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Abstract

Cone beam computed tomography (CBCT) images are degraded by artifacts due to endovascular
implants. We evaluated the use of streak metal artifact reduction technique (SMART) in non-
contrast CBCT images after endovascular neurosurgery obtained from 148 patients (125 with aneu-
rysm and 23 with dural arteriovenous fistula [dAVF]). Three neurosurgeons evaluated the cistern
and brain surface visibility in CBCT images with and without SMART correction based on a 4-point
scale (1, excellent; 2, good; 3, limited; and 4, insufficient). Significant improvement in visibility was
achieved when the median scores improved from 4 or 3 to 2 or 1 or from 2 to 1. Metal artifact reduc-
tion in adjacent slices without metal and new artifacts after SMART correction was also examined.
A significant improvement was achieved regarding the visibility of the cistern in 90 (60.8%) images
and of the brain surface in 108 (73.0%) images. Metal size (cistern: odds ratio [OR], 0.91 per 1 mm
increase; 95% confidence interval [CI], 0.83-0.99), irregular metal shape (cistern: OR, 0.18; 95% CI,
0.05-0.60 and brain surface: OR, 0.15; 95% CI, 0.05-0.45), and infratentorial lesions (cistern: OR,
0.37; 95% CI, 0.14-0.96 and brain surface: OR, 0.30; 95% CI, 0.11-0.80) were negatively correlated
with improved visibility. Metal artifact reduction in adjacent slices without metal was obtained in
25.6% and 34.8% of images with aneurysm and dAVF, respectively. New artifacts after SMART
correction were found in 4.8% and 13.0% of images with aneurysm and dAVF, respectively. SMART
is especially effective for supratentorial small aneurysms.
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Introduction

In recent years, the percentage of endovascular
therapy for intracranial aneurysms has increased
compared with that of open surgery due to the
advancement in devices such as coils and stents.
Endovascular therapy is less invasive than open
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surgery; the frequency of intraoperative rupture of
intracranial aneurysms is reportedly lower in coil
embolization than that in open surgery.” However,
once intraoperative rupture occurs during coil
embolization, the risks of death and serious sequelae
are higher.!® Therefore, complications such as
periprocedural hemorrhage should be promptly
detected and managed.*” At present, cone beam
computed tomography (CBCT) is often used for the
postoperative evaluation of endovascular therapy.”
CBCT can be performed in the angiography room
without the need to move the patient. However,
CBCT images are degraded by artifacts due to



SMART in CBCT Images after Endovascular Neurosurgery 469

cerebral endovascular and surgical implants such
as coils, clips, and embolic substances, making it
difficult to form an accurate diagnosis.

In 2010, Prell et al. reported a metal artifact
reduction algorithm suitable for flat panel computed
tomography (CT).” Thereafter, several studies have
reported the use of metal artifact reduction algo-
rithms for CBCT images after endovascular neuro-
surgery.®'? This study aimed to evaluate the efficacy
of the streak metal artifact reduction technique
(SMART), which is a modification and extension
of previously reported metal artifact reduction
algorithms and developed by Siemens Healthcare
Sector, in non-contrast CBCT images after endovas-
cular neurosurgery.

Methods

Patients

This retrospective analysis was approved by the
Bioethics Review Committee of the Nagoya University
Hospital. Informed consent for participation in this
study was obtained from all patients. CBCT images
obtained from 148 consecutive patients (mean age,
61.9 years; female, 89 [60.1%]; 125 with aneurysms
and 23 with dural arteriovenous fistula [dAVF]) who
underwent endovascular therapy between May 2017
and October 2019 were included. The patient char-
acteristics are shown in Table 1. Cerebral aneurysms
were treated with coil embolization with or without
balloons and stents, and dAVFs were treated with
coils or Onyx (Covidien, Irvine, CA, USA). Patients
treated with flow diverter without coils were excluded.

Image acquisition

CBCT images were taken using a biplane C-arm
system (Siemens Artis QBA-Twin) based on a 20-s
scan protocol with the following parameters: 109
kV, 200° rotation, without contrast medium. Image
data were transferred to a clinical workstation syngo
X-Workplace (VD20B; Siemens Healthcare GmbH,
Forchheim Germany) and processed to reduce streak
metal artifact using syngo DynaCT SMART (VD20B;
Siemens Healthcare GmbH). Uncorrected and
SMART-corrected CBCT axial images of 3-mm slice
thickness were obtained. Both images had a pixel
size of 512 x 512 and a voxel size of 027 x 0.27 x
0.27 mm.

Imaging evaluation

Three neurosurgeons (with 7, 7, and 8 years of
experience) who were blinded to the patients’ names
and diseases were individually presented with uncor-
rected and SMART-corrected CBCT axial images
including two slices containing metal core and two
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Table 1 Baseline characteristics

Value (%)

No. of patients 148
Mean age + SD 61.9+12.0
Female 89 (60.1)
Aneurysm 125
Mean size + SD 8.2+4.1

Location of aneurysm

ICA 67 (53.6)
ACA 28 (22.4)
MCA 9 (7.2)
PCA 2 (1.6)
VBA 19 (15.2)
Treatment
Simple dome embolization 78 (62.4)
Stent assist embolization 47 (37.6)
dAVF 23
Location of dAVF
CS 10 (43.5)
TS 11 (47.8)
SSS 1 (4.3)
ACC 1(4.3)
Treatment
Coil embolization 17 (73
ONYX 6 (26.1

ACA: anterior cerebral artery, ACC: anterior condylar con-
fluence, CS: cavernous sinus, ICA: internal carotid artery,
MCA: middle cerebral artery, PCA: posterior cerebral artery,
SSS: superior sagittal sinus, TS: transverse sinus, VBA:
vertebra-basilar artery.

adjacent slices containing no metal. The visibility of
the cistern and brain surfaces was evaluated using a
4-point scale (1: excellent, surrounding relevant anatomy
is almost visible; 2: good visibility of the relevant
anatomy, >50% of relevant anatomy is visible; 3:
limited, <50% of relevant anatomy is visible; and 4:
insufficient, almost invisible). An improvement in
visibility was defined as an improvement in the median
scores of three individuals from 4 or 3 to 2 or 1 or
from 2 to 1. The effect of SMART in the two adjacent
slices containing no metal and the appearance of new
artifacts after SMART correction was also evaluated.

Statistical analysis

All data were expressed as mean and standard
deviation. Intraclass correlations were used to assess
inter-reader agreement. Score distribution between
CBCT images with and without SMART correction
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Fig. 1 Comparison of the distribution of the 4-point visibility scale in the cistern and brain surface of 125 patients

with aneurysm and 23 with dAVF between uncorrected

and SMART-corrected CBCT images. The distribution of

4-point scale in the cistern and brain surface of SMART-corrected CBCT images was found to be significantly
different from that of uncorrected CBCT images in both patients with aneurysm and dAVF (P <0.001). CBCT: cone
beam computed tomography, dAVF: dural arteriovenous fistula, SMART: streak metal artifact reduction technique.

was determined using the paired Wilcoxon signed-
rank test. Factors related to significant improvement
in visibility were analyzed using univariate and
multivariate bionomical logistic regression analyses.
Factors included in this analysis were age, sex, metal
size, metal shape (spherical vs. irregular), and location
(infratentorial vs. supratentorial). The metal size was
defined as the maximal diameter in the axial slices.
Transverse and sigmoid sinus dAVF were classified
as infratentorial lesions. Factors with P values of
<0.20 in univariate analysis were included in multi-
variate models. The threshold for significance was a
P value of <0.05. All statistical analyses were performed
using SPSS version 25 (IBM, Armonk, NY, USA).

Results

Visibility improvement

The inter-reader agreement in visibility scoring
was almost perfect (o0 = 0.898). Figure 1 shows the
distribution of a 4-point visibility scale of CBCT
images with and without SMART correction. In both

cerebral aneurysms and dAVFs, the scale distribution
of SMART-corrected images in the cistern and brain
surface was found to be significantly different from
that of uncorrected images (P <0.001). Regarding the
visibility of the cistern, 90 (60.8%) of the 148 images
showed a significant improvement: 86 (68.8%) of
the 125 images with aneurysm and four (17.4%) of
the 23 images with dAVF. Regarding the visibility
of the brain surface, 108 (73.0%) of the 148 images
showed a significant improvement: 102 (81.6%) of
the 125 images with aneurysm and six (26.1%) of
the 23 images with dAVF.

In the univariate analysis, metal size (cistern: OR,
0.87 per 1 mm increase; 95% CI, 0.80-0.94; P <0.001
and brain surface: OR, 0.87 per 1 mm increase; 95%
CI, 0.80-0.93, P <0.001), irregular metal shape (cistern:
OR, 0.10; 95% CI, 0.03-0.30; P <0.001 and brain
surface: OR, 0.08; 95% CI, 0.03—-0.22; P <0.001), and
infratentorial lesions (cistern: OR, 0.24; 95% CI,
0.10-0.56; P <0.001 and brain surface: OR, 0.19; 95%
CI, 0.08-0.44; P <0.001) were negatively associated
with significantly improved visibility with SMART
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Table 2 Results of univariate and multivariate binominal logistic regression analyses

Univariate Multivariate
(N, %)
OR (95% CI) P OR (95% CI) P
Age (year) 1.01 (0.98-1.04)/ 0.59/0.89 - -
1.00 (0.97-1.03)
Female (89, 60.1) 0.78 (0.39-1.53)/ 0.47/0.69 — —
1.16 (0.56—2.43)
Metal size (mm) 0.87 (0.80-0.94)/ <0.001*/<0.001* 0.91 (0.83-0.99)/ 0.03*/0.06
0.87 (0.80-0.93) 0.92 (0.84-1.01)
Irregular shape (23, 15.5) 0.10 (0.03-0.30)/ <0.001*/<0.001* 0.18 (0.05-0.60)/ 0.005*/0.001*
0.08 (0.03-0.22) 0.15 (0.05-0.45)
Infratentorial (30, 20.3) 0.24 (0.10-0.56)/ 0.001*/<0.001* 0.37 (0.14-0.96)/ 0.04*/0.02*
0.19 (0.08-0.44) 0.30 (0.11-0.80)

OR indicates odds ratio. P value and OR are expressed as values in cistern/brain surface. *P <0.05.

Fig. 2 Uncorrected (A-D) and its corresponding SMA

RT-corrected (E-H) CBCT images. (A, E) Coil embolization

of a 6-mm internal carotid artery aneurysm. The SMART-corrected image has drastically improved visibility
compared with the uncorrected image. (B, F) Coil embolization of a 22-mm internal carotid artery aneurysm.

Compared with small aneurysms, the effect of SMART

was insufficient. (C, G) Coil embolization of the cavernous

sinus dAVF. The superimposed image was intraoperative fluoroscopic image, which showed irregular shaped
metal mass. The visibility improved, but not sufficient compared to small aneurysms. (D, H) Onyx embolization

of the left transverse sinus dAVF. The visibility did

not improve after SMART correction. CBCT: cone beam

computed tomography, dAVF: dural arteriovenous fistula, SMART: streak metal artifact reduction technique.

correction. In the multivariate analysis, metal size
(cistern: OR, 0.91 per 1 mm increase; 95% CI,
0.83—-0.99; P = 0.026), irregular metal shape (cistern:
OR, 0.18; 95% CI, 0.05-0.60; P = 0.005 and brain
surface: OR, 0.15; 95% CI, 0.05-0.45; P = 0.001), and
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infratentorial lesions (cistern: OR, 0.37; 95% CI,
0.14-0.96; P = 0.042 and brain surface: OR, 0.30;
95% CI, 0.11-0.80; P = 0.016) were negatively asso-
ciated with significantly improved visibility with
SMART correction (Table 2, Fig. 2).
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Fig. 3 Uncorrected (A, B) and its corresponding SMART-corrected (C, D) CBCT images. (A, C) Coil embolization
of the left middle cerebral artery aneurysm. Metal artifact (arrow) was reduced in the adjacent plane without
metal. (B, D) Coil embolization of left transverse sinus dAVF. New artifacts (arrow head) appeared after SMART
correction. CBCT: cone beam computed tomography; dAVF: dural arteriovenous fistula, SMART: streak metal

artifact reduction technique.

Metal artifact reduction in adjacent slices and new
artifact after SMART correction

Regarding the metal artifact reduction in the adja-
cent slices without metal, the inter-reader agreement
was substantial (o = 0.682), and the reduction effect
was observed in 32 (25.6%) of the 125 patients with
aneurysm and eight (34.8%) of the 23 patients with
dAVF. Regarding the appearance of new artifacts
after SMART correction, the inter-reader agreement
was moderate (o = 0.585), and new artifacts appeared
in 6 (4.8%) of the 125 patients with aneurysm and
3 (13.0%) of the 23 patients with dAVF. Figure 3
shows the illustrative cases of metal artifact reduction
in adjacent slices (Fig. 3A and 3C) and new artifact
after SMART correction (Fig. 3B and 3D).

Discussion

Dual-energy CT'® and single-energy metal artifact
reduction' are other metal artifact reduction tech-
niques. However, these require transferring patients
to a conventional CT scan, which delays the detec-
tion of complications and the time to intervention.
Conversely, CBCT can be directly viewed with the
AngioSuite. By applying metal artifact reduction on
the CBCT image, the image quality can be improved,
although the metal artifact cannot be completely
removed. To date, several reports have used the metal
artifact reduction prototype software, showing improved
image quality to some extent in neuroendovascular
cases.®'? The SMART algorithm consists of several
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steps. First, the initial volume is reconstructed from
the raw data containing metal artifacts. Then, the
metal part is automatically segmented, creating a
binary metal volume image. This binary metal volume
is forward-projected onto the first reconstruction to
identify data corrupted by artifacts. The corrupted
data are interpolated by nonlinear procedure using
the data along the metal region boundaries. A
SMART-corrected image is reconstructed. Finally,
the segmented metal part is overlaid.'¥ This is the
first report that used the commercial version of
SMART software and included a number of patients
higher than that in previous reports.>'? In addition,
we focused on the shape and location of the implanted
metal and evaluated whether these factors affect the
visibility improvement by SMART. Therefore, we
included dAVF cases, which often exhibit an irreg-
ular shaped metal mass after treatment.

SMART improved the visibility of non-contrast
CBCT images after endovascular therapy in many
cases with aneurysm. As shown in Fig. 2 A/E and
B/F, SMART was more effective for smaller metal
sizes. A previous study also reported that small aneu-
rysms were associated with significantly improved
visibility by metal artifact reduction technique.? In
addition, spherical metal and supratentorial lesions
were also associated with significantly improved image
quality. Based on these results, SMART was the most
effective for small and spherical supratentorial metal
masses, that is, supratentorial small aneurysms, which
are one of the most common pathologies in neuro-
surgery and are often treated with coil embolization.
In addition, intraoperative rupture has been reported
to more likely occur in small aneurysms than in large
aneurysms.'® Improving the visibility of the cistern
around the aneurysm using SMART may improve the
detectability of intraoperative rupture.

However, SMART did not significantly improve
the visibility of the cistern and brain surface in the
CBCT images of patients with dAVF. In multivariate
analysis, SMART was not effective for viewing
irregularly shaped metal masses. In addition, SMART
was not effective in patients who underwent Onyx
embolization (Fig. 2D and H). The first step performed
by the SMART algorithm is identifying metal bound-
aries.'V If the implanted metal is irregularly shaped,
close to the bone, or with inhomogeneous structures
like Onyx, the metal boundary definition process
becomes difficult.'t Furthermore, incorrect boundary
definition has been reported to likely induce residual
streak artifacts.’” In the present study, new artifacts
occurred more likely after SMART correction in the
CBCT images of patients with dAVF. The metal
boundary definition process performed by the SMART
algorithm will need further improvement. At present,
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images before and after SMART correction should
be compared and evaluated.

Metal artifacts in the adjacent slices without metal
were reduced in 25.6% and 34.8% of images with
aneurysm and dAVF, respectively. Based on our
literature review, no report has addressed this. If
metal artifact reduction can be achieved even in
adjacent slices, complications might be more widely
detected. Metal artifact reduction in the adjacent
slices was slightly more common in CBCT images
of dAVF because of the difficult metal boundary
definition. The presented slice believed to contain
no metal might still have contained a small amount
of metal, which possibly induced overestimation of
metal artifact reduction in the adjacent slices.

The inter-reader agreement was sufficient for the
4-point scale, but not good enough with respect to
metal artifact reduction in the adjacent slices and
appearance of new artifacts. As establishing clear
criteria for these points is difficult, there was a lot
of subjectivity in the evaluation, resulting in decreased
inter-reader agreement.

There are several limitations to this study. First,
this study was a single-center survey. Second, this
study focused on assessing the visibility of CBCT
images after SMART correction and did not investigate
the detection of new findings masked by artifacts. All
patients included in this study had unruptured aneu-
rysms without intraoperative ruptures during the
research period. Therefore, the ability to detect hemor-
rhages could not be evaluated. Third, 47 patients with
aneurysms were treated with stent-assisted coiling;
differences between coiling with and without stents
were not examined. However, stents have been reported
to barely cause artifacts; therefore, no benefit is
expected from SMART correction.’? Finally, we did
not compare preoperative CT images with SMART-cor-
rected CBCT images. Therefore, we could not evaluate
the effect of SMART correction on the surrounding
anatomy. However, our preliminary experiment using
self-made phantom model demonstrates that SMART
correction does not deform the surrounding anatomy.

Conclusion

SMART improved the visibility of CBCT images after
endovascular therapy in many patients with cerebral
aneurysm, but did not prove sufficient for CBCT
images with dAVF. SMART was found to be partic-
ularly effective for small supratentorial aneurysms.
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