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ABSTRACT

Background Onyx is frequently used for endovascular
embolization of intracranial arteriovenous malformations
(AVMs) and dural arteriovenous fistulas (dAVFs). One
drawback of using Onyx is the generation of artifacts in
cone-beam CT (CBCT). These artifacts can represent an
obstacle for the detection of periprocedural hemorrhage
or planning of subsequent radiosurgery. This study
investigates the effect of artifact reduction by the syngo
DynaCT SMART Metal Artifact Reduction (MAR) software.
Methods A standardized in vitro tube model (n=10)

was filled with Onyx 18 and CBCT image acquisition was
conducted in a brain imaging phantom. Furthermore,
post-interventional CBCT images of 20 patients with AVM
(n=13) or dAVF (n=7), each treated with Onyx, were
investigated. The MAR software was applied for artifact
reduction. Artifacts of the original and the post-processed
images were analyzed quantitatively (standard deviation in
a region of interest on the layer providing the most artifacts)
and qualitatively. For the patient images, the effect of the
MAR software on brain parenchyma on artifact-free images
was further investigated.

Results Quantitative and qualitative analyses of both
datasets demonstrated a lower degree of artifacts in the
post-processed images (eg, patient images: 38.30+22.03
density units (no MAR; mean SD+SD) vs 19.83+12.31
density units (with MAR; p<0.001). The MAR software

had no influence on the brain parenchyma in artifact-free
images.

Conclusion The MAR software significantly reduced the
artifacts evoked by Onyx in CBCT without affecting the
visualization of brain parenchyma on artifact-free images.
Applying this software could thus improve the quality

of periprocedural CBCT images after embolization with
Onyx.

INTRODUCTION

Endovascular embolization using liquid embolic
agents (LEAs) is an effective treatment option for
cerebral arteriovenous malformations (AVMs) and
dural arteriovenous fistulas (dAVFs).'™ Despite the
increasing number of different commercially avail-
able LEAs, the embolic agent Onyx (Medtronic,
Irvine, USA) is still one of the most commonly
used products.” * Onyx is a non-adhesive agent,
consisting of ethylene vinyl alcohol (EVOH) copo-
lymer, dimethyl sulfoxide (DMSQ) and radiopaque

tantalum powder. One frequently reported draw-
back of Onyx is the generation of artifacts in CT
and cone-beam CT (CBCT).>™® Since cerebral
AVMs and dAVFs have an increased risk of peripro-
cedural bleeding, the artifacts induced by Onyx
may represent a major obstacle for the detection of
acute intracranial hemorrhage.” '° Besides, detec-
tion of residual nidus in large, incompletely embo-
lized AVMs or dAVFs is hampered by artifacts.
Furthermore, especially complex AVMs may not
be occluded completely by endovascular means and
often require additional radiation therapy or micro-
neurosurgery.’ For stereotactic radiosurgery, CBCT
images of the vascular malformation are often a
major component of the planning of the radiation
treatment. In this regard, the LEA-induced artifacts
can represent a further obstacle for an effective and
tissue-conserving radiation treatment planning.''™"

CBCT enables a CT-like visualization of the target
region during and after the endovascular interven-
tion.'® CBCT equipped angiography systems have
therefore the potential to assess periprocedural
complications, such as acute intracranial hemor-
rhage or hydrocephalus, within the angiography
suite.'” To improve the image quality and reduce
metal-related artifacts, several acquisition and post-
processing techniques have been introduced over
the past years.'® One frequently used application
is the syngo DynaCT SMART software (Siemens
Healthineers, Erlangen, Germany; hereinafter
referred to as MAR (metal artifact reduction)),
which is a commercially available add-on soft-
ware for the angiography systems ARTIS icono,
ARTIS pheno, ARTIS Q and ARTIS zee (Siemens
Healthineers, Erlangen, Germany, respectively).
Several studies have demonstrated its ability to
reduce metal-related artifacts, for example, after
intracranial coil embolization, while studies inves-
tigating artifact reduction caused by embolic agents
are rare.””** The aim of the present study was to
provide a systematic analysis on the effect of MAR
software for the reduction of artifacts evoked by
Onyx in a standardized in vitro model and in post-
interventional patient CBCT images.

MATERIALS AND METHODS

Sample preparation and data collection

A standardized two-dimensional in vitro tube model
was used for investigation, as described previously.®
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In detail, straight-configured, DMSO-compatible tubes with an
outer diameter of 8 mm, an inner diameter of 4 mm and a length
of 30mm were created, as these dimensions are comparable
to intracranial human vessels.”” The models were flushed with
warm saline (38.0°C, sodium chloride 0.9%) before filling, and
the embolic agent Onyx 18 was prepared in accordance with
the manufacturer’s instructions. In the next step, each tube was
completely filled with Onyx 18 by manual pulsatile injection
with an average flow of 0.5mL per minute and inserted into
a custom-made CT-phantom with an average density similar to
brain tissue, following the model of Daubner et al.*® Ten stan-
dardized in vitro models, each filled with a total volume of
3.78 mL, were investigated.

The in vivo datasets were collected retrospectively using
a prospectively maintained patient database. Approval and
informed consent for data collection were provided by the local
ethics committee and by the patients, respectively. All cases of
patients who underwent endovascular embolization of an intra-
cranial AVM or dAVF using Onyx and received a post-procedural
CBCT in our department between January 2016 and May 2021
were included. In addition, patients who received small-volume
injections of cyanoacrylates (Glubran 2, GEM SRL, Viareggio,
Italy), mixed with iodized oil (Lipiodol Ultra-Fluid, Guerbet,
Villepinte, France), distant to the Onyx cast (defined as a distance
of =1cm in the z-axis) were also included, whereas patients
who were embolized with other copolymer-based LEAs were
excluded from this study. Further exclusion criteria were the
absence of a post-procedural CBCT or a treatment before 2016,
because an older angiography system was used. The screening
phase involved a review of the reports and a visual inspection of
all corresponding CBCT images. Twenty patients matched the
inclusion criteria.

Imaging and image post-processing

Image acquisition of all CBCT images was performed on a
biplanar angiography system (Artis Q, Siemens Healthineers,
Erlangen, Germany) with standard settings according to clinical
routine: 20s rotational acquisition generating 500 projections
with an angular step of 0.4° for a total coverage of 200° with
a pulse length of 12.5 ms, a tube voltage of 109 kV and a dose
per frame of 1.82 uGy. In order to generate images with artifact
reduction, the MAR software was applied to the original images
of the in vitro and in vivo datasets. Therefore, the raw data of
each dyna CT scan has to be uploaded to the MAR software
platform while for each scan the process of artifact reduction
must be applied manually. Afterwards, the original and the post-
processed images were reconstructed in the axial plane with a
slice thickness of 4 mm.

Quantitative image analysis

A schematic description of the quantitative analysis is illustrated
in figure 1. Quantitative analysis of the in vitro tube models
was performed using the Medical Imaging Interaction Toolkit
(MITK; German Cancer Research Center (DKFZ), Heidel-
berg, Germany).”” As described previously, the MITK software
allowed us to place a highly standardized region of interest (ROI)
with a donut-shaped configuration adjacent to and surrounding
the center of each in vitro model.’ ® For each in vitro model, a
donut-shaped ROI with an inner diameter of 5 mm and an outer
diameter of 20 mm was placed on the central image slice of the
upper third, the middle third and the lower third, respectively.
This procedure ensured that artifacts of different positions were
taken into account.’

Figure 1 lllustration of the quantitative image analysis of the in vitro
tube models, using a donut-shaped ROI (A), and of the patient data,
using three square shaped ROIs, which were drawn manually into the
center of each third of the surrounding sector (B, patient with AVM; C,
patient with dAVF). The identical procedure was performed on the post-
processed images (with MAR). Comparing the same image slices of the
original (no MAR, D—F) and the post-processed (with MAR, G-I) CBCT
images, a significant reduction of the Onyx-induced artifacts by the
MAR software could be observed (D and G, tube model; E and H, AVM
located in the left frontal lobe; F and I, dAVF located at the left sigmoid
sinus). AVM, arteriovenous malformation; CBCT, cone-beam CT; dAVF,
dural arteriovenous fistula; MAR, metal artifact reduction; RO, region of
interest.

For the quantitative analysis of the patient data, a
picture archiving and communication system workstation
(CENTRICITY PACS 4.0; GE Healthcare, Barrington, IL, USA)
was used. Therefore, a standardized ROI was drawn manually
in consensus with a neuroradiology resident and a neurora-
diology attending (5 years and 8 years of experience in diag-
nostic imaging, respectively) on the image layer providing the
most LEA-related artifacts in the original images. Originating
from the LEA cast and the individual localization of the vascular
malformation, the surrounding brain parenchyma was divided
into a roundish (mostly for the AVMs) or a fan-shaped (for the
dAVFs) sector, while for each sector thirds of similar size were
defined. A square shaped ROI with a side length of 20 mm each
was drawn manually into the center of each third. The distance
between ROI and the LEA cast was 15 mm, respectively. On a
second monitor, a ROI of equal configuration and similar posi-
tion was placed manually in the post-processed CBCT images.

Additional analyses were performed for the post-interventional
CBCT images of all 20 embolized patients. Three ROIs of similar
configuration (side length of 10 mm each) were manually drawn
into brain parenchyma on a layer which was not affected by
LEA-related artifacts in the original images. Three ROIs of the
same configuration and similar localization were also placed in
the post-processed CBCT images.
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Since LEA-related artifacts usually consist of areas of high and
low density, the degree of artifacts was assessed by calculating
the standard deviation (SD) of the density units (DU).* 14

Qualitative image analysis

Qualitative analysis of the degree of artifacts in the CBCT
images of the in vitro and in vivo datasets was performed by
two different readers (reader 1 with 5 years and reader 2 with
8 years of experience in diagnostic imaging) on a CENTRICITY
PACS 4.0 workstation. Each reader was blinded to the type of
image reconstruction: no MAR versus with MAR; for the in
vivo datasets to the type of vascular malformation as well. Both
readers were allowed to adjust the window manually. The degree
of LEA-induced artifacts was graded by a five-point scale: (1)
severe artifacts, largely not diagnostic; (2) poor image quality,
partly non-diagnostic; (3) moderate image quality, limited diag-
nostic confidence; (4) good image quality, sufficient for diag-
nosis; (5) excellent image quality, no artifacts.

Further analyses were performed for the post-interventional
in vivo CBCT images. Both readers assessed the differentiation
of the gray and white matter on the image layers which were
not affected by LEA-related artifacts by a five-point scale: (1)
not differentiable, <10%; (2) poorly differentiable, 11-30%;
(3) moderately differentiable, 31-60%; (4) well differentiable,
61-90%; (5) completely differentiable, >90%.

Statistics

GraphPad Prism software (version 9.1.0, La Jolla, CA, USA)
was used for statistical analysis. Data of the quantitative anal-
ysis are presented as mean SD £SD and of the qualitative anal-
ysis as mean=SD. To evaluate statistical differences between the
original and the post-processed CBCT images, the Wilcoxon
matched-pairs signed rank test was conducted. The level of
statistical significance was defined as p<0.0S5.

For qualitative analyses, further assessment of the inter-reader
agreement by using the Cohen’s k coefficient was performed.?
The « values were interpreted as follows: <0.20, no agreement;
0.21-0.39, minimal agreement; 0.40-0.59, weak agreement;
0.60-0.79, moderate agreement; 0.80-0.90, strong agreement;
and >0.90, almost perfect agreement.”

RESULTS

Representative CBCT images of the original and the post-
processed images of the standardized tube model and post-
interventional patient data are demonstrated in figure 1.

The quantitative results are summarized in table 1 and illus-
trated in figure 2 and the qualitative results are summarized in
table 2 and illustrated in figure 2.

Onyx 18 was the applied concentration in all embolizations.

Comparing the artifacts induced by Onyx 18 on the same
image layers of the original and the post-processed CBCT images
of the standardized in vitro tube models, the Wilcoxon matched-
pairs signed rank test showed a significantly lower degree of
artifacts in the post-processed images in quantitative (no MAR:
56.36+25.90 DU vs with MAR: 42.01+6.96 DU; p<0.001)
and qualitative analysis (no MAR: 1.00+0.00vs with MAR:
3.50+0.51; p<0.001).

In our institutional patient database, 20 patients met the inclu-
sion criteria, while 13 patients with AVM and seven with dAVF
were included. A more detailed description of the individual
patient and procedural characteristics is provided in the online
supplemental appendix. The total volume of the LEA used for

Table 1 Summary of the results of the quantitative image analysis of
the in vitro and in vivo datasets

Original CBCT images  Post-processed CBCT images

(no MAR)* (with MAR)* P valuest
Tubes 56.36+25.90 DU 42.01£6.96 DU p<0.001
Patients 38.30+22.03 DU 19.83+12.31 DU
AVMs+dAVFs
Patients 37.82+20.31 DU 17.95+12.72 DU
AVMs
Patients 39.19+25.43 DU 23.33+10.96 DU
dAVFs
Patients 8.12+1.39DU 8.11£1.54 DU p=0.908

Artifact-free layer

The MAR software was able to reduce the LEA-related artifacts in CBCT significantly in the
standardized in vitro models and the patient datasets in the quantitative analysis. There was
no difference between the original and the post-processed images on the layers which were
not affected by Onyx-related artifacts.

*Data are provided as mean SD +SD.

1P values of the Wilcoxon matched-pairs signed rank test to evaluate statistical differences
between the original (no MAR) and the post-processed (with MAR) CBCT images.

AVM, arteriovenous malformation; CBCT, cone-beam CT; dAVF, dural arteriovenous fistula;
DU, density units; LEA, liquid embolic agent; MAR, metal artifact reduction.

each embolization procedure was not provided in the reports
and could therefore not be analyzed.

The MAR software was able to significantly reduce the
LEA-related artifacts in the post-interventional CBCT images
of all 20 patients with AVM or dAVF quantitatively (no
MAR: 38.30+22.03 DU vs with MAR: 19.83+12.31 DU;
p<0.001) and qualitatively (no MAR: 1.00+0.00vs with MAR:
2.85+0.70; p<0.001).

Similar results with significant reduction of the artifacts
were also observed for the selective evaluation of the patients
suffering from an AVM (quantitative: no MAR: 37.82+20.31
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Figure 2 lllustration of the results of the quantitative and qualitative

image analysis. The artifacts caused by the non-adhesive embolic agent
Onyx 18 were significantly lower in the post-processed (with MAR)
CBCT images in quantitative (A-D) and qualitative (F-I) analysis. There
was no difference on the layer which was free of Onyx-related artifacts
in quantitative (E: standard deviation of density units in a defined
region of interest) and qualitative (J: differentiation of the gray and
white matter using a five-point scale) analysis. Upper row, quantitative
analysis; lower row, qualitative analysis; bars, mean; whiskers, SD. A
and F, tube models; B and G, all patients with AVM or dAVF; C and

H, patients with AVM; D and |, patients with dAVF; E and J, analysis

of the brain parenchyma on the layer free of Onyx-related artifacts.
*Statistically significant difference (p<0.05). AVM, arteriovenous
malformation; CBCT, cone-beam CT: dAVF. dural arteriovenous fistula;
DU, density units; MAR, metal artifact reduction.
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Table 2 Summary of the results of the qualitative image analysis of
the in vitro and in vivo datasets

Original CBCT images Post-processed CBCT images

(no MAR) (with MAR) P value*
Tubes 1.00+0.00 3.50+0.51 p<0.001
Patients 1.00+0.00 2.85+0.70
AVMs+dAVFs
Patients 1.00+0.00 3.04+0.72
AVMs
Patients dAVFs 1.00+0.00 2.50+0.52
Patients 4.28+0.45 4.30+0.46 p>0.999

Artifact-free layer

Five-point scale analysis of the in vitro and in vivo CBCT datasets by two different readers
(shown as mean +SD). The Wilcoxon matched-pairs signed rank test demonstrated a
significant reduction of Onyx-related artifacts by the MAR software in the CBCT images of
the in vitro and in vivo datasets. Qualitative analysis showed that gray and white matter
were completely differentiable on the image layers which were not affected by Onyx-related
artifacts in the original (no MAR) and post-processed (with MAR) CBCT images.

*P values of the Wilcoxon matched-pairs signed rank test to evaluate statistical differences
between the original (no MAR) and the post-processed (with MAR) CBCT images.

AVM, arteriovenous malformation; CBCT, cone-beam CT; dAVF, dural arteriovenous fistula;
MAR, metal artifact reduction.

DU vs with MAR: 17.95%12.72 DU; qualitative: no MAR:
1.00+0.00vs with MAR: 3.04%0.72; p<0.001, respectively)
or a dAVF (quantitative: no MAR: 39.19+25.43 DU vs with
MAR: 23.33+10.96 DU; qualitative: no MAR: 1.00£0.00vs
with MAR: 2.50+0.52; p<0.001, respectively).

The Wilcoxon matched-pairs signed rank test revealed no
difference between the original and the post-processed images
in the quantitative (p=0.908) and the qualitative analyses
(p>0.999) on the layers which were initially not affected by
LEA-related artifacts.

The inter-reader reliability showed a strong agreement
for the in vitro (k=0.841; range 0.633-1.00) and an almost
perfect agreement for the in vivo (k=0.915; range 0.843-
0.987) datasets for the qualitative analyses by both readers.

DISCUSSION

In this study, a systematic analysis of the effect of the syngo
DynaCT SMART software on artifacts produced by Onyx in
CBCT was performed in a standardized in vitro tube model and
in post-interventional CBCT images of 20 patients with dAVFs
or AVMs. The MAR software was able to reduce the Onyx-
related artifacts significantly, both in the in vitro model and in
the patient imaging datasets, without affecting the visualization
of the brain parenchyma distant to the Onyx cast in artifact-free
CBCT images.

Several recently published preclinical studies compared the
degree of artifacts of different LEAs in conventional CT and
CBCT.”® They demonstrated that the non-adhesive agent
Onyx, which is currently one of the most frequently used
LEAs for the treatment of cerebral vascular malformations,
induces the highest degree of artifacts compared with other
LEAs in both imaging modalities.”® We therefore focused our
study on Onyx.

One of these studies showed that cyanoacrylates mixed with
iodized oil (ratio 1:1) generated only minor artifacts in compar-
ison to the other LEAs.® For this reason, we assumed that the
artifacts generated by cyanoacrylates mixed with iodized oil,
located distant to the Onyx cast, do not influence the degree
of artifacts generated by Onyx, and included CBCT images
of patients who were additionally treated with cyanoacrylates
mixed with iodized oil.

To date, there are only a limited number of scientific reports
available investigating the software-based reduction of LEA-
related artifacts.’” ! Lehti et al assessed the degree of artifact
reduction in aortic CT angiography after Onyx 18 embolization
in patients with endovascular aneurysm repair by the iterative
metal artifact reduction (iMAR) software (Siemens Health-
ineers, Erlangen, Germany). Their study included 12 patients
and demonstrated that the iMAR software can reduce the Onyx
18-related artifacts significantly.'” A further study by Stidd ez
al applied a prototype of a metal artifact reduction algorithm
to post-interventional cerebral CBCT images of three patients
with AVM who were treated with Onyx 18. They found that the
investigated algorithm prototype was not effective at reducing
the LEA-related artifacts.”” At present, there is one study avail-
able which investigated the software-based reduction of LEA-
related artifacts in patients suffering from dAVFs.?! In the study
of Otsuka et al six patients with dAVFs who were treated with
Onyx were analyzed, and there was no sufficient improvement
of the image quality after MAR using qualitative analysis on a
four-point scale. There was no standardized quantitative analysis
performed.?!

For the MAR software which was used in our study, several
studies demonstrated its efficacy at reducing artifacts gener-
ated by metallic implants, for example, by orthopedic metallic
implants or intracranial platinum coils.”’** The assessment of
LEA-related artifact reduction including in vitro and in vivo data-
sets has not been in the focus of research until now. The MAR
software uses an iterative metal artifact correction approach to
improve the quality of CBCT imaging data and represents an
extension of the algorithm first published by Prell et al which
was further developed.’® From the acquired imaging data, an
uncorrected volume image is reconstructed, and metal or any
highly attenuating objects (in the following paragraph referred
to as ‘metal’) are segmented, resulting in a binary metal volume
image. For each projection, this binary volume is forward-
projected to yield a binary projection image of metal regions
on the detector in any position. After smoothing the data along
the boundary line, the projection data contained in these metal
regions is replaced by a non-linear interpolation procedure. The
initially corrected volume is used for a second normalized MAR
correction step, including additional iterative improvements of
the metal region boundaries to enhance the consistency of the
corrected data. In a final step, a procedure minimizing the total
variation is applied to reduce residual streaks.”’ ** For this algo-
rithm, the present study demonstrates for the first time a signif-
icant improvement of image quality after embolization with the
LEA Onyx.

Previous studies on artifact suppression by LEAs only
included a limited number of patients, while the present study
features a combination of 10 in vitro and 20 in vivo CBCT
datasets.”” 2° The inclusion of an in vitro model in combina-
tion with patient data offers the advantage of a systematic
analysis with an increased informative value. While the inves-
tigation of the in vitro tube models provides a high level of
standardization, such as size and volume of the Onyx cast as
well as the density of the surrounding brain phantom, the
post-interventional CBCTs of patients with AVM or dAVF take
further factors of clinical practice into account. For example,
our findings indicate that a possible influence by different
configurations of the individual LEA cast is limited. More-
over, the consistent analysis by setting three ROIs of the same
configuration and similar location on the same image layers
of the original (no MAR) and the post-processed (with MAR)
CBCT images offers the advantage of a reliable comparison
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with limited susceptibility to errors. This procedure, along
with the calculation of the SD of the DU, allows the consid-
eration of Onyx-related artifacts of high and low density with
the benefit that the artifacts do not cancel out each other, as
might be the case for the mean density values.'* To reduce
further bias, different DMSO-compatible tubes were tested
before the preparation of the in vitro models and the tubes
with the lowest radiopacity were used. Due to the increased
informative value, qualitative analysis was carried out in addi-
tion to the standardized quantitative analysis.

An additional analysis was performed outside the region of the
LEA cast in the post-interventional CBCTs of the patients with
AVM or dAVF. While our findings demonstrate that the MAR
software can effectively reduce the artifacts produced by Onyx,
it is conceivable that the MAR software negatively influences
the image quality in regions which are not affected by artifacts.
This phenomenon was, however, not observed in our study. We
could not detect a significant effect of the MAR software on the
brain parenchyma on image layers which were initially free of
LEA-related artifacts.

We acknowledge that this study has several limitations. The
used tubes of the in vitro models were slightly radiopaque, which
might influence the degree of artifacts and thus the process of
artifact reduction. Moreover, there was no continuous flush
with saline during the Onyx injection procedure of tube models,
which may further affect the degree of artifacts. Eight of the 20
included post-interventional CBCTs of patients received endo-
vascular treatment with Onyx 18 in combination with cyanoac-
rylates mixed with iodized oil. A possible influence on the degree
of artifacts and thus the artifact reduction cannot be ruled out
with certainty. Furthermore, all ROIs were drawn manually
which might lead to certain bias.

CONCLUSION

The MAR software is able to reduce the artifacts evoked by
Onyx in CBCT significantly without affecting the image layers
free of LEA-related artifacts. Applying the MAR software
could thus improve the accuracy of peri- and post-procedural
CBCT imaging in clinical practice and provides the oppor-
tunity to recognize complications such as periprocedural
hemorrhage promptly within the angiography suite.
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