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W N e

Abstract: Purpose: To evaluate the effects of single-energy metal artifact reduction (SEMAR) on
image quality of ultra-high-resolution CT-angiography (UHR-CTA) with intracranial implants after
aneurysm treatment. Methods: Image quality of standard and SEMAR-reconstructed UHR-CT-
angiography images of 54 patients who underwent coiling or clipping was retrospectively evaluated.
Image noise (i.e., index for metal-artifact strength) was analyzed in close proximity to and more
distally from the metal implant. Frequencies and intensities of metal artifacts were additionally mea-
sured and intensity-differences between both reconstructions were compared in different frequencies
and distances. Qualitative analysis was performed by two radiologists using a four-point Likert-scale.
All measured results from both quantitative and qualitative analysis were then compared between
coils and clips. Results: Metal artifact index (MAI) and the intensity of coil-artifacts were significantly
lower in SEMAR than in standard CTA in close vicinity to and more distally from the coil-package
(p < 0.001, each). MAI and the intensity of clip-artifacts were significantly lower in close vicinity
(p = 0.036; p < 0.001, respectively) and more distally from the clip (p = 0.007; p < 0.001, respectively).
In patients with coils, SEMAR was significantly superior in all qualitative categories to standard
images (p < 0.001), whereas in patients with clips, only artifacts were significantly less (p < 0.05) for
SEMAR. Conclusion: SEMAR significantly reduces metal artifacts in UHR-CT-angiography images
with intracranial implants and improves image quality and diagnostic confidence. SEMAR effects
were strongest in patients with coils, whereas the effects were minor in patients with titanium-clips

due to the absent of or minimal artifacts.

Keywords: metal artifact reduction; artifacts; computed tomography angiography; ultra-high-
resolution computed tomography; intracranial aneurysm

1. Introduction

Intracranial aneurysms are a common cerebrovascular disorder with a prevalence of
around 2% [1]. Two primary options for treatment of ruptured and unruptured intracranial
aneurysms are endovascular coiling and neurosurgical clipping as they prevent subarach-
noid hemorrhage (SAH) and re-SAH and therefore fatal consequences [2,3]. Follow-up
imaging is essential for evaluation of treatment effects, for monitoring postoperative com-
plications, to decide whether retreatment is required, for long-term monitoring of the
results, and to rule out de novo aneurysms. For these purposes, digital subtraction angiog-
raphy (DSA) remains the gold standard although being invasive and potentially leading
to complications [4]. Whereas magnetic resonance imaging (MRI) has been described
to be well suited for follow-up imaging of aneurysms treated by coil embolization [5]
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it suffers from several limitations such as patient movement, metal implants, or foreign
bodies incompatible with the magnetic field as well as the large artifact area surrounding
the metal implant [6]. Computed tomography angiography (CTA) on the other hand is a
non-invasive and extremely fast cross-sectional imaging technique, less cost intensive than
MRI while offering higher spatial resolution and being available 24/7 in most hospitals.
However, many metal implants causing artifacts in CTA images frequently appear as dark
and bright streaks throughout the images. This may result in reduced image quality, limited
assessability of relevant anatomic structures adjacent to the metal implant and therefore
limited diagnostic accuracy [7].

To eliminate this shortcoming, various metal artifact reduction (MAR) algorithms
and image reconstruction techniques have been developed. One of the frequently used
MAR algorithms to reduce metal artifacts in CT images is the single-energy metal artifact
reduction (SEMAR) algorithm [8-10].

Not long ago, an ultra-high-resolution CT (UHR-CT) scanner has been introduced
in clinical practice. It generates very high quality images with a slice thickness of up
to 0.25 mm, hereby allowing a detailed non-invasive cranial-imaging while improving
diagnostic confidence [11,12].

Whereas several studies have verified the positive effects of SEMAR on CT and CTA
images obtained with a conventional CT-scanner in patients with intracranial coils or
clips [8-10,13], the efficacy of the SEMAR algorithm on UHR-CTA images with metallic
artifacts from coils or clips has not been confirmed yet. As we hypothesize that SEMAR
is also effective in UHR-CTA images, we aimed at retrospectively evaluating the effects
of the SEMAR algorithm on CTA image quality in patients with intracranial coils or clips
obtained using an UHR-CT scanner.

2. Materials and Methods
2.1. Study Design

Between November 2020 and June 2022, adult patients (n = 71) with intracranial
aneurysms treated by coil embolization or clipping who underwent UHR-CTA in our
Department of Neuroradiology were eligible for this retrospective study. Exclusion criteria
were: movement artifacts, very weak contrast, the presence of coils and clips in the same
vessel, and slice or the lack of SEMAR reconstructed images.

2.2. Ultra-High-Resolution Computed Tomography Angiography (UHR-CT)

Images were acquired using an ultra-high-resolution CT (UHR-CT) scanner (Aquilion
Precision, Canon Medical Systems, Otawara, Japan) using the super high-resolution scan-
ning mode with the following parameters: tube voltage, 120 kV; gantry rotation time, 0.35 s;
beam detector collimation, 0.25 mm x 160 rows; focal spot size 0.4 x 0.5 mm; detailed
pitch 0.569; field of view, 180 mm; reconstruction matrix, 1024 x 1024 pixels; slice thickness
0.25 mm. Tube current was determined individually by auto exposure control (AEC).
Intravenous bolus injection of 65 mL prewarmed, nonionic contrast medium (Iopromid, Ul-
travist 370, Bayer Healthcare, Leverkusen, Germany) (iodine concentration of 370 mg/mL)
with a high-pressure double syringe system for advanced clinical CT imaging procedures
(Accutron CT-D, Medtron, Saarbriicken, Germany) at a flow rate of 5 mL/s was applied
via the cubital vein through a peripheral venous catheter (18 gauge), followed by a 60 mL
of 0.9% isotonic saline solution at the same flow rate. A region of interest (ROI) was placed
in the aortic arch to determine the acquisition starting time. Using an automatic trigger
acquisition and enhancement threshold selection the acquisition was started after a peak
time attenuation threshold of 180 Hounsfield Units (HU) was reached within the ROIL.

2.3. Post-Processing and Image Reconstruction (SEMAR)

CTA images were reconstructed according to our institution’s protocol with a slice
thickness of 0.25 mm generating two sets of images: one set was reconstructed using the
adaptive iterative three-dimensional dose reduction instrument (AIDR 3D standard, Canon
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Medical Systems Corporation, Otawara, Japan) with an FC-41 soft tissue kernel adapted
for ultra-high resolution. The other set was reconstructed using the AIDR 3D standard plus
the SEMAR algorithm. SEMAR is an algorithm that can be used to minimize metal artifacts
in both single-energy and dual-energy CT images [8-10]. It identifies and segments the
distorted data projection resulting from metallic implants and then modifies these data by
replacing them with approximations of the corrected values using repetitive forward and
backward projections and linear interpolation [8,9].

2.4. Quantitative Evaluation

Metal artifacts were evaluated quantitatively by two methods and all measured results
were then compared between images with coil-artifacts and those with clip-artifacts.

The first method comprised drawing five circular regions of interest (ROIs) with a
radius of approximately (10 mm each) in both standard and SEMAR CTA images around
the coil/clip mass in close vicinity to the foreign body and five other ROIs more distally
from the foreign body in a similar manner to previous reports [8,9,13], while focusing on
the artifacts and avoiding the metallic mass, air, and bones (Figure 1). The ROI settings
were constant between standard and SEMAR images. The mean density and standard
deviation (SD) of each five of the five ROIs were measured in HU (Hounsfield-Units). The
average image noise within the ROIs was set as the standard deviation and was considered
as an index for the metal artifacts.

Figure 1. Positioning of ROIs (Region of Interest) for quantitative image analyses on standard (A) and
SEMAR (B) CT-angiography images in axial plane (0.25 mm slice thickness) in direct proximity and
more distally to the metal implant. In this case, follow up CT-angiography of a 56-year-old female
who underwent coil-embolization of a left sided posterior communicating artery aneurysm.

For the second method, an in-house custom-built MATLAB tool (R2017b, The Math-
Works, Inc., Natick, MA, USA) was used to analyze the frequencies and intensities (ampli-
tudes) of the metal artifacts in a similar manner to previous reports [14,15]. A rough region
of interest (ROI) was drawn around the coil/clip mass and its artifacts in both standard
and SEMAR CTA images. The main location of the implant was determined based on
the maximum HU of the ROI. In distances from 1 mm to 15 mm from the border of the
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implant the radial course of the signal intensity (SI) was derived, and frequencies and
intensities of the artifact pattern were calculated by Fourier transformation. The frequencies
were divided in 49 bins, which hold the number of artifact beams per course around the
implant. The intensity of metal artifact was then compared in all the frequencies between
standard and SEMAR CTA images. The difference of the metal artifacts intensity (intensity
in standard images minus intensity in SEMAR images) of each patient was also measured
and the median of the patients-cohort of each bin and each distance (from 1 mm to 15 mm)
was calculated. The measured frequencies (bins) were divided into four different repre-
sentative fields (bins 2—4: low-frequency field; bins 10-12: middle-frequency field; bins
20-22: high-frequency field; bins 40—42: very high-frequency field). The mean of each of
the four representative frequency fields was then calculated and analyzed for four different
distances (1, 5, 10, and 15 mm).

Furthermore, contrast-noise-ratio (CNR) and signal-noise-ratio (SNR) were measured
and compared in both standard and SEMAR images. SNR and CNR were measured by
drawing two circular regions of interests (ROI) with a radius of approximately (5 mm)
in both standard and SEMAR images in a slice with no visible artifacts to avoid metallic
artifact influence. One ROI was placed in an artery without including the vessel wall or
any atherosclerotic plaques and the other ROI was placed in the brain parenchyma next
to the artery while avoiding the inclusion of blood vessels. The ROI size and location
were identical between standard and SEMAR images. SNR and CNR were then calculated
similarly to previous reports [11,16] as follows:

SNR = HUintravascular
SDparenchyma

Uintravascular — HUparenchyma

CNR =

SDparenchyma

2.5. Qualitative Evaluation

All images were subjectively evaluated by two board-certified radiologists (S.A. and
M.A.) with many years of experience in neuroradiology after a detailed instruction. The two
radiologists evaluated the following categories using a four-point Likert scale (4 being best,
see Table 1) in both standard and SEMAR CTA images: overall image quality, diagnostic
confidence, delineation of arteries, evaluation of the status of treated aneurysm, and severity
of metal artifacts. Furthermore, they checked for the presence of any newly generated
artifacts after SEMAR-reconstruction. The radiologists were free to adjust the window level
and width settings for the evaluation.

Table 1. Four-point Likert scale and the evaluated categories of the qualitative evaluation.

Overall Image Diagnostic Delineation of Visualization of Adjacent Severity of Metal
Quality Confidence Arteries Anatomic Structures Artifacts
4 excellent exact dlé.ignOSIS perfe;ct Ve.ssel excellent minimal artifacts
possible delineation
3 good suff1c1ent 'for goqd Ves'sel good mild artifacts
diagnosis delineation
limited diagnostic average vessel .
2 average . . . average strong artifacts
confidence delineation
insufficient for poor vessel . .
1 poor . . . . poor extensive artifacts
diagnosis delineation

2.6. Statistical Analysis

IBM SPSS Statistics 27.0 software package (IBM Corp., Armonk, NY, USA) was used
to perform the statistical analysis. The Wilcoxon signed-rank test was used to assess the
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differences and calculate the significance in both, quantitative and qualitative analysis
between standard and SEMAR CTA images. A p-value of <0.05 was considered statistically
significant. In the qualitative analysis, we estimated the interrater agreement among both
readers using the Cohen’s weighted kappa (k) statistics, and we interpreted the results
according to the k values suggested by Cohen: 0.00-0.20, no to poor agreement; 0.21-0.40,
fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80; substantial agreement; 0.81-1.00,
excellent agreement.

3. Results
3.1. Patients

A total of 71 patients were eligible for this study. Fifty-four patients (40 females;
14 males; mean age = 61.2 £ 11.9) matching the inclusion criteria were included in this
study (a total of 35 patients with coils and 19 with clips). Seventeen patients were excluded
due to movement artifacts, weak contrast, the presence of coils and clips in the same
vessel, and slice or the lack of SEMAR reconstructed images. The used clip material was
titanium in all cases (except in 2 cases). The used coil material was platinum. The treated
vessels were as follows: [Internal carotid artery (ACI): 12; Middle cerebral artery (MCA): 13;
Anterior communicating artery (Acom): 14; Basilar artery: 5; Posterior communicating
artery (Pcom): 6; Anterior cerebral artery (ACA): 2; Posterior inferior cerebellar artery
(PICA): 2].

3.2. Quantitative Evaluation

Metal artifact index (MAI) (which was considered to be the mean image noise) was
significantly reduced in SEMAR images compared to standard images in close vicinity
to (70.9 £22.1 vs. 331.8 £ 157.5, respectively) and more distant from the coil package
(24.7 £ 6.7 vs. 52.4 £ 20.3, respectively; p < 0.001 each). Figures 2 and 3 demonstrate sig-
nificantly improved image quality and visualization of arteries after applying the SEMAR
algorithm on images with coil-artifacts.

MAI in images with clips was significantly lower in close vicinity (SEMAR: 26.5 + 55
vs. standard: 113.7 &= 95.4; p = 0.036) and more distally from the clip (SEMAR: 23.6 £ 6.5 vs.
standard: 29.3 £ 16.8; p = 0.007). Figure 4 demonstrates the effects of SEMAR on images
with clip-artifacts.

Analyzing the intensities (amplitudes) of metal artifacts from coils showed signif-
icantly lower artifact rates in SEMAR CTA images in all measured 49 frequencies and
15 distances compared to standard CTA images (mean = 4.4 £+ 4.1 vs. mean = 9.7 & 11.6,
respectively; p < 0.001, both) (Figure 5A,B). The difference in intensities between SEMAR
and standard images with coil-artifacts was strongest in the low frequency-field (bins 2—4)
compared to middle-, high- and very high-frequency fields (bins 10-12, bins 20-22, bins
40-42, respectively) (Table 2; Figure 5B). Metal artifact reduction decreased with increasing
frequency and distance to the coil package (Table 2; Figure 5C).

The intensity (amplitudes) of metal artifacts from clips was significantly less in SE-
MAR images compared to standard images in all measured frequencies and distances
(mean =4.5 £ 5.2 vs. mean = 5 £ 5.6, respectively; p < 0.001, both) (Figure 5A). The differ-
ence in intensities between SEMAR and standard images with clip-artifacts was strongest
in the middle frequency-field (bins 10-12) compared to low-, high- and very high-frequency
fields (bins 2—4, bins 20-22, bins 40-42, respectively) (Table 2; Figure 5B). In the low fre-
quency field (bins 2—4) in direct vicinity to the clip, SEMAR aggravated the intensity
of metal artifacts (Figure 5B,C). Whereas all images with coils benefitted from applying
the SEMAR algorithm, only 58% of the images with clips benefitted from the algorithm
(Figure 5C).

Furthermore, no significant differences were observed for CNR and SNR between
SEMAR and standard CTA images in images with coil packages (CNR: 28.9 £ 15.2 vs.
29.1 +£15.2; SNR: 32.7 £ 16 vs. 33 £ 16, respectively; p > 0.1, each) as well as in images
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with clips (CNR: 32.3 4= 11.6 vs. 31.5 4= 10.9; SNR: 36.7 & 13.1 vs. 35.8 & 12.4, respectively;
p > 0.1, each).

Figure 2. Exemplary follow up UHR-CT-angiography in axial (A,B) and sagittal (C,D) plane without
(A,C) and with SEMAR (B,D) of a 56-year-old female after intracranial coil-embolization of a left
sided posterior communicating artery aneurysm. All images were reconstructed as MIP (Maximum
Intensity Projection) with 12.5 mm slice thickness. SEMAR significantly improves image quality, even
in vessels directly adjacent to the coil package like the anterior communicating artery (white arrow in
(B)), the contralateral terminal carotid artery (arrowhead in (B)), the anterior cerebral artery (white
arrow in (D)), and the posterior communicating artery (arrowhead in (D)).
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Figure 3. Exemplary follow up UHR-CT-angiography in axial and coronal plane without (A,C) and
with SEMAR (B,D) of a 48-year-old female after intracranial coil-embolization of a left sided middle
cerebral artery aneurysm, demonstrate the efficacy of SEMAR in visualizing vessels adjacent to the
coil package like the ipsilateral middle cerebral artery (thick arrow in (B)), the anterior cerebral artery
(thin arrow in (B)), the ipsilateral posterior cerebral artery (arrowhead in (B)), and the middle cerebral
artery (thick arrow in (D)). All images were reconstructed as MIP (Maximum Intensity Projection)
with 12.5 mm slice thickness.
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Figure 4. (A,B): Exemplary follow up UHR-CT-angiography in axial plane without (A) and with SE-
MAR (B) of a 74-year-old female with an intracranial clip in the left middle cerebral artery. (C,D): Ex-
emplary follow up UHR-CT-angiography in axial plane without (C) and with SEMAR (D) of a
63-year-old female with an intracranial clip in the right internal carotid artery. All images were
reconstructed as MIP (Maximum Intensity Projection) with 12.5 mm slice thickness and demonstrate
the effects of SEMAR on images with clip-artifacts.
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Figure 5. Results of frequency and intensity analyses in images with coils/clips. (A) Intensity
of the metal artifacts of standard and SEMAR CTA images in different frequencies (bin 1 to 49).
(B) Differences of the metal artifacts intensity in the four representative frequency fields in different
distances (1 to 15 mm). (C) Artifact reduction of % in the four representative frequency fields in
different distances (1 to 15 mm).
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Table 2. Results of the intensity- and frequency-analysis of the quantitative image evaluation:
differences of intensity in the four representative frequency fields in four different distances and the
mean intensity in all frequency fields and all distances. Data shows mean =+ standard deviation.

Coils
Difference of Intensity in: 1mm 5mm 10 mm 15 mm
low-frequency field (bin 2 to 4) 114 £ 23.6 18+79 59 +31 3.8+33
middle-frequency field (bin 10 to 12) 121+£93 14 £35 56 +2 05+07
high-frequency field (bin 20 to 22) 1+03 3+1.9 18+14 1.3+04
very high-frequency field (bin 40 to 42) 01+£02 01+01 04+04 0.5+ 0.4
Clips
Difference of Intensity in: 1mm 5mm 10 mm 15 mm
low-frequency field (bin 2 to 4) 29 £139 -1+18 12+17 09+12
middle-frequency field (bin 10 to 12) 41£35 12+1 0.6 £0.3 0.6 £0.3
high-frequency field (bin 20 to 22) 03+0.8 03+02 03+02 024+02
very high-frequency field (bin 40 to 42) 04+06 01+01 01+01 02+0.1

3.3. Qualitative Evaluation

The results used in the following section are summarized for both readers. Table 3 shows
a detailed overview of the results from the qualitative image analysis using a four-point Likert
scale. Furthermore, Figure 6 visualize the results from the qualitative image analysis.

Table 3. Results of the qualitative image evaluation. Data shows frequency of the Likert scale scores in
each category of the qualitative image evaluation and the calculated median and interquartile range.

Coils
Reader 1 Reader 2
Non- Median Median Non- Median Median
Frequency (1/2/3/4) SEMAR (IQR) SEMAR (IOR) SEMAR (IOR) SEMAR (IOR)

Overall image Quality 9/12/10/4 é) 1/5/13/16 (‘i’) 5/10/16/4 (:'1”) 1/5/10/19 (‘11)
. . X 2 3 2 3
Diagnostic confidence 6/13/11/5 (1) 0/9/12/14 @) 4/14/14/3 (1) 0/7/20/8 ©)
Delineation of arteries 8/11/13/3 2 2/8/17/8 3 4/14/15/2 2 0/6/18/11 3
) @ ) @

Visualization of adjacent 2 3 2 3
anatomic structures 5/13/13/4 (1) 0/8/15/12 1) 4/20/10/1 (1) 0/8/17/10 1)
Severity of metal artifacts 7/14/13/1 é) 0/8/14/13 (i’) 5/16/13/1 é) 0/5/20/10 (i’)

Clips
Reader 1 Reader 2

Overall image Quality 0/0/4/15 (g) 0/0/2/17 (g) 0/0/4/15 (g) 0/0/1/18 (g)

. . X 4 4 4 4
Diagnostic confidence 0/1/3/15 0) 0/1/1/17 0) 0/0/5/14 ) 0/0/2/17 0)

. . . 4 4 4 4
Delineation of arteries 0/1/4/14 (1) 0/1/2/16 ©) 0/0/5/14 (1) 0/0/4/15 ©)
Visualization of adjacent 4 4 4 4
anatomic structures 0/0/4/15 (0) 0/0/1/18 ©) 0/0/4/15 ) 0/0/2/17 0)
Severity of metal artifacts 0/1/9/9 3 0/0/2/17 4 0/1/9/9 3 0/0/4/15 4

(0) 0)
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Figure 6. Bar-charts of Likert scale values (4 being best) rated by the readers for both standard and
SEMAR CTA images with coil /clip artifacts demonstrate the distribution for the following categories:
overall image quality, diagnostic confidence, delineation of arteries, visualization of adjacent anatomic
structures, and severity of metal artifacts.
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Images with coil-artifacts, which were reconstructed with the SEMAR algorithm, showed
significantly fewer metal artifacts (median in SEMAR = 3 vs. median in standard = 2; p < 0.001,
for both readers) and had a significantly better overall image quality (median in SEMAR = 3.5
vs. median in standard = 2.5; p < 0.001, for both readers). Diagnostic confidence, delineation
of arteries and the visualization of adjacent anatomic structures were also significantly
improved in SEMAR images with coil-artifacts compared to standard images (median in
SEMAR = 3 vs. median in standard = 2; p < 0.001, for both readers). None of the reviewers
noticed any newly-developed artifacts after SEMAR-reconstruction during the analysis of
both image reconstructions of patients with coils.

Images with clips showed fewer metal artifacts after reconstruction with SEMAR
(median in SEMAR = 4 vs. median in standard = 3; p < 0.05, for both readers). However, the
difference was minor compared to images with coils. There were no significant differences
evaluated in all other categories in images with clip-artifacts between both reconstructions
(median in SEMAR = 4 vs. median in standard = 4; p > 0.05, for both readers) (Table 3;
Figure 6). Some minor newly-induced artifacts were noticed in some cases of patients
with clips.

According to the k values used in this study, the interrater agreement among the two
readers was fair to substantial (k = 0.516-0.835) for the categories overall image quality
and diagnostic confidence and it was fair (x = 0.508-0.594) for the other categories in
both SEMAR and standard images with coil-packages. In images with clips, the interrater
agreement was moderate to substantial (kx = 0.612-0.869) for all categories evaluated in
both SEMAR and standard images.

4. Discussion

It is essential to do long-term follow-up CTA examinations on patients with implanted
intracranial coils or clips in order to detect potential risks, such as aneurysmal recanalization,
re-hemorrhage, or infarction due to coil impaction as early as possible and to prevent
serious complications [17-21]. However, metal artifacts from coils or clips complicate the
evaluation of the treated vessel and implanted metal [8,9,14,22,23]. As previously reported
in recent publications, MAR algorithms and techniques in general are excellent tools for
reducing metal artifacts and improving image quality in many clinically relevant imaging
modalities, such as MRI, FD-CT, and CB-CT [8-10,13,22,24-27]. Several studies have proven
the positive effects of the SEMAR algorithm on CT and CTA imaging of different parts of
the body with different implants obtained with standard CT scanners, as well as flat-panel
scanners [8-10,13,24]. To the best of our knowledge, this is the first study to evaluate the
effects of the SEMAR algorithm on image quality and diagnostic confidence in CTA images
of the UHR-CT-scanner of patients with intracranial coils or clips.

Similarly to the conclusions of previous studies [8,13,28], we confirm that SEMAR
significantly reduces metal artifacts and image noise and therefore improves image quality
and diagnostic confidence in images with coil-artifacts. On contrary to other MAR algo-
rithms such as the IMAR, which has been proven that it may compromise the contrast of
vessels adjacent to the coil-package in CTA images [29], the SEMAR algorithm reduced
coil-artifacts without compromising areas with no metal artifacts or developing new ones.
Therefore, SEMAR made it possible for radiologists to make a sufficient diagnosis and
evaluation of the treated vessel. In general, SEMAR was more effective in suppressing
metal artifacts from coils than those from clips. This is due to the different ways involved in
producing the metal artifacts, such as beam hardening, photon starvation, scattering, and
many others [7-10,13]. In contrast to the commonly used titanium clips with low atomic
number, which mostly cause minor beam-hardening effects [7,30], a major part of metal arti-
facts from platinum coils with higher atomic number is caused by photon starvation, which
can be reduced very successfully using the SEMAR algorithm [7-10,13,31]. In accordance
with the findings of prior research [14], it was noticed that the metal artifact reduction
in images with coils was strongest in the low frequency-field in the area close to the coil
package and it decreased with increasing frequency and distance from the metallic coil.



Diagnostics 2023, 13, 620

13 of 15

This is due to metal artifacts from coils being mostly in low-frequencies, less in middle- and
high-frequencies. With increasing frequency, fewer metal artifacts and more image noise
were measured and therefore less artifact reduction was measured. This was represented in
the very high-frequency field, where only very few left-over metal artifacts were measured.
On the other Hand, SEMAR was effective in most cases of images with clips and the
reduction of metal artifacts was strongest in the middle frequency-field, yet in some cases,
it did not improve the artifacts. This difference observed in the clip group could be due to
the shape or number of the used clips, the clip-gantry angle or the location of the treated
aneurysm [32]. Therefore, further studies are necessary to investigate this issue.

SEMAR is an adequate tool to ensure proper evaluation and sufficient diagnosis of
the treated vessel and surrounding structures. The advantages of the SEMAR algorithm
are that it can be applied retrospectively to any CT image at any time without increasing
the radiation dose nor image noise. In most cases, it takes a few minutes to reconstruct
an image with the SEMAR algorithm in our institute. Since platinum coils cause only
mild artifacts in MRI and sever artifacts in CT-imaging, MRI would be more suitable for
follow up examinations of aneurysms treated by coil embolization [5,33,34] while taking
the limitations of MRI into consideration. However, SEMAR makes it also possible to do a
follow up CTA examination on patients with coils and allows a sufficient diagnosis to be
made. On the other hand, titanium clips produce severe artifacts in MRI and remarkably
less artifacts in CT-imaging [6,35]. This makes CT imaging the method of choice for follow-
up CTA examinations on patients with intracranial clips while taking the radiation of CTA
into consideration.

This study has some limitations. First, we were limited by the retrospective design of
our study and by the small sample size. Second, we did not compare the SEMAR algorithm
with the digital subtraction angiography (DSA) to confirm that images reconstructed with
SEMAR reflect the true status of the treated vessel. Third, we did not compare the effects
of SEMAR with other metal artifact reduction algorithms. Therefore, further comparative
studies should be performed to address the mentioned issues.

5. Conclusions

SEMAR significantly reduces metal artifacts in UHR-CT-angiography images with
intracranial implants and improves image quality and diagnostic confidence. SEMAR
effects were strongest in patients with coils, whereas the effects were minor in patients with
titanium-clips due to the absent of or minimal artifacts.
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Abbreviations

ACA Anterior Cerebral Artery

ACI Internal Carotid Artery

Acom Anterior Communicating Artery
CNR Contrast-Noise-Ration

CTA Computed Tomography Angiography
DSA Digital Subtraction Angiography

HU Hounsfield-Units

MAI Metal Artifact Index

MAR Metal Artifact Reduction algorithm
MCA Middle Cerebral Artery

MRI Magnetic Resonance Imaging

Pcom Posterior Communicating Artery
PICA Posterior Inferior Cerebellar Artery
ROI Region of Interest

SAH Subarachnoid Hemorrhage

SEMAR Single-Energy Metal Artifact Reduction algorithm
SNR Signal-Noise-Ratio

UHR-CT Ultra-High-Resolution Computed Tomography
UHR-CTA  Ultra-High-Resolution Computed Tomography Angiography

References

1. Rinkel, G.J.E.; Djibuti, M.; Algra, A.; Van Gijn, J. Prevalence and Risk of Rupture of Intracranial Aneurysms. Stroke 1998, 29,
251-256. [CrossRef] [PubMed]

2.  Steiner, T,; Juvela, S.; Unterberg, A.; Jung, C.; Forsting, M.; Rinkel, G. European Stroke Organization Guidelines for the
Management of Intracranial Aneurysms and Subarachnoid Haemorrhage. Cerebrovasc. Dis. 2013, 35, 93-112. [CrossRef] [PubMed]

3. D’Souza, S. Aneurysmal Subarachnoid Hemorrhage. J. Neurosurg. Anesthesiol. 2015, 27, 222-240. [CrossRef] [PubMed]

4. Alakbarzade, V.; Pereira, A.C. Cerebral catheter angiography and its complications. Pract. Neurol. 2018, 18, 393-398. [CrossRef]

5. Haénsel, N.H.; Schubert, G.A.; Scholz, B.; Nikoubashman, O.; Othman, A.E.; Wiesmann, M.; Pjontek, R.; Brockmann, M.A.
Implant-specific follow-up imaging of treated intracranial aneurysms: TOF-MRA vs. metal artifact reduced intravenous flat panel
computed tomography angiography (FPCTA). Clin. Radiol. 2018, 73, 218.e219-218.e215. [CrossRef]

6.  Friedrich, B.; Wostrack, M.; Ringel, F.; Ryang, Y.M.; Forschler, A.; Waldt, S.; Zimmer, C.; Nittka, M.; Preibisch, C. Novel Metal
Artifact Reduction Techniques with Use of Slice-Encoding Metal Artifact Correction and View-Angle Tilting MR Imaging for
Improved Visualization of Brain Tissue near Intracranial Aneurysm Clips. Clin. Neuroradiol. 2016, 26, 31-37. [CrossRef]

7. Katsura, M;; Sato, J.; Akahane, M.; Kunimatsu, A.; Abe, O. Current and Novel Techniques for Metal Artifact Reduction at CT:
Practical Guide for Radiologists. RadioGraphics 2018, 38, 450-461. [CrossRef]

8. Katsura, M.; Sato, J.; Akahane, M.; Tajima, T.; Furuta, T.; Mori, H.; Abe, O. Single-energy metal artifact reduction technique
for reducing metallic coil artifacts on post-interventional cerebral CT and CT angiography. Neuroradiology 2018, 60, 1141-1150.
[CrossRef]

9. Kidoh, M.; Utsunomiya, D.; Ikeda, O.; Tamura, Y.; Oda, S.; Funama, Y.; Yuki, H.; Nakaura, T.; Kawano, T.; Hirai, T.; et al. Reduction
of metallic coil artefacts in computed tomography body imaging: Effects of a new single-energy metal artefact reduction algorithm.
Eur. Radiol. 2016, 26, 1378-1386. [CrossRef]

10. Ragusi, M.A.A.D.; Van Der Meer, R W.; Joemai, RM.S.; Van Schaik, J.; Van Rijswijk, C.S.P. Evaluation of CT Angiography Image
Quality Acquired with Single-Energy Metal Artifact Reduction (SEMAR) Algorithm in Patients After Complex Endovascular
Aortic Repair. CardioVascular Interv. Radiol. 2018, 41, 323-329. [CrossRef]

11.  Ucar, FA.; Frenzel, M.; Abello Mercado, M.A.; Altmann, S.; Reder, S.; Brockmann, C.; Brockmann, M.A.; Othman, A.E. Feasibility
of Ultra-High Resolution Supra-Aortic CT Angiography: An Assessment of Diagnostic Image Quality and Radiation Dose.
Tomography 2021, 7, 711-720. [CrossRef] [PubMed]

12. Hata, A.; Yanagawa, M.; Honda, O.; Kikuchi, N.; Miyata, T.; Tsukagoshi, S.; Uranishi, A.; Tomiyama, N. Effect of Matrix Size on
the Image Quality of Ultra-high-resolution CT of the Lung. Acad. Radiol. 2018, 25, 869-876. [CrossRef] [PubMed]

13. Pan, Y.-N,; Chen, G,; Li, A.-J.; Chen, Z.-Q.; Gao, X.; Huang, Y.; Mattson, B.; Li, S. Reduction of Metallic Artifacts of the Post-
treatment Intracranial Aneurysms: Effects of Single Energy Metal Artifact Reduction Algorithm. Clin. Neuroradiol. 2019, 29,
277-284. [CrossRef] [PubMed]

14. Bongers, M.N.; Schabel, C.; Thomas, C.; Raupach, R.; Notohamiprodjo, M.; Nikolaou, K.; Bamberg, F. Comparison and

Combination of Dual-Energy- and Iterative-Based Metal Artefact Reduction on Hip Prosthesis and Dental Implants. PLoS ONE
2015, 10, e0143584. [CrossRef]


http://doi.org/10.1161/01.STR.29.1.251
http://www.ncbi.nlm.nih.gov/pubmed/9445359
http://doi.org/10.1159/000346087
http://www.ncbi.nlm.nih.gov/pubmed/23406828
http://doi.org/10.1097/ANA.0000000000000130
http://www.ncbi.nlm.nih.gov/pubmed/25272066
http://doi.org/10.1136/practneurol-2018-001986
http://doi.org/10.1016/j.crad.2017.07.011
http://doi.org/10.1007/s00062-014-0324-4
http://doi.org/10.1148/rg.2018170102
http://doi.org/10.1007/s00234-018-2081-6
http://doi.org/10.1007/s00330-015-3950-6
http://doi.org/10.1007/s00270-017-1812-0
http://doi.org/10.3390/tomography7040059
http://www.ncbi.nlm.nih.gov/pubmed/34842838
http://doi.org/10.1016/j.acra.2017.11.017
http://www.ncbi.nlm.nih.gov/pubmed/29373211
http://doi.org/10.1007/s00062-017-0644-2
http://www.ncbi.nlm.nih.gov/pubmed/29147735
http://doi.org/10.1371/journal.pone.0143584

Diagnostics 2023, 13, 620 15 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mangold, S.; Gatidis, S.; Luz, O.; Kénig, B.; Schabel, C.; Bongers, M.N.; Flohr, T.G.; Claussen, C.D.; Thomas, C. Single-Source
Dual-Energy Computed Tomography: Use of Monoenergetic Extrapolation for a Reduction of Metal Artifacts. Investig. Radiol.
2014, 49, 788-793. [CrossRef] [PubMed]

Luo, S.; Zhang, L.J.; Meinel, EG.; Zhou, C.S.; Qi, L.; McQuiston, A.D.; Schoepf, U.J.; Lu, G.M. Low tube voltage and low contrast
material volume cerebral CT angiography. Eur. Radiol. 2014, 24, 1677-1685. [CrossRef]

Jiang, L.; He, Z.H.; Zhang, X.D.; Lin, B.; Yin, X.H.; Sun, X.C. Value of noninvasive imaging in follow-up of intracranial aneurysm.
Acta Neurochir. Suppl. 2011, 110, 227-232. [CrossRef]

Obermueller, K.; Hostettler, I.; Wagner, A.; Boeckh-Behrens, T.; Zimmer, C.; Gempt, J.; Meyer, B.; Wostrack, M. Frequency and risk
factors for postoperative aneurysm residual after microsurgical clipping. Acta Neurochir. 2021, 163, 131-138. [CrossRef]

Gallas, S.; Januel, A.C.; Pasco, A.; Drouineau, J.; Gabrillargues, J.; Gaston, A.; Cognard, C.; Herbreteau, D. Long-Term Follow-Up
of 1036 Cerebral Aneurysms Treated by Bare Coils: A Multicentric Cohort Treated between 1998 and 2003. Am. . Neuroradiol.
2009, 30, 1986-1992. [CrossRef]

Molyneux, A.].; Kerr, R.S,; Birks, J.; Ramzi, N.; Yarnold, J.; Sneade, M.; Rischmiller, J. Risk of recurrent subarachnoid haemorrhage,
death, or dependence and standardised mortality ratios after clipping or coiling of an intracranial aneurysm in the International
Subarachnoid Aneurysm Trial (ISAT): Long-term follow-up. Lancet Neurol. 2009, 8, 427—-433. [CrossRef]

Johnston, S.C.; Dowd, C.E; Higashida, R.T.; Lawton, M.T.; Duckwiler, G.R.; Gress, D.R. Predictors of Rehemorrhage After
Treatment of Ruptured Intracranial Aneurysms. Stroke 2008, 39, 120-125. [CrossRef]

Eisenhut, E; Schmidt, M.A.; Kalik, A.; Struffert, T.; Feulner, J.; Schlaffer, S.-M.; Manhart, M.; Doerfler, A.; Lang, S. Clinical
Evaluation of an Innovative Metal-Artifact-Reduction Algorithm in FD-CT Angiography in Cerebral Aneurysms Treated by
Endovascular Coiling or Surgical Clipping. Diagnostics 2022, 12, 1140. [CrossRef] [PubMed]

Kimura, Y.; Mikami, T.; Miyata, K.; Suzuki, H.; Hirano, T.; Komatsu, K.; Mikuni, N. Vascular assessment after clipping surgery
using four-dimensional CT angiography. Neurosurg. Rev. 2019, 42, 107-114. [CrossRef] [PubMed]

Pjontek, R.; Onenkt’)prﬁh‘i, B.; Scholz, B.; Kyriakou, Y.; Schubert, G.A.; Nikoubashman, O.; Othman, A.; Wiesmann, M.; Brockmann,
M.A. Metal artifact reduction for flat panel detector intravenous CT angiography in patients with intracranial metallic implants
after endovascular and surgical treatment. |. Neurolnterv. Surg. 2016, 8, 824-829. [CrossRef] [PubMed]

Zheng, H.; Yang, M.; Jia, Y.; Zhang, L.; Sun, X.; Zhang, Y.; Nie, Z.; Wu, H.; Zhang, X; Lei, Z.; et al. A Novel Subtraction Method to
Reduce Metal Artifacts of Cerebral Aneurysm Embolism Coils. Clin. Neuroradiol. 2022, 32, 687—-694. [CrossRef] [PubMed]
Gupta, A.; Subhas, N.; Primak, A.N.; Nittka, M.; Liu, K. Metal artifact reduction: Standard and advanced magnetic resonance and
computed tomography techniques. Radiol. Clin. N. Am. 2015, 53, 531-547. [CrossRef]

Otsuka, T.; Nishihori, M.; Izumi, T.; Uemura, T.; Sakai, T.; Nakano, M.; Kato, N.; Kanamori, F.; Tsukada, T.; Uda, K_; et al. Streak
Metal Artifact Reduction Technique in Cone Beam Computed Tomography Images after Endovascular Neurosurgery. Neurol.
Med. Chir. 2021, 61, 468-474. [CrossRef]

Meijer, FJ.A.; Schuijf, ].D.; de Vries, ].; Boogaarts, H.D.; van der Woude, W.].; Prokop, M. Ultra-high-resolution subtraction CT
angiography in the follow-up of treated intracranial aneurysms. Insights Imaging 2019, 10, 2. [CrossRef]

Bier, G.; Bongers, M.N.; Hempel, ].M.; Orgel, A.; Hauser, TK.; Ernemann, U.; Hennersdorf, F. Follow-up CT and CT angiography
after intracranial aneurysm clipping and coiling-improved image quality by iterative metal artifact reduction. Neuroradiology
2017, 59, 649-654. [CrossRef]

Brown, J.H.; Lustrin, E.S.; Lev, M.H.; Ogilvy, C.S.; Taveras, ].M. Reduction of aneurysm clip artifacts on CT angiograms: A
technical note. AJNR Am. . Neuroradiol. 1999, 20, 694-696.

Nagayama, Y.; Tanoue, S.; Oda, S.; Sakabe, D.; Emoto, T.; Kidoh, M.; Uetani, H.; Sasao, A.; Nakaura, T.; Ikeda, O.; et al. Metal
Artifact Reduction in Head CT Performed for Patients with Deep Brain Stimulation Devices: Effectiveness of a Single-Energy
Metal Artifact Reduction Algorithm. Am. J. Neuroradiol. 2019, 41, 231-237. [CrossRef] [PubMed]

Pechlivanis, I.; Koenen, D.; Engelhardt, M.; Scholz, M.; Koenig, M.; Heuser, L.; Harders, A.; Schmieder, K. Computed tomographic
angiography in the evaluation of clip placement for intracranial aneurysm. Acta Neurochir. 2008, 150, 669. [CrossRef]

Kuroda, H.; Toyota, S.; Kumagai, T.; Iwata, T.; Kobayashi, M.; Mori, K.; Taki, T. Feasibility of Smart Metal Artifact Reduction
Algorithm on Computed Tomography Angiography for Clipping of Recurrent Aneurysms After Coil Embolization. World
Neurosurg. 2019, 127, e1249-e1254. [CrossRef] [PubMed]

Murai, S.; Hiramatsu, M.; Takasugi, Y.; Takahashi, Y.; Kidani, N.; Nishihiro, S.; Shinji, Y.; Haruma, ]J.; Hishikawa, T.; Sugiu,
K.; et al. Metal artifact reduction algorithm for image quality improvement of cone-beam CT images of medium or large cerebral
aneurysms treated with stent-assisted coil embolization. Neuroradiology 2020, 62, 89-96. [CrossRef] [PubMed]

Olsrud, J.; Latt, J.; Brockstedt, S.; Romner, B.; Bjorkman-Burtscher, .M. Magnetic resonance imaging artifacts caused by aneurysm
clips and shunt valves: Dependence on field strength (1.5 and 3 T) and imaging parameters. |. Magn. Reson. Imaging 2005, 22,
433-437. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1097/RLI.0000000000000083
http://www.ncbi.nlm.nih.gov/pubmed/24979325
http://doi.org/10.1007/s00330-014-3184-z
http://doi.org/10.1007/978-3-7091-0356-2_41
http://doi.org/10.1007/s00701-020-04639-5
http://doi.org/10.3174/ajnr.A1744
http://doi.org/10.1016/S1474-4422(09)70080-8
http://doi.org/10.1161/STROKEAHA.107.495747
http://doi.org/10.3390/diagnostics12051140
http://www.ncbi.nlm.nih.gov/pubmed/35626296
http://doi.org/10.1007/s10143-018-0962-0
http://www.ncbi.nlm.nih.gov/pubmed/29502322
http://doi.org/10.1136/neurintsurg-2015-011787
http://www.ncbi.nlm.nih.gov/pubmed/26346458
http://doi.org/10.1007/s00062-021-01125-y
http://www.ncbi.nlm.nih.gov/pubmed/35064274
http://doi.org/10.1016/j.rcl.2014.12.005
http://doi.org/10.2176/nmc.oa.2021-0014
http://doi.org/10.1186/s13244-019-0685-y
http://doi.org/10.1007/s00234-017-1855-6
http://doi.org/10.3174/ajnr.A6375
http://www.ncbi.nlm.nih.gov/pubmed/31879332
http://doi.org/10.1007/s00701-008-1515-z
http://doi.org/10.1016/j.wneu.2019.04.133
http://www.ncbi.nlm.nih.gov/pubmed/31026660
http://doi.org/10.1007/s00234-019-02297-8
http://www.ncbi.nlm.nih.gov/pubmed/31701181
http://doi.org/10.1002/jmri.20391
http://www.ncbi.nlm.nih.gov/pubmed/16104008

	Introduction 
	Materials and Methods 
	Study Design 
	Ultra-High-Resolution Computed Tomography Angiography (UHR-CT) 
	Post-Processing and Image Reconstruction (SEMAR) 
	Quantitative Evaluation 
	Qualitative Evaluation 
	Statistical Analysis 

	Results 
	Patients 
	Quantitative Evaluation 
	Qualitative Evaluation 

	Discussion 
	Conclusions 
	References

