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ABSTRACT

Background Flat panel detector CT angiography with
intravenous contrast agent injection (IV CTA) allows
high-resolution imaging of cerebrovascular structures.
Artifacts caused by metallic implants like platinum coils
or clips lead to degradation of image quality and are a
significant problem.

Objective To evaluate the influence of a prototype
metal artifact reduction (MAR) algorithm on image
quality in patients with intracranial metallic implants.
Methods Flat panel detector CT after intravenous
application of 80 mL contrast agent was performed with
an angiography system (Artis zee; Siemens, Forchheim,
Germany) using a 20 s rotation protocol (200° rotation
angle, 20 s acquisition time, 496 projections). The data
before and after MAR of 26 patients with a total of 34
implants (coils, clips, stents) were independently
evaluated by two blinded neuroradiologists.

Results MAR improved the assessability of the brain
parenchyma and small vessels (diameter <1 mm) in the
neighborhood of metallic implants and at a distance of
6 cm (p<0.001 each, Wilcoxon test). Furthermore, MAR
significantly improved the assessability of parent vessel
patency and potential aneurysm remnants (p<0.005
each, McNemar test). MAR, however, did not improve
assessability of stented vessels.

Conclusions When an intravenous contrast protocol is
used, MAR significantly ameliorates the assessability of
brain parenchyma, vessels, and treated aneurysms in
patients with intracranial coils or clips.

INTRODUCTION
Patients treated endovascularly (embolization, stent-
ing) or by open surgery (clipping) for cerebrovascu-
lar pathologies such as aneurysms frequently
undergo follow-up imaging." > Catheter angiog-
raphy is considered the ‘gold standard’ for vessel
imaging owing to its high temporal and spatial
resolution, but it is associated with a low but still
existing risk owing to its invasive character.’ On
the other hand, lower spatial resolution and beam
hardening artifacts in CT imaging as well as suscep-
tibility artifacts in MRI may reduce the assessability
of these modalities, which are being otherwise fre-
quently used for non-invasive follow-up.

During the past years flat panel detector CT within
the angiography suite has increasingly been used to

rule out peri-interventional complications such as
intracranial hemorrhage or to visualize implanted
materials, and also to serve as a non-invasive method
for high-resolution imaging of cerebrovascular struc-
tures and pathologies during follow-up.*” Since
metal artifacts strongly limit the diagnostic value of
follow-up studies after clipping or coiling, and also in
other fields of radiology,® ° the introduction of algo-
rithms for metal artifact reduction (MAR) was an
important step forward in providing images of diag-
nostic value in patients with metallic implants.'® !
This work aimed at evaluating the efficacy of a
MAR algorithm developed by the vendor of our flat
panel angiographic C-arm system and provided as
prototype software component. It consists of three
correction steps, in two of which the metal-corrupted
projection data are replaced by a non-linear interpol-
ation method, which is a numerically adapted realiza-
tion of Cauchy’s integral formula. Finally, residual
streaks are reduced by an optimization procedure.

MATERIALS AND METHODS

Patient selection

Retrospective analysis of patients for inclusion in
the study was approved by the local ethics commit-
tee of the University Hospital of the RWTH
Aachen. Between February 2013 and September
2013, flat panel detector CT angiography with
intravenous contrast agent injection (IV CTA) was
performed in 31 cases with intracranial metallic
implants used for treatment of vascular pathologies
in our institution. Four datasets were excluded
owing to technical or procedural problems, such as
insufficient contrasting of the intracranial vessels or
paravasation of the contrast agent. Finally, 27 data-
sets from 26 patients (23 women and 3 men with a
mean age of 55 years (range 19-86); one patient
was examined twice) with a total of 34 intracranial
implants were included in the study.

Intracranial aneurysms were treated by neurosurgi-
cal clipping (n=12), platinum coil embolization
(n=12), stent-assisted platinum coil embolization
(n=6), flow diversion (n=1), and embolization with
an intra-aneurysmal flow diverter (n=1). In addition,
two patients with intracranial stenosis underwent
stent angioplasty. All IV CTA scans were performed
routinely as a follow-up procedure after treatment of
the respective vessel pathology.
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Imaging protocol

All images were obtained with a flat panel angiographic C-arm
system (Artis zee biplane; Siemens Healthcare, Forchheim,
Germany) using the embedded high-quality DynaCT protocol
(Siemens Healthcare) with an acquisition range of 200° (matrix
1240x960, 0.4° angular increment) and 496 projections. In
contrast to other studies, we used a 20 s rotation protocol after
intravenous injection of 80 mL of iodinated contrast agent
(Solutrast 300; Bracco, Konstanz, Germany) into the cubital
vein (5.0 mL/s). The scan was started when contrast enhance-
ment of the intracranial carotid arteries was observed using a
bolus tracking technique (bolus monitoring at 1 image/s).

After image acquisition the raw data were transferred to a
workstation (Syngo MM  Workplace AXK1447; Siemens
Healthcare) and the MAR algorithm was applied as described
below. Apart from MAR, all parameters of uncorrected and cor-
rected data were kept identical. The time required for post-
processing was measured.

MAR algorithm

The MAR algorithm investigated in this work is a modification,
and an extension, of a previously published MAR algorithm.'* '3
The algorithm consists of several steps. Initially, an uncorrected

Depiction of brain parenchyma
in immediate neighbourhood

volume image is reconstructed from the measured data. By seg-
menting the metal objects in this volume a binary metal volume
image is obtained. For each projection this binary volume is
forward-projected to yield a binary projection image of metal
regions on the detector in the respective position. The projec-
tion data contained in these metal regions are generated by rays
through metal objects, and thus these data are responsible for
the artifacts. The data along the metal region boundaries are
used to replace these data by a non-linear interpolation proced-
ure. The so-far corrected volume is used for a second, normal-
ized MAR correction step.'* This step includes, additionally,
iterative improvements of the metal region boundaries in order
to enhance consistency of the corrected data as a whole. The
third and final step is to apply a procedure minimizing the total
variation in order to reduce residual streaks.

Qualitative image evaluation and statistical analysis

All uncorrected and corrected data (ie, data before and after
MAR) were assessed in randomized order separately by two
neuroradiologists. Using a four-point Likert scale (1=excellent,
2=good, 3=limited, 4=insufficient) the raters assessed the
depiction of brain parenchyma in the immediate neighborhood
(<1cm) of the implant and at a distance of 6cm.
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Figure 1

Graphic representation of image quality improvement in IV CT angiography datasets before and after metal artifact reduction (MAR) in

patients with metallic intracranial implants: depiction of brain parenchyma in the upper row, adequate visibility of small vessels in the middle row,
detectable aneurysm remnant and sufficient assessability of the parent vessel in the lower row.
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A dichotomous scoring model (1=positive answer, 2=negative
answer) was applied to evaluate the adequate visibility of small
vessels close to, and distant from, the implant, the assessability
of contralateral vessels (ie, of the contralateral hemisphere or,
for example, of the vertebrobasilar circulation for aneurysms of
the anterior communicating artery and vice versa), of the parent
vessel, and of potential aneurysm remnants. If applicable, the
grade of aneurysm occlusion was quantified according to the
modified Raymond classification." In the presence of intracranial
stents, in-stent stenosis in the middle and at the ends of the
stent (1=positive answer, 2=negative answer, 3=not diagnostic
owing to artifacts) as well as the parent vessel assessability
(1=positive answer, 2=negative answer) were rated.

During the reading process, raters did not have access to
patients’ personal data or correction status. Interactive image
manipulations, such as contrast and intensity adjustment of
image window/level, setting of the slice thickness, zoom, pan,
and rotation, were allowed. To reduce the recall bias, the
reading process was extended to several weeks.

All statistical analyses were performed using SPSS 20 software
(IBM Corp, Armonk, New York, USA). McNemar tests and
Wilcoxon matched-pairs signed-rank tests were used for dichot-
omous questions and rating scale questions, respectively. The
inter-rater reliability was assessed by a x test. Results with a p
value <0.05 were considered statistically significant.

RESULTS

Assessability of the brain parenchyma adjacent to the metallic
implants in images before MAR was rated ‘insufficient’ or
‘limited’ in 31 cases (91%) and ‘excellent’ or ‘good’ in 3 cases
(9%), whereas after MAR the brain parenchyma directly

Figure 2  Axially (upper row) and
sagittally (lower row) reconstructed IV
CT angiograms after coil embolization
of bilateral carotid T aneurysms and a
right-sided posterior communicating
artery aneurysm. Owing to
peri-interventional coil dislocation two
microstents were placed in the right
internal carotid artery (C and D). The
subarachnoid hemorrhage-related
hydrocephalus was treated with
ventriculo-peritoneal shunting. The
extensive artifacts caused by the
platinum coils and shunt valve (A and
C) were remarkably reduced by metal
artifact reduction (B and D).
Consequently, the visibility of
intracranial vessels, including the
parent vessel (B and D), improved
significantly.

adjacent to the implant was characterized as excellent or good
in 69% of datasets (Wilcoxon test, p<0.001). Likewise, the
assessability of brain parenchyma at a distance of 6 cm away
from the metallic implant improved significantly (Wilcoxon test,
p<0.001) with the number of datasets being categorized as
“excellent” increasing from 3 (9%) to 28 (85%). When the two
major subgroups were analyzed separately (clipped patients and
patients who underwent coiling without stenting; each group
n=12), the assessability of the brain parenchyma remained sig-
nificantly better after MAR (p<0.005).

Metal artifacts caused by the implants reduced the assessabil-
ity of contralateral vessels in 72% of cases, whereas after MAR
distant vessels were relevantly affected by metal artifacts in only
one case (McNemar test, p<0.001). The assessability of small
vessels in the neighborhood of the implant (<1 cm) and at a dis-
tance of 6 cm from the implant improved significantly from
12% to 81% and from 37% to 98%, respectively (McNemar
test, p<0.001 each). Subgroup analysis (clipped patients and
patients who underwent coiling without stenting; each group
n=12) likewise showed significantly improved assessability of
vascular structures after MAR (p<0.05). Only for the assessabil-
ity of distant small vessels in one group (clipped aneurysms) one
of the reviewers found that MAR provided no significant
improvement (p=0.250). In this last group the reviewer judged
assessability of vascular structures sufficient in most cases even
before MAR.

Evaluation of the parent vessel was feasible in six uncorrected
cases (18%), whereas MAR significantly increased the diagnostic
assessability to 18 cases (McNemar test, p=0.004). Subgroup
analysis (clipped patients and patients who underwent coiling
without stenting; each group n=12) showed improvement of
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Figure 3  Axially (upper row) and
coronally (lower row) reconstructed IV
CT angiograms after coil embolization of
a ruptured basilar tip aneurysm. The
visibility of the adjacent posterior
cerebral arteries improved significantly
after metal artifact reduction (B and D).

the assessability of vascular structures after MAR (all p<0.063
owing to the reduced number of cases available for statistical
analysis in subgroups).

For the detection of aneurysm remnants, the number of diag-
nostic datasets increased from 4 to 19 (13% to 61%; McNemar
test, p<0.001) for all treated aneurysms (n=31) after MAR.
Thus, MAR enabled the detection of aneurysm remnants
(various sizes ranging from minimal residual neck to significant
central reperfusion) in nine cases. Subgroup analysis (clipped
patients and patients who underwent coiling without stenting;
each group n=12) showed improved assessability for both
groups and both readers. However, owing to smaller sample
size and differences in interpretation of images without MAR,
significance levels for the two readers were heterogeneous
(aneurysm clipping: reader 1: 2.0£0.0 vs 1.5+0.5; p=0.031;
reader 2: 2.0£0.0 vs 1.67*0.5; p=0.125/aneurysm coiling:
reader 1: 1.58=0.52 vs 1.33%0.4.9; p=0.375; reader 2: 2.0
+0.0 vs 1.25+0.45; p=0.004).

The overall agreement for all cases between the two raters,
however, was 80.7% with k¥=0.738, indicating a substantial
agreement.

In figure 1 the effects of MAR upon image quality are visua-
lized, and representative follow-up cases after clipping, coiling,
and stent-assisted coiling are shown in figures 2—4.

We also tried to improve the assessability of stented vessels by
applying the MAR algorithm to the radiopaque stent markers
(n=9). MAR, however, did not further improve the generally
good assessability of stented vessels (figure 5), including the
parts of the vessel adjacent to the radiopaque stent markers

Figure 4 Axial (upper row) and
coronal (lower row) IV CT angiogram
reconstructions of a patient who
underwent coil embolization of a
ruptured right-sided posterior
communicating artery aneurysm and
subsequent clipping of an innocent
left-sided middle cerebral artery (MCA)
aneurysm. Metal artifact reduction
(B and D) clearly improved
assessability of the MCA and its
branches.

(McNemar, p=1.000). It is worth mentioning that our attempts
to apply MAR to a Pharos stent and a Silk Plus flow diverter
were unsuccessful and these stents became non-diagnostic after
MAR. Although the artifacts caused by a WEB device were rela-
tively low, our attempt to apply MAR improved assessability of
the aneurysm lumen (not shown).

The mean time (=1 SD) required for post-processing (includ-
ing manual definition of the radiopaque materials and subse-
quent automatic application of MAR) was 11.8+2.3 min (range
7-16 min) and depended on the number and size of objects
marked for MAR.

DISCUSSION

Owing to its high resolution, C-arm based flat panel detector
CT has been used to assess cerebrovascular structures and
implants used to treat cerebrovascular pathologies.’® 1°
Furthermore, angiography systems allowing flat-panel detector
CT have been used for the immediate evaluation of complica-
tions, such as periprocedural hemorrhage.” '” Unfortunately,
even small radiopaque objects like clips or coils often cause sig-
nificant beam hardening artifacts at the level of the implants,
thereby hampering analysis of the adjacent brain parenchyma
and cerebrovasculature. To deal with this problem, different
algorithms to reduce artifacts from metallic implants have been
implemented.'®* For example, Yu et al”> presented a
segmentation-based interpolation method to reduce the metal
artifacts caused by surgical aneurysm clips, whereas Wang and
coworkers applied a fusion based prior image approach.?® Prell
et al developed an interpolation-based three-dimensional (3D)
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Figure 5 Follow-up images of a
patient who underwent stenting of a
symptomatic high-grade stenosis of the
right middle cerebral artery (MCA)
using an Enterprise stent. The
radio-opaque stent endings which
barely cause artifacts (A) coarsened
after metal artifact reduction (MAR)
(B). Consequently, the visibility of the
stent lumen at the endings minimally
worsened after MAR.

correction algorithm for the raw data.'* ' In our study we used
an improved version of the interpolation-based MAR algorithm
described Prell e al. Another difference in our study compared
with other studies is that our data were acquired during a 20 s
rotational flat panel scan without subtraction, whereas other
work groups applied, for example, shorter subtraction-based
acquisition protocols.”” 28

Consistent with previous studies the application of MAR
clearly reduced the metal artifacts, leading to a significantly
improved assessability of vascular structures and aneurysm rem-
nants, which are the most relevant elements for clinical
decision-making.'! 2! The number of datasets with adequate
visibility of the parent vessel and potential aneurysm remnants,
however, did not reach the level of the series published by
Psychogios et al.*® Considering the relatively small cohort of
their study and ours, the observed difference does not automat-
ically imply a worse performance of the MAR algorithm in our
study, but might have been influenced by several factors such as
imaging protocol, size, and orientation of coil masses or clips in
relation to the parent vessel or subjective criteria of the obser-
vers for sufficient assessability.

The severity of metal artifacts and thus the effect on image
quality depends on the kind, size, and material of the implant.
The improvement of image quality and clinical assessability after
MAR is more distinct in cases with larger amounts of implanted
material—for example, multiple clips or large coil packages. For
aneurysm remnants, however, MAR did not improve the asses-
sability in a number of cases with larger coilings. For such cases
time-of-flight MR angiography might as well be used for
follow-up imaging.

For implanted intracranial stents MAR did not improve stent
visibility or depiction of the parent vessel, as the applied
intracranial stents caused barely any artifacts and therefore the
surrounding tissue did not benefit from MAR. Assessability of
the vessel lumen in these cases was unproblematic. Although
proximal or distal radiopaque markers were associated with
local metal artifacts in some stents (eg, Enterprise stent), we
found that application of MAR to these markers did not further
improve image quality (figure 5).

For the clinical acceptance of a product, such as the software
used for MAR, the reconstruction time is an important param-
eter. We found that the complete post-processing time ranged
between 7 and 16 min, depending on the number of objects
being marked for MAR and the size of the dataset. In compari-
son with the time required for reconstruction of a normal CT,
these times are quite long and one would prefer online MAR.
These relatively long times are required because several consecu-
tive optimization steps are performed by the software, of which
the last one can be shortened at the operator’s discretion. On
the other hand, once the metallic objects have been defined the
workstation can be left alone during the calculations. Further

optimization of the software used and an increase in computer
performance are expected to solve this problem soon, with
MAR being expected to become used routinely.

Limitations

Although our cohort provides the highest number of implants
after MAR in a single study, the small number of cases is a
shortcoming of this study, and new devices were under-
represented (eg, only one flow diverting stent and one
intra-aneurysmal flow diverter). On the other hand, studies sep-
arately analyzing the applicability of IV CTA for
intra-aneurysmal  flow  diverters have been published
recently."> 3% 33 Furthermore, we did not quantitatively analyze
image quality. However, the informative value of Hounsfield
units (HU) or signal-to-noise-ratio measurements may be contro-
versial since the artifacts show inter- and intraindividual hetero-
geneity. Consequently, the HU values depend strongly on the
size and on the placement of a region-of-interest (primary
hyperdense vs hypodense area). Moreover, the clinical impact of
the quantitative analysis is clearly inferior to the qualitative
assessment. Furthermore, we did not distinguish between differ-
ent clip materials (eg, cobalt or titanium alloy), and we did not
calculate the total length or number of the implanted platinum
coils. This, on the other hand, allows the transfer our results to
a ‘normal’ clinical setting. Finally, a direct comparison of the
MAR and non-MAR IV CTA with (3D-) DSA images would
have been desirable. However, as the main point was to investi-
gate the improvements of IV CTA due to MAR and since we
only infrequently performed 3D-DSA routinely in our patients
at times close to that at which IV CTA was performed, we did
not compare IV CTA with DSA.

CONCLUSION

The prototype MAR software significantly improves image
quality of IV contrasted angiographic CT datasets in patients
after coiling or clipping and thereby results in significantly
improved diagnostic value of IV CTA images in this patient
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