore, we believe that our
findings are valuable for increasing endovas-
cular specialists’ awareness of choosing the
appropriate multislice CT scanning protocols
while reducing the radiation doses associated
with thinner slice CT scans.

Characterization of the intraluminal appear-
ance of target vessel stents by VIE is valuable
because it provides additional information
regarding treatment outcomes.8 As balloon
molding is a routine procedure to flare the
stents after implantation of a fenestrated

device, there is a possibility of distorting or
deforming the vessel stents. Conventional 2D
or 3D images provide only external views of
the vessel stents, while VIE demonstrates the
intraluminal appearance of vessel stents as
well as measuring the stent protrusion. About
one third of the target vessel stents implanted
in our patients were found to have flaring
effects at the lower end of the stent wires
visualized on VIE. The balloon flaring size is
always larger than actual diameters of the
stents to ensure the dilation and patency of
the inserted stents; this easily leads to
configuration changes at the lower portion
of the stents, as confirmed by VIE in this
study. Moreover, our results showed that VIE
is as accurate as 2D axial and MPR images in
the measurement of stent protrusion, with no
significant difference between these meth-
ods. Therefore, we believe VIE could be used
as a reliable tool to follow patients treated
with fenestrated stent-grafts.

The main limitation of VIE visualization of
fenestration stents is the overestimated di-
ameter of stent wires, which prevents accu-
rate assessment of stent diameter. Thus, an
appropriate CT scanning protocol is essential
to ensure acquisition of images with ade-
quate quality. Based on the findings of this

Figure 4¤VIE images looking at the renal stents intraluminally were acquired with different
slice thicknesses (0.5, 0.625, 1.0, 1.25, 2.5, 3.0, and 5.0 mm, respectively, in A–G). Artifacts
significantly interfered with visualization of stent wires when the slice thickness was .2.5 mm
(E–G). Arrows in C and D indicate the flaring effect at the lower end of the fenestration stents,
while the arrowheads in C refer to the artifacts observed during the image processing.
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study, a thin slice ,1.0 mm is not necessary
for visualization of the target vessel stents
since a protocol featuring 1.0- or 1.25-mm
slices produced images as good as the
submillimeter slice protocols. A slice thick-
ness .2.5 mm is not recommended as image
quality is compromised due to partial volume
effect, which prevents visualization of target
vessel stents based on 2D or 3D images.

Limitations

We did not compare the imaging appear-
ance or stent protrusion at different follow-up
periods, which is one of the study limitations.
Second, the scoring of these images was
performed by one observer, which could
introduce bias into the assessment of image
quality. Two or three observers involved in
the assessment are preferred. Finally, we did
not measure the radiation dose associated
with each CT scanning protocol.

Conclusion

We have demonstrated the effect of slice
thickness on the visualization of target vessel
stents in terms of appearance and intra-aortic
protrusion. Our results showed that accept-
able image quality can be acquired with
multislice CT scanning protocols using a slice
thickness of 1.0 or 1.25 mm without compro-
mising the assessment of fenestration stents
in relation to the branch artery ostium. A thin
slice (submillimeter), such as 0.5 or 0.625
mm, is not necessary for imaging of fenes-
trated stent-grafts considering the higher
radiation dose associated with the thinner
scanning protocols. Further studies based on
phantom experiments are required to validate
our results.
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