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Abstract

Purpose To investigate the impact of iterative metal artifact reduction (iMAR) on artifacts related to neurosurgical clips
or endovascular coils when combined to filtered back projection (FBP) or advanced modelled iterative reconstruction
(ADMIRE).

Material and Methods In this study 21 unenhanced brain computed tomography (CT) examinations were reconstructed
with FBP and level 2 of ADMIRE, both techniques with and without iMAR algorithm, resulting in 4 series per acquisition.
Subjective assessment of artifact reduction was performed as a double-blinded evaluation with a 5-point-scale. Objective
analysis was performed by comparing central tendencies and distributions of voxel densities. The central tendency was
assessed as the mean voxel density in Hounsfield units. The distribution was assessed by evaluating the shape and asymmetry
of the histograms of voxels densities with measures of kurtosis and skewness, respectively.

Results Inter-reader agreement was excellent (>0.8). FBP and ADMIRE without iMAR were scored 4 and with iMAR 5.
Unusual artifacts were noted in all of the series reconstructed with iMAR, especially when combined with ADMIRE.
Kurtosis revealed statistical differences for all reconstruction techniques (p < 0.0007) except for the association of FBP
with iMAR (p=0.2211) for the coiling population and skewness demonstrated no statistical difference in any popula-
tion (p=0.0558), confirming the subjective analysis results, except for the ADMIRE algorithm with or without iMAR
(» <0.0342) in the coiling population.

Conclusion iMAR led to the reduction in artifacts due to intracranial metallic devices. However, it created a new artifact
in the form of a halo of photon-starvation, especially when combined with ADMIRE. The combination of FBP and iMAR
seems more suitable, combining the beneficial metal artifact reduction without the emergence of a halo of photon starvation
just around the point of interest.
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Abbreviations o . DLP Dose-length product

ADMIRE Advanced modelled iterative reconstruction FBP Filtered back projection

CT Computed tomography HU Hounsfield unit

CTDIvol Computed tomography dose index volume iMAR Iterative metal artifact reduction
IR Iterative reconstruction
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o CT (computed tomography) manufacturers have devel-
oped several algorithms in order to reduce these artifacts

o iMAR (iterative metal artifact reduction) reduces the ar-
tifacts due to metal devices and raises the diagnostic con-
fidence of the adjacent cerebral parenchyma

Introduction

Endovascular coiling and neurosurgical clipping are the rec-
ommended therapeutic options for intracranial aneurysms,
depending on the particular characteristics of the aneurysm
(form, size, location, accessibility), patient characteristics
(age, comorbidities) and operator skills [1-5]. A combina-
tion of microsurgical and endovascular techniques is some-
times required in complex aneurysms [6].

Immediate posttreatment follow-up is necessary to evalu-
ate possible complications, such as hemorrhage, stroke and
edema. The appropriate imaging method remains a chal-
lenge because of image distortion related to artifacts pro-
duced by metal implants (coils and clips). In computed to-
mography (CT) the degradation of image quality is related
to photon starvation and beam hardening artifacts, which
encumber the study of brain parenchyma in the proximity
of the metal device.

The first attempt to reduce metal artifacts in CT was pub-
lished as early as 1981 by Glover and Pelc [7], followed
by the studies of Kalender et al. in 1987 [8] and Klotz
et al. in 1990 [9], whilst the first metal artifact reduction
(MAR) algorithm was proposed by Prell et al. in 2010 [10]
for use in interventional flat detector CT. This algorithm
uses the replacement of underexposed pixels in proximity
to the metal implant and interpolation of surrogate attenua-
tion values for the original metal in the raw projection data
domain. Since then, several algorithms have been proposed
by CT manufacturers and different techniques reported by
researchers [10-15], using different types of segmentation
and interpolation on CT imaging. It is now widely accepted
that the application of these metal artifact algorithms im-
proves image quality [16, 17].

The primary outcome of our study was to objectively
and subjectively assess the impact of iterative metal arti-
fact reduction (iMAR), an algorithm specially designed by
Siemens (Forchheim, Germany) to reduce metal artifacts,
when combined with filtered back projection (FBP). It can
also be combined with advance modelled iterative recon-
struction (ADMIRE) on metal artifact reduction due to in-
tracranial devices after treatment of aneurysms: ADMIRE
is the third and latest generation of iterative reconstruction
(IR) from Siemens. The secondary outcome was to objec-
tively and subjectively evaluate the presence of unusual ar-
tifacts.
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Material and Methods

The local ethics committee on research involving humans
approved this retrospective study and waived the need for
written consent (CCER2016-00111).

Patients

The study sample consisted of 21 computed tomography
(CT) scans in a total of 18 patients sent to our depart-
ment for follow-up after intracranial aneurysm treatment
(12 treated by coiling and 9 by clipping), during a period
of 10 months (from 26 April 2016 to 27 February 2017).
The characteristics of the study sample are summarized in
Table 1. All consecutive patients with intracranial coils or
clips who underwent brain CT on our SOMATOM Def-
inition Flash unit (Siemens Healthcare, Forchheim, Ger-
many) were included. The exclusion criteria were the fol-
lowing: patients under 18 years of age and patients with
other metallic devices in the field of acquisition, such as
rigid neck braces, cochlear implants, deep brain stimula-
tion electrodes, ventriculoperitoneal bypass valves or cran-
ioplasty metallic devices.

Computed Tomography Acquisition, Reconstruction
Parameters and Radiation Dose

Unenhanced brain CT examinations were performed as
a single acquisition. The following acquisition parameters
were used: collimation 64 x2x 0.6 mm, pitch 0.6, rotation
time 0.28s, tube voltage 100kV with CARE kV providing
automated tube voltage adjustment, tube current 120 mAs
ref. with CARE Dose4D providing automated tube current
adjustment.

All 21 CT acquisitions were reconstructed with FBP and
with level 2 of ADMIRE, both techniques with and without
iMAR, resulting in 4 series per single patient acquisition
(FBP alone, ADMIRE alone, FBP combined with iMAR
and ADMIRE combined with iMAR). The following re-
construction parameters were used: slice thickness—interval
3-3mm, kernel H/J40s and ADMIRE, the third generation
of IR from Siemens, offers 5 levels of strength: for our
study we used the same level of IR as we routinely use in
our clinical practice, i.e. level 2. Dose-length product (DLP)
and computed tomography dose index volume (CTDIvol)
were provided by the manufacturer on the basis of a well-
calibrated CT with a 16 cm phantom.

Image Analysis
Objective analysis was performed by comparing central ten-

dency and distribution of voxel density. Data were obtained
by carefully placing 2 standardized circular regions of inter-
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Table1 Characteristics of the
study sample

Endovascular coil

Neurosurgical clip

Number of CT examinations

12

9

Mean age [range] (years) 54 [27-70] 57 [30-74]
M/F ratio 172 2/1
Material Platinum (n=4) Titanium (n=9)

Mean size [range] (long axis in mm)

Stainless steel (n=3)
Both types (n=5)

Aneurysm localization (R = right; L= left)

CA
OA
ACOA
ACHA
MCA
PCOA
PICA

12 [5-25] 19 [15-24]
2(R); 1) 1 (R)

1 (R) 0

4 5

1 (R) 0

0 1 (R); 1 (L)
1 (R); 1 (L) 2(@L)

2(L) 0

CA carotid artery, OA ophthalmic artery, ACOA anterior communicating artery, ACHA anterior choroidal
artery, MCA middle cerebral artery, PCOA posterior communicating artery, PICA posterior inferior cerebellar

artery

est (ROI) measuring 5 cm? for each of the four reconstructed
datasets. Fig. 1 demonstrates an example of ROI placement.
The first ROI was positioned in the brain parenchyma in
close proximity to the metal implant on the slice showing
the most artifacts, without covering the metal implant. The
second ROI, serving as unaltered control values, was po-
sitioned in the brain parenchyma on a distant slice of the
metal implant showing no artifacts. The central tendency
was assessed as the mean voxel density in Hounsfield units
(HU). The distribution was assessed by evaluating the shape
and the asymmetry of voxel density histograms with the
measures of kurtosis and skewness, respectively.

Subjective analysis was performed as a double-blinded
randomized visual assessment of all the reconstructed
datasets by two board-certified neuroradiologists with 5
and 15 years of experience in imaging (A.F and M.L.V,,
respectively) within a period of 2 months. All images were
evaluated on a standard brain window setting (window
width=100, window level=50). Artifact presence was
assessed on a 5-point Likert scale (1: artifacts severely
altering diagnostic confidence [<50%] in all 4 quarters of
the slice, 2: artifacts severely altering diagnostic confidence
[<50%] in 3 quarters of the slice, 3: artifacts severely alter-
ing diagnostic confidence [<50%] in 2 quarters of the slice,
4: artifacts severely altering diagnostic confidence [<50%]
in 1 quarter of the slice, 5: artifacts severely altering diag-
nostic confidence [<50%] only localized around the metal
device). The readers were instructed to record any new
or unusual artifacts. Re-sizing and level windowing were
allowed.

Statistical Analysis

Study sample was evaluated as 2 separate populations ac-
cording to the approach of treatment, either coiling or clip-
ping. Each population was then divided in 4 matched groups
according to the 4 combinations of reconstruction tech-
niques (FBP alone, ADMIRE alone, FBP combined with
iMAR and ADMIRE combined with iMAR). For the objec-
tive analysis mean densities in HU, kurtosis and skewness
were compared with a P value <0.05 considered statistically
significant. These results are given as means and standard
deviation. These variables did not pass the D’ Agostino and
Pearson normality test with an alpha value equal to 0.05
and were analyzed with a post hoc pairwise comparison by
Friedman test with Dunn’s multiple comparisons test. For
the subjective analysis the interreader agreement was mea-
sured by Cohen’s kappa coefficient. The results are given
as medians.

Results
Radiation Dose

The dose delivered (mean+SD) was a DLP 1194+
308 mGy/cm and a CTDIvol 63+ 15mGy.

Image Analysis
Mean densities, kurtosis and skewness obtained from the
4 different reconstruction datasets for each acquisition are

summarized in Table 2 for the endovascular approach and
in Table 3 for the neurosurgical approach.
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Fig. 1 Axial brain unenhanced
CT images illustrating how the
ROI were placed in the close
proximity of metallic artifact
due to a coiled aneurysm of
the anterior communicating
artery (a) and at a distant slice
showing no artifact (b)

The central tendency was evaluated by comparing the
mean densities of each single group with the mean densi-
ties of the group ADMIRE distant ROI as a control. The
latter group was an obvious choice because it was free of
metal artifacts and the reconstruction technique was the one
we use in clinical daily practice. Similar central tendency
in the 2 populations (coils and clips) was confirmed as the
analysis of the mean densities revealed no statistical dif-
ferences between any reconstructions (all p-values >0.0685
for the endovascular approach and p=0.7131 for the neu-
rosurgical approach).

Kurtosis and skewness were evaluated by comparing
the means of the values close to the metal implant with
the means of the values distant to the metal implant from
a single reconstruction technique. In the coiling population,
kurtosis revealed statistical differences for all reconstruc-
tion techniques (p <0.0007) except for the association of
the classical algorithm with specific metal artifact reduc-
tion algorithm (FBP with iMAR; p=0.2211). On the con-
trary, in the clipping population, kurtosis showed no statis-
tical differences for all reconstruction techniques except for
the third generation of IR algorithm without iMAR (AD-
MIRE alone; p-value ranging from 0.1371 to >0.9999 and
p<0.0001, respectively). Skewness demonstrated no statis-
tical differences in any populations (p-value ranging from
0.0558 to >0.9999), confirming the results of the analysis of
the mean densities for the central tendency, except for the
third generation of IR algorithm with iMAR (p=0.0071).
On the other hand, when evaluating skewness of the ROIs
close to the metal implant by comparing the means of all
groups with the mean of the group that showed no differ-
ences with the distant ROI, i.e. FBP with iMAR as a control

@ Springer

group, the third generation IR algorithm with or without
iMAR was found to be significantly different with the most
negative value for the association of ADMIRE and iMAR
(-1.77+1.89, p=0.0133).

For subjective analysis, the interreader agreement was
excellent (=0.806). The FBP and ADMIRE without iMAR
were scored 4 and with iMAR were scored 5. An unusual
artifact in the form of a hypoattenuation halo around the
metal device was noticed in all series reconstructed with
iMAR; this artifact was particularly obvious when com-
bined with ADMIRE.

Discussion

In this study we compared different types and generations of
reconstruction algorithms to investigate if there was a sig-
nificant reduction of metal artifacts after treatment of in-
tracranial aneurysms. We believe that the efficient reduction
of metal artifacts would allow an improvement in diagnos-
tic confidence for the evaluation of structures adjacent to
metal devices including post-treatment complications, such
as hemorrhage, ischemia or edema. We deliberately chose
not to assess enhanced brain CT or CT angiography, but
only to assess unenhanced brain CT. The enhanced CT ac-
quisitions are more prone to differences in contrast media
uptake due to delay of contrast media injection [18] or up-
stream stenosis [19] making any rigorous quantitative com-
parisons impossible.

Our study objectively revealed that the application
of specific metal artifact reduction techniques dramati-
cally reduced image distortion around the metal devices
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Table2 Statistical results of quantitative assessment of artifacts due to endovascular coils

Mean density in HU Mean SD p-value ? Summary
ADMIRE control 35.58 4.39 - -

FBP coil 28.63 42.39 0.5608 ns

FBP control 32.53 9.76 >0.9999 ns
FBP+iMAR coil 33.86 11.54 >0.9999 ns
FBP+iMAR control 35.60 4.40 >0.9999 ns
ADMIRE coil 26.11 43.65 0.0685 ns
ADMIRE +iMAR coil 31.21 12.60 0.5608 ns
ADMIRE +iMAR control 35.64 4.39 >0.9999 ns
Kurtosis Mean SD p value ? Summary
FBP coil 12.79 9.25 <0.0001 ok
FBP control 0.17 0.50

FBP+iMAR coil 3.63 4.94 0.2211 ns
FBP+iMAR control 0.18 0.43

ADMIRE coil 12.74 9.71 <0.0001 ko
ADMIRE control 0.25 0.70

ADMIRE +iMAR coil 13.35 15.90 0.0007 ok
ADMIRE +iMAR control 0.26 0.63

Skewness intraRECON Mean SD p value ? Summary
FBP coil -0.98 2.06 >0.9999 ns

FBP control -0.14 0.37

FBP+iMAR coil -0.38 0.86 >0.9999 ns
FBP+iMAR control -0.15 0.34

ADMIRE coil -1.42 1.99 0.0558 ns
ADMIRE control -0.13 0.44

ADMIRE +iMAR coil -1.77 1.89 0.0071 ok
ADMIRE +iMAR control -0.14 0.41

Skewness interRECON Mean SD p value ? Summary
FBP+iMAR coil -0.38 0.86 - -

FBP coil -0.98 2.06 >(0.9999 ns
ADMIRE coil -1.42 1.99 0.0342 *
ADMIRE +iMAR coil -1.77 1.89 0.0133 *

intraRECON means within the same reconstruction method
interRECON means between the different reconstruction method

ADMIRE advanced modelled iterative reconstruction, iMAR iterative metal artifact reduction, FBP filtered back projection, HU Hounsfield unit,

SD standard deviation
ns>0.05; *<0.05; **<0.01; ***<0.001; ****<0.0001

4 post hoc pairwise comparison by Friedman test with Dunn’s multiple comparisons test

(coils or clips) and thus improved the evaluation of brain
parenchyma in areas where this was not previously pos-
sible because of excessive image noise. This observation
was already apparent during the visual assessment of all
reconstructed datasets by two participating neuroradiolo-
gists, as shown in Figs. 2 and 3 for the coiling and clipping
population, respectively. They evaluated the influence of
the artifact, with a score of 5 (best diagnostic confidence)
for the iMAR with FBP or ADMIRE algorithms compared
to a score of 4 for FBP or ADMIRE alone.

Moreover, objective analysis confirmed the results of our
visual evaluation by revealing statistical differences in kur-
tosis (as shown in histograms on Figs. 4 and 5 for the coil-

ing and the clipping population, respectively), in the coiling
population, for all reconstruction techniques except for the
association of FBP with iMAR (p <0.0007 and p=0.2211,
respectively). This finding shows that the association of
FBP and iMAR reconstruction algorithms can efficiently
correct the distortion of the HU distribution (and conse-
quently of the image) produced from the excessively high
values in density of metal implants, as well as the underex-
posed values due to photon starvation phenomenon or beam
hardening. This finding was not confirmed for the clipping
population, for which statistical analysis did not reveal any
significant differences. A possible explanation for this find-
ing is that the differences in the texture and shape of coils
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Table 3 Statistical results of quantitative assessment of artifacts due to neurosurgical clips

Mean density in HU Mean SD p-value * Summary
ADMIRE control 34.78 1.79 - -

FBP clip 35.06 6.28 0.7131 ns

FBP control 34.66 1.77 >0.9999 ns
FBP+iMAR clip 35.03 6.47 >0.9999 ns
FBP+iMAR control 34.80 1.72 >0.9999 ns
ADMIRE clip 35.38 6.81 >0.9999 ns
ADMIRE +iMAR clip 35.51 6.43 >0.9999 ns
ADMIRE +iMAR control 34.96 1.73 >0.9999 ns
Kurtosis Mean SD p value ? Summary
FBP clip 1.23 2.43 0.1371 ns

FBP control 0.03 0.49

FBP+iMAR clip 0.19 0.53 >0.9999 ns
FBP+iMAR control 0.04 0.42

ADMIRE clip 1.64 3.11 <0.0001 ok
ADMIRE control 0.12 0.77

ADMIRE +iMAR clip 0.35 0.77 >0.9999 ns
ADMIRE +iMAR control 0.13 0.70

Skewness intraRECON Mean SD p value ? Summary
FBP clip -0.06 0.62 >0.9999 ns

FBP control -0.20 0.24

FBP+iMAR clip 0.01 0.36 0.1215 ns
FBP+iMAR control -0.18 0.20

ADMIRE clip -0.10 0.75 >0.9999 ns
ADMIRE control -0.23 0.31

ADMIRE +iMAR clip -0.04 0.45 >0.9999 ns
ADMIRE +iMAR control -0.22 0.28

Skewness interRECON Mean SD p value ? Summary
FBP+iMAR clip 0.01 0.36 - -

FBP clip -0.06 0.62 0.5127 ns
ADMIRE clip -0.10 0.75 0.3621 ns
ADMIRE +iMAR clip -0.04 0.45 >0.9999 ns

intraRECON means within the same reconstruction method
interRECON means between the different reconstruction method

ADMIRE advanced modelled iterative reconstruction, iMAR iterative metal artifact reduction, FBP filtered back projection, HU Hounsfield unit,

SD standard deviation
ns>0.05; *<0.05; **<0.01; ***<0.001; ****<0.0001

4 post hoc pairwise comparison by Friedman test with Dunn’s multiple comparisons test

and clips (the coils usually produce more artifacts inher-
ent to their texture and the coils usually produce round-
shaped artifacts in comparison to more prominent artifacts
in the long axis of asymmetrical devices such as clips), as
well as the fact that coils are of various sizes depending
on the aneurysm, while clips are less variable in size. As
a result, the impact of the clips on the image quality is
less important than the impact of the coils and therefore the
improvement of image quality with the use of the recon-
struction algorithms was not evident in our study for this
group of patients.

The findings of our study are also consistent with
those reported in previous studies [10-15], while other
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researchers have proposed different techniques to improve
their diagnostic performance, such as monochromatic imag-
ing [20, 21] or a head tilt technique [22], with some in-
teresting results. The novelty of our study compared to
previous ones lies on the use of both subjective and ob-
jective analysis of the different reconstructions techniques
not only comparing the different techniques with a control
but also among them. To our knowledge, this is the first
time a complete assessment and comparison of different
reconstruction techniques providing confirmation of the
advantage of using these artifact-reducing techniques, with
both visual and statistical quantitative analysis has been
performed.
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FBP without iMAR ADMIRE without iIMAR

Fig.2 Axial brain unenhanced CT images illustrating the 4 combina-
tions of reconstruction from a single acquisition at the level of metallic
artifact due to a coiled aneurysm of the anterior communicating artery.
a and b show important beam hardening and photon starvation artifacts
severely altering diagnostic confidence. ¢ and d show obvious reduc-
tion of beam hardening and photon starvation artifacts on the recon-
struction associated with iMAR. Also note the presence of an unusual
artifact as thin halo loss of signal surrounding the coil in the recon-
struction associated with iMAR, particularly evident in combination
with ADMIRE (d)

Another novel observation in our study was an unusual
artifact, which was visually noticed most often in the se-
ries reconstructed with iMAR; this was particularly obvious
when combined with the ADMIRE technique and to our
knowledge it has not yet been reported in previous stud-
ies. This artifact was identified as a thin halo of signal loss
surrounding the coil or the clip as illustrated in image d in
Figs. 1 and 2. It is also interesting that there was clearly
a more prominent artifact surrounding coils in comparison
to clips. In the quantitative method, the third generation of
IR algorithm with or without iMAR was significantly dif-
ferent with the most negative values for the association of
ADMIRE and iMAR, when comparing the mean density
of the ROI close to the metal implant with the ROI of the
group that presented no difference in ROI values proximal
or distal to the metal implant (the FBI with iMAR group).
This is consistent with the new artifact observed around the
metal implant with the visual assessment, in particular in the

FBP without iMAR ADMIRE without iMAR

ADMIRE with iMAR

FBP with iMAR

Fig.3 Axial brain unenhanced CT images illustrating the 4 combina-
tions of reconstruction from a single acquisition at the level of metal-
lic artifact due to a clipped aneurysm of the anterior communicating
artery. a—d show few beam hardening and photon starvation artifacts
mildly altering diagnostic confidence

ADMIRE with iMAR coiling group. There are also some
new subtle artifacts, related to the reconstruction techniques
that have already been reported by other researchers, such
as the subtle streaks caused by implementation of the iMAR
protocol [14], which are probably due to the replacement
of image pixels of the original x-ray data. These artifacts
do not generally compromise image quality as severely as
the artifacts related to the coil or clip.

A limitation of our study were the differences in material,
size, location and shape of the metal coils or clips used,
which were not taken into account in our analysis, apart
from the distinction between coils and clips.

Conclusion

The implementation of iMAR significantly reduces arti-
facts due to intracranial metal devices for the treatment

@ Springer



748 A. Fitsiori et al.
Fig.4 Histograms of ROIs 150+ 150+
placed in the close proximity of — CONTROL — CONTROL
an aneurysm treated by coil at — FBP — ADMIRE
the same level of the 4 different
. 100+ 100+
reconstructions from the same
acquisition. The control ROI
was placed on a slice distant I
to the artifact on the dataset i 50 || | 504
reconstructed with ADMIRE 2 o "‘ '“ bl I
(reconstruction parameter clini- X U Vil J“
. . . '® W \ iy
cally used in our daily practice) = My M A
Y— 1 L] 1 | L} 1 L ]
O -150 -100 50 50 100 150 -150 -100 -50 0
124 150+ 150+
8 — CONTROL — CONTROL
= — FBP+MAR — ADMIRE+IMAR
3
= 100
50+
i L Al
I L] L) T 1 I L )
150 -100 50 100 150 -150 100  -50 0 50 100 150
Hounsfield units
Fig.5 Histograms of ROIs 150+ 150+
placed in the close proximity of — CONTROL — CONTROL
an aneurysm treated by clip at FBP ADMIRE
the same level of the 4 different 100 100
reconstructions from the same
acquisition. The control ROI
was placed on a slice distant
to the artifact on the dataset o 50+ 50+
reconstructed with ADMIRE 2 L
(reconstruction parameter clini- o
R X . >
cally used in our daily practice) “— ’ ’ " . - . y " ’ ,
O 450 -100 -50 0 50 100 150-150 100  -50 0 50 100 150
0
e 150= 150=
8 — CONTROL — CONTROL
L FBP+MAR ADMIRE+MAR
=z 100+ 100+
50+ 504
L
L T T T 1 L L] T T 1
-150 <100  -50 0 50 100 150 150 100  -50 0 50 100 150

of aneurysms and raises the diagnostic confidence for the
evaluation of adjacent structures; however, iMAR was re-
sponsible for a novel artifact, a halo of photon starvation,
which was particularly obvious in combination with AD-
MIRE. Even though we did not assess CT angiography for
methodological reasons and in order to avoid bias, we be-
lieve that the combination of ADMIRE and iMAR should
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Hounsfield units

not be used for the evaluation of the neck of an aneurysm.
The combination of FBP and iMAR seems more suitable,
combining the beneficial metal artifact reduction without
the emergence of a halo of photon starvation just around
the point of interest.
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