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Abstract

Objective The objective of this study was to evaluate the
potential benefit of a dedicated cone-beam-CT streak metal
artifact removal technique (SMART) in terms of both
image quality and diagnostic confidence in patients
undergoing bronchial artery embolization.

Methods A total of 17 patients were included in this ret-
rospective study. The SMART algorithm was applied to
images containing streak artifacts generated by a radio-
paque intra-arterial catheter tip. Quantitative evaluation of
artifact severity was performed via measurement of the
Hounsfield units along a closed loop surrounding the
catheter tip and was conducted in the frequency domain
following the application of the discrete Fourier transform
to the measured data. A high proportion of power in the
low frequencies of the resulting spectrum indicated a high
level of streak artifacts. Qualitative evaluation of diag-
nostic confidence was performed using a 4-point Likert
scale.

Results Both quantitative and qualitative evaluation
demonstrated a significant reduction in artifact severity
using the SMART algorithm. Quantitative evaluation
demonstrated a mean artifact reduction of 22.5% using
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SMART compared to non-SMART images (p < 0.001).
Qualitative evaluation demonstrated the greatest artifact
reduction at the inner and outer aortic curvature, as well as
immediately surrounding the tip of the catheter. In 6 of 17
cases, the use of the SMART algorithm yielded additional
clinical information, increasing mean diagnostic confi-
dence from 3.17 to 3.78 (p < 0.001).

Conclusion The SMART algorithm allows for efficient
reduction of metal artifacts introduced by radiopaque
catheter tips during cone-beam CT. Using this algorithm,
diagnostic images of the aortic arch were significantly
improved both quantitatively and qualitatively, yielding
clinically relevant levels of enhanced diagnostic confi-
dence. These results demonstrate that the SMART algo-
rithm improves diagnostic and clinical characterization of
the course of bronchial arteries on CBCT images, poten-
tially improving the accuracy and clinical efficacy of
bronchial artery embolization.

Level of Evidence 3.

Introduction

The clinical relevance of pulmonary hemorrhage is beyond
doubt; mortality rates ranging from 7 to 18% have been
reported for patients with intermittent hemoptysis, rates
that rise to 45% in patients with acute hemoptysis [1-3].
Hemoptysis is a potentially life-threatening condition that
is often caused by severe underlying pulmonary disease.
The vascular origin of pulmonary hemorrhage is most
commonly the bronchial arteries, followed in descending
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order of likelihood by the intercostal arteries, pericardial
phrenic arteries, and collaterals from the internal mammary
arteries [4]. For decades, open surgery was the main ther-
apy in patients with hemorrhage from these locations.
Presently, these surgical approaches have largely been
supplanted by endovascular bronchial artery embolization
(BAE), which has been demonstrated to be both less
invasive and produce superior patient outcomes relative to
surgical intervention [4-7].

C-arm-based cone-beam CT (CBCT) is an imaging
technology that has found utility as a means of supple-
menting fluoroscopic angiography during endovascular
procedures. CBCT has become a valuable imaging
modality for hepatic interventions such as transarterial
chemoembolization (TACE), selective internal radiation
therapy (SIRT), and transjugular intrahepatic portosys-
temic shunt (TIPS) procedures [8—10], as well as extra-
hepatic interventions such as prostate artery embolization
[11]. More recently, intraprocedural CBCT has been used
during BAE procedures in order to facilitate the detection
and characterization of target bronchial arteries, a diag-
nostic task that can be challenging using fluoroscopy alone
[12].

CBCT images are generated using flat-panel (FP)
detectors mounted on mobile C-arms, allowing for rota-
tional projection data acquisition and multi-planar image
reconstruction in arbitrary planes in a manner analogous to
multi-detector computed tomography (MDCT) [13]. The
resulting cross-sectional images provided by CBCT pro-
vide valuable data for peri-procedural planning and help
facilitate the navigation of intravascular catheters to target
sites. However, limiting factors confounding the identifi-
cation of bronchial arteries on CBCT images exist,
reducing the diagnostic utility of CBCT in this clinically
important context. Chief among these is the presence of
streak artifacts caused by the presence of either a radio-
dense catheter tip or highly concentrated iodinated contrast
agent in an area of clinical interest. This limitation severely
reduces the image quality, diagnostic confidence, and
clinical utility provided by CBCT images [14].

Metal artifacts are typically caused by beam hardening
and subsequent photon starvation, resulting in excessive
quantum noise [15]. The filtered back-projection recon-
struction algorithm, by intensifying these nonlinear effects,
leads to alternating dark and bright streak artifacts radiating
from the radiodense catheter tip [15—17]. Structures adja-
cent to the source of the streak artifact can be masked or
even completely obscured; the closer relevant anatomical
structures are to the artifact source, the more the clinical
utility of the resulting images is impaired.

The streak metal artifact reduction technique (SMART)
algorithm was designed to reduce the deleterious impact of
streak artifacts on image quality, potentially improving the
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diagnostic yield of CBCT during BAE [18]. Since bron-
chial arteries are often small and difficult to detect even in
cases of optimal cross-sectional image quality, changes in
tissue attenuation must be clearly visible in order to assess
the origin and branching of these vessels. The aim of this
study was to assess whether the SMART algorithm is an
effective means of surmounting the technical and clinical
limitations introduced by streak artifacts in the context of
CBCT during BAE. In order to achieve this aim, quanti-
tative evaluation of changes in artifact severity and quali-
tative evaluation of changes in diagnostic confidence
resulting from the use of the SMART algorithm were
performed.

Materials and Methods
Patient Selection

This was an institutional ethics board-approved retrospec-
tive study. Inclusion criteria for transarterial BAE were as
follows:

1. Patients with hemorrhage from a bronchial artery
caused by a range of pathologies, including recurrent
bronchial bleeding with or without an underlying
tumor, arteriovenous malformation, or bleeding due to
an unknown cause;

2. Patients aged 18 years or older;

3. And patients with pre-procedural CT examinations,
selective aortic and bronchial angiograms, and corre-
sponding CBCT images available for retrospective
review.

Enrolled patients were treated between 11/2016 and
03/2018 (mean age: 64.6 £ 14.6, age range 26-86, 59%
male). Ultimately, 17 patients who underwent BAE during
this time period were included. Each patient gave informed
consent for study inclusion. All patients underwent CBCT
imaging during the angiographic work-up of BAE in order
to visualize the bronchial arteries, followed by subsequent
selective angiography and BAE.

Image Acquisition

All imaging was performed using a single angiographic
system (Artis Zeego, Siemens Healthcare GmbH, Forch-
heim, Germany). After transfemoral access was gained
using a 4F sheath, a 4F pigtail catheter with a radiopaque
tip (Cordis, Tipperary, Ireland) was placed in the aortic
arch for angiography and CBCT. CBCT images were
acquired after the administration of diluted contrast med-
ium (50% dilution with saline with a maximum of 40 mL
Ultravist 370 per patient at a flow rate of 10 mL/s for 8§ s)
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followed by a saline flush injected by an automated power
injector (Accutron-HP-D, Medtron, Saarbriicken, Ger-
many). Contrast administration was begun 2 s before the
start of the C-arm rotation. The rotation time for CBCT
was 6 s, and images were acquired at a rate of 60 frames/s.
The system acquired 397 projection images with a detector
entrance dose of 0.36 uGy/frame and an angular increment
of 0.5°/frame on a 200° circular trajectory around the
patient. CBCT was acquired using breath-holding tech-
nique. The source power was 90 kVp, and the field of view
was 48 cm with a voxel matrix of 512 x 512.

All acquired projection data were transferred from the
Artis Workplace to a dedicated research workstation
(Syngo X Workplace [XWP], X VB21B P05 Rev.7; Sie-
mens Healthcare GmbH, Forchheim, Germany) for post-
processing using the SMART algorithm. The SMART
algorithm was applied in using the same process as
described in the previous literature [19]. The uncorrected
volume with artifacts was reconstructed, and CT-like axial
images with an isotropic voxel size of 0.5 mm were
reconstructed using a filtered back-projection algorithm.
Next, the SMART algorithm was applied to the recon-
structed volume. This step required manual segmentation
of the volume containing streak artifacts from the artifact-
free volume in the uncorrected data set. The projection data
were then reconstructed a second time in which the seg-
mented volumes of interest (VOI) and uncorrected volumes
without streak artifact were combined with an isotropic
voxel size of 0.5 mm using filtered back-projection (FBP)
using a soft tissue kernel.

Quantitative Evaluation of Image Quality

In order to quantify artifact severity, a dedicated in-house
software program was utilized and implemented in
MATLAB (MathWorks, Natick, MA, USA) as described in
the previous literature [20, 21]. Three regions of interest
(ROIs) consisting of contiguous loops of polygonal lines
were marked on axial slices, the first surrounding the tip of
the radiopaque catheter within the aortic arch (ROI 1), the
second surrounding the proximal descending aorta (ROI 2),
and the third surrounding the distal descending aorta (ROI
3), as pictured in Figs. 1 and 2. The same procedure was
performed for both corrected (with SMART) and uncor-
rected (without SMART) data sets. ROIs 2 and 3 both
served as control groups, as the SMART algorithm was
applied only to the data which included ROI 1 at the level
of the aortic arch. The Hounsfield unit (HU) values of the
voxels crossed by the polygonal lines of the ROIs were
gathered and considered as a vector in the distance domain.
The discrete Fourier transformation was applied to the
resulting vector in order to quantify the relative power of
the frequencies of density change along the defined

polygonal lines. CBCT metal artifacts, with their charac-
teristic streak appearance, result in increased power in the
low-frequency range of the resulting spectrum; normal
image noise contributes power at higher frequencies. Thus,
the Fourier coefficients representing the power at lower
frequencies were analyzed and compared between the
SMART-corrected and non-SMART-corrected images.

Qualitative Evaluation of Diagnostic Confidence

In order to qualitatively assess changes in both image
quality and diagnostic confidence resulting from the use of
the SMART algorithm, images were reviewed by two
board-certified interventional radiologists, both of whom
had at least five years of professional experience in BAE
and chest CT imaging, using a consensus reading approach.
Neither reader was involved in the initial treatment of the
patients, and the two readers were blinded both to the
clinical cases and to the presence or absence of the appli-
cation of the SMART algorithm for each image. In order to
further reduce the bias in the assessment of diagnostic
confidence, the studies were shown to the readers in a
random order without access to corresponding subsequent
imagery. A Likert scale was used for subjective scoring of
image quality: a score of O corresponded to no artifacts, 1
to slight artifacts, 2 to moderate artifacts, and 3 to strong
artifacts as previously described for streak artifact evalua-
tion [22]. A second Likert scale was used for the subjective
assessment of diagnostic confidence in the same manner as
was reported in prior literature by Grosse et al. [12] in
which 1 corresponded to very low confidence, 2 to low
confidence, 3 to moderate confidence, 4 to high confidence,
and 5 to very high confidence. Five different anatomic
regions (left subclavian artery, brachiocephalic trunk,
greater curvature of the aorta, lesser curvature of the aorta,
and descending aorta) were specifically evaluated. After
blinded artifact evaluation, clinically relevant additional
findings were additionally recorded.

Statistical Analysis

For statistical analysis of the quantitative artifact severity
data, Student’s t test was applied using JMP software (JMP
version 8.01, SAS Institute, Cary, NC, USA). Results
demonstrating a p value of less than 0.05 were considered
significant. Results are displayed as mean =+ standard
deviation. Median values and interquartile ranges were
calculated for subjective artifact evaluation and level of
diagnostic confidence. The Kruskal-Wallis test was used
for evaluation of subjective artifact evaluation.
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Fig. 1 Representative image demonstrating ROI 1 at the level of the
radiopaque catheter tip: A uncorrected CBCT image with polygonal
ROI 1 vector marked in red; B the same CBCT image after
application of the SMART algorithm with ROI 1 vector marked in
green; C results of the application of the discrete Fourier transform on
both uncorrected (red) and SMART-corrected (green) ROI 1 vector

Results
Quantitative Analysis of Image Quality
In total, 24 bronchial arteries were evaluated in 17 patients.

Quantitative image analysis results are shown in Figs. 1, 2
and 3. These results demonstrated the highest artifact
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data; and D the cumulative power as a function of frequency for both
uncorrected (red) and SMART-corrected (green) frequency-domain
data. Higher power in the low-frequency components of the
uncorrected data vs. the SMART-corrected data demonstrates quan-
titative reduction of streak artifact intensity after application of the
SMART algorithm

density in the region of the tip of the angiographic catheter
and significantly lower artifact density in the other two
regions (ROI 1,0n.smart: 2.107 x 10° £ 5.09 x 10* vs.
ROI 2,0 smart: 1.347 x 10° £ 3.95 x 10* vs. ROI 3,0,
sMArT: 1.136 X 10° + 3.6 x 104). The artifacts originat-
ing from the catheter tip were significantly reduced in the
images processed using the SMART algorithm; artifact
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Fig. 2 Representative image demonstrating ROI 3 at the level of
distal descending aorta: A uncorrected CBCT image with polygonal
ROI 3 vector marked in red; B the same CBCT image after
application of the SMART algorithm with ROI 3 vector marked in
green; C results of the application of the discrete Fourier transform on
both uncorrected (red) and SMART-corrected (green) ROI 3 vector

amplitudes were suppressed by an average of 22.5% (ROI
lsmart: 1.63 x 10° vs. ROI 1,00 smart: 2.107 x 10°,
p < 0.001), while the artifacts did not differ significantly at
the other locations (ROI 2gparT: 1.27 X 10° vs. ROI 2non-
smart: 1.347 x 10°, p = 0.494; ROI 3gpart: 1.06 x 10°
vs. ROI 3,0nsmarT: 1.136 x 10°, p = 0.415).

data; and D the cumulative power as a function of frequency for both
uncorrected (red) and SMART-corrected (green) frequency-domain
data. In contrast to Fig. 1, no radiopaque catheter tip is present at this
level, which served as a control region; consequently, no significant
difference was observed in the low-frequency components of the data
before and after application of the SMART algorithm

Qualitative Analysis of Beam Hardening Artifacts

The results of the qualitative image analysis and subjective
level of diagnostic confidence are shown in Table 1. These
results demonstrated differing degrees of subjective artifact
reduction due to the application of the SMART algorithm
in different anatomical regions. Significant reductions were
observed at the greater curvature of the aortic arch
(meangpart:1.3  Vvs. mean,o,smart: 2.1, p = 0.005;
mediangyiart: 1 vs. median,,, smart: 2), the lesser
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Fig. 3 Comparison of the cumulative power in the low-frequency
components of the data from ROIs 1, 2, and 3 before application of
the SMART algorithm (red) and after application (green). High levels
of cumulative power in the low frequencies correspond to high levels
of streak artifact severity. A significant decrease was observed in ROI
1 at the level of the radiopaque catheter tip; no changes were observed
at the level of the control regions (ROIs 2 and 3)

curvature of the aortic arch (meangyiart: 1.2 Vs. mean,,.
smarT: 2.1, p <0.001, mediangyiart: 1 vs. median,g,.
smarT: 2), and at the level of the radiodense catheter tip
(meangyart: 2.5 VS. mean,on.smart: 3-8, p < 0.001;
median from 3 to 4). Examples of this artifact reduction are
shown in Fig. 4. No significant changes were observed at
the level of the subclavian artery (p = 0.082), the bra-
chiocephalic trunk (p = 0.157), and the descending aorta
(» = 0.317).

Additional Findings

Mean and standard deviation of the dose area product of
the CBCTs were 2281 pGm? and 1315 pGm?, respec-
tively. In 35% (6/17 cases) of cases, application of the
SMART algorithm resulted in the detection of additional
clinically relevant findings. Examples of these additional
findings include: determining the exact course of the

bronchial artery from origin to periphery; observation of
the course of the intercostobronchial trunk, which was not
visible in the non-SMART images; and increased visibility
of feeder vessels. Representative images demonstrating
these clinically relevant findings are shown in Fig. 5.

Discussion

There exists a broad spectrum of anatomic variation of the
branches and feeding vessels of the bronchial arteries.
Consequently, both a high level of diagnostic experience
and advanced imaging techniques are required to support
the interventionalist during BAE procedures. This study
demonstrates that the SMART algorithm facilitates the
detection of the bronchial arteries by reducing the streak
artifacts induced by a radiopaque catheter tip (Fig. 6).

CBCT is fast becoming a critical peri-interventional
diagnostic tool during complex endovascular procedures. A
recent study by Grosse et al. [12] showed that CBCT
imaging similarly facilitates BAE procedures, allowing for
more rapid intraprocedural detection of target arteries. This
enhanced detection decreased the duration of the inter-
vention, positively impacting procedural efficiency and
patient safety. However, the peri-procedural nature of
CBCT necessitates the presence of radiopaque catheter tips
and contrast media in the aorta during image acquisition,
resulting in the generation of streak artifact in the area of
greatest diagnostic importance. These artifacts reduce
diagnostic accuracy, particularly when characterizing the
wall of the aorta at the inner curvature of the aortic arch,
the precise area from which the bronchial arteries most
commonly arise.

High-quality imaging of the wall of the aorta and its
branches is crucial for this technically demanding proce-
dure, since these branching arteries demonstrate a broad
range of physiologic variations. The loss of critical
anatomical information due to reduced image quality may

Table 1 Results of qualitative evaluation of images with and without application of the SMART algorithm

Anatomical region (Likert-scale range) Mean value without SMART Mean value with SMART p value

Subclavian artery (image quality 0-3) 0.9 0.7 0.082
Brachiocephalic trunk (image quality 0-3) 14 1.1 0.157
Greater curvature (image quality 0-3) 2.1 1.3 0.005
Lesser curvature (image quality 0-3) 2.1 1.2 < 0.001
Descending aorta (image quality 0-3) 0.9 0.8 0.317
Tip of radiopaque catheter (diagnostic confidence 1-5) 3.8 2.5 < 0.001

A Likert scale range of 0-3 was used to assess image quality for all anatomical regions with the exception of the region which included the
radiopaque catheter tip. In this region, diagnostic confidence to rule out bronchial arteries was assessed with a 1-5 Likert scale, in the same

manner as reported in prior work by Grosse et al.
p values < 0.05 were considered significant
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Fig. 4 Representative images from three patients at the level of the aortic arch that include streak artifact due to the presence of a radiopaque
catheter tip: A, C, E uncorrected CBCT images; and B, D, F the same images after application of the SMART algorithm

prolong procedure time, result in the embolization of non-
target branches, or make a treatment impossible, resulting
in diminished procedural efficacy, reduced patient safety,
and increased cost. This is particularly true in demanding
cases involving patients with rare anatomic variations of
the bronchial vessels and cases in which the exact deter-
mination of target vessels, and the exclusion of aberrant
bronchial arteries is essential.

MDCT imaging is a closely related imaging modality
that is susceptible to similar artifacts inducted by radio-
paque objects. Corrective algorithms, such as iterative
metal artifact reduction (IMAR) and dual-energy metal
artifact reduction (DEMAR), are already broadly used in
MDCT imaging in order to minimize the deleterious effects
of streak artifacts on diagnostic confidence [20]. Similar
techniques have been successfully employed in the field of
interventional neuroradiology in which metal artifact
reducing (MAR) algorithms have been shown to increase

the visibility of hemorrhage, brain parenchyma, and vessels
after metallic stent and coil placement [14, 23, 24]. These
algorithms are based on a similar method as the SMART
algorithm employed in this study, which uses a nonlinear
interpolation procedure to reduce streak artifacts [14].
Metal artifacts in raw CBCT data are automatically
detected by these segmentation algorithms, further sim-
plifying algorithmic handling [23].

Several scientific approaches have been used to quantify
the severity of metallic streak artifacts in the related case of
MDCT. A number of studies defined ROIs in two areas
(near field and far field) where the most pronounced streak
artifacts were observed [22, 25, 26]. The artifacts were not
quantified objectively, but rather relied on observer-defined
measurements based on Hounsfield units at several dis-
tances from the artifact source. This approach is vulnerable
to vagaries introduced by the subjective perception of a
specific artifact; consequently, results of this measurement
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Fig. 5 Representative images from two patents showing clinically
relevant improvement in the identification of variant courses of the
bronchial arteries after application of the SMART algorithm:
A uncorrected image from a patient with an aberrant bronchial artery
arising from the brachiocephalic trunk with a course ventral to the
aortic arch; B the same image after application of the SMART
algorithm with the variant anatomy marked with a dark green arrow;
C uncorrected image from a patient with an aberrant bronchial artery

Fig. 6 Example of patients with clinically relevant findings
demasked with the SMART algorithm and therefore result in a
clinical relevant improvement. Patient with aberrant bronchial artery
running medial the aortic arch (with arrow in A and B): A without
SMART and B with SMART

approach cannot be consistently repeated using a multi-
reader approach. In contrast, this study utilizes an artifact
quantification method that has been demonstrated in prior
published literature to be an effective, reproducible method
of artifact measurement [20, 21]. This method measures the
apparent Hounsfield unit density of a continuous loop of
voxels surrounding an artifact source. The use of a discrete
Fourier transform on the resulting data vector allows for a
reliable and non-operator-dependent quantification of arti-
fact severity [20, 21]. The reliability of this approach was
observed to be similar to that demonstrated in prior work

@ Springer

running medial the aortic arch; and D the same images after
application of the SMART algorithm with variant anatomy marked
with a green arrow. In 9 of 17 cases, the subjective amount of artifacts
was substantially reduced and the arterial wall at the level of the
expected origin of the bronchial arteries was more clearly visible,
allowing for the exclusion of aberrant vessel origins with high
confidence

and is perhaps best demonstrated by the fact that the arti-
fact-free ROIs 2 and 3 demonstrated no significant differ-
ence between SMART and non-SMART images.

Interventionalists have alternative tools at their disposal
in order to reduce streak artifacts during CBCT imaging.
The simplest of these strategies is the use of an angio-
graphic catheter without a radiopaque tip. However, this
approach comes at the cost of reduced visibility of catheter
position during fluoroscopic imaging and may require the
interventionalist to directly remove the catheter tip during
angiographic intervention as the majority of intravascular
catheters come equipped with radiopaque tips by default.
Furthermore, other sources of streak artifact exist, includ-
ing concentrated contrast media within the distal catheter
or exiting the catheter tip, sternotomy wires, and pace-
maker leads, to name a few.

This study has several limitations. Firstly, the retro-
spective design of the study may limit the ability of the
resulting data to be directly extrapolated to expected
improvements in clinical outcomes for patients undergoing
CBCT for BAE. Secondly, the number of patients is rela-
tively limited, and in none of the cases was a bronchial
artery completely missed during intervention because of
the presence of metallic streak artifacts. A practical limi-
tation of the algorithm as currently implemented is that the
SMART algorithm is applied only after initial reconstruc-
tion of the CBCT raw data is complete. This step usually
takes several minutes depending on the experience level of
the interventionalist and also depends heavily on computer
capacity [27]. However, as cannulation of the desired
artery during BAE usually is the most time-consuming
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element of the procedure, the additional time needed to
apply the SMART algorithm to CBCT data may be com-
pensated by faster vessel cannulation and enhanced diag-
nostic confidence. Nevertheless, automatic implementation
of the algorithm during image acquisition and reconstruc-
tion would likely shorten the procedure time, further
enhancing the clinical utility of the SMART algorithm.

To conclude, application of the SMART algorithm
allows for quantitatively and qualitatively improved CBCT
image quality in the presence of streak artifact, facilitating
the assessment of critical vascular structures during BAE
and potentially benefiting both interventionalists and the
patients in their care.
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