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Purpose: Endovascular stents are medical devices, which are implanted in stenosed blood
vessels to ensure sufficient blood flow. Due to a high rate of in-stent re-stenoses, there is the
need of a noninvasive imaging method for the early detection of stent occlusion. The
evaluation of the stent lumen with computed tomography (CT) and magnetic resonance
imaging (MRI) is limited by material-induced artifacts. The purpose of this work is to
investigate the potential of the tracer-based modality magnetic particle imaging (MPI) for
stent lumen visualization and quantification.

Methods: In this in vitro study, 21 endovascular stents were investigated in a preclinical
MPI scanner. Therefore, the stents were implanted in vessel phantoms. For the signal
analysis, the phantoms were scanned without tracer material, and the signal-to-noise-ratio
was analyzed. For the evaluation of potential artifacts and the lumen quantification, the
phantoms were filled with diluted tracer agent. To calculate the stent lumen diameter
a calibrated threshold value was applied.

Results: We can show that it is possible to visualize the lumen of a variety of endovascular
stents without material induced artifacts, as the stents do not generate sufficient signals in
MPI. The stent lumen quantification showed a direct correlation between the calculated and
nominal diameter (r = 0.98).

Conclusion: In contrast to MRI and CT, MPI is able to visualize and quantify stent lumina
very accurately.

Keywords: magnetic particle imaging, endovascular stents, artifacts, superparamagnetic iron

oxide nanoparticles, lumen quantification

Introduction

Magnetic Particle Imaging (MPI) is a three-dimensional tracer-based imaging
modality." The main principle of MPI is the visualization of the distribution of
superparamagnetic iron oxide nanoparticles (SPIONs) with oscillating magnetic
fields. MPI offers a very high temporal and a high spatial resolution without tissue
attenuation of the signal. Furthermore, it is a very sensitive imaging modality with
the ability to detect only 192 pg of iron.” In addition, the possibility of real-time
imaging with the absence of ionizing radiation and nephrotoxic contrast agents
renders MPI a very promising imaging method.’ In the last decade, several studies
demonstrated the potential of MPI for cardiovascular imaging and vascular

% Most recently the proof of principle of MPI guided stent implanta-
9,10

interventions.

tions and first safety measurements of stents became available.
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Stent implantation is becoming increasingly common
in clinical routine and interventional radiology and cardi-
ology are steadily replacing surgical procedures. However,
there is a significant risk of in-stent re-stenosis after stent
implantation.'' To prevent recurrent ischemic events like
heart attacks or strokes an early noninvasive detection of
in-stent stenosis has an extremely high clinical impact.
Unfortunately, the visualization of the stent lumen with
clinically established noninvasive imaging modalities CT
and MRI is limited due to material induced artifacts.'>'?
In MRI susceptibility artifacts cause severe signal voids
which strictly limit the noninvasive assessment of the stent
lumen. In CT beam-hardening effects result in a thickening
of the displayed stent struts which also inhibits a sufficient
lumen evaluation, especially in stents with smaller dia-
meters. In recent years, artifact reduction algorithms got
established and it has been shown, that stent induced
artifacts are less evident in dual energy CT.'*'
Nevertheless, as an artifact-free noninvasive imaging
method for the early detection of stent thromboses or
high grade in-stent stenoses is still not available, the
majority of patients are referred as emergencies into the
clinic when ischemic symptoms occur. In these cases, only
invasive imaging with x-ray-based digital subtraction
angiography (DSA) offers both, the possibility to diagnose
and treat the stent occlusion free of material-induced arti-
facts. However, first pilot results suggest MPI may over-
come this disadvantage by allowing noninvasive artifact
free stent lumen visualization in comparison with MRI and
CT.'"® MPI’s spatial resolution (<1 mm) is comparable to
CT and MRL'” The acquisition time (per frame) is in the
range of milliseconds and thus MPI is much faster than the
established modalities.

Thus far MPI has only found preclinical utilization
though first scanners have recently become available
allowing in vivo application on humans.'"® Given
a potential clinical use of MPI, the quantification of the
vascular lumen is of great interest to detect hemodynami-
cally relevant stenoses. Based on the quantitative charac-
teristic of MPL,'? Vaalma et al and Herz et al previously
demonstrated the potential of lumen quantification with
MPI in the absence of interventional devices or stents.”
However, as metallic objects and thus, in principle, even
stents are able to generate MPI signals,”' the potential of
lumen quantification in the presence of endovascular stents
needs to be proven. In addition to signal attenuation, there
may also be strengthening artifacts which could influence
the visualization and quantification of the stent lumen.

The aim of this phantom study was to analyze the
signal characteristics of endovascular stents, to investigate
potential material induced effects on stent lumen visuali-
zation in MPI, and to explore the potential of stent lumen
quantification.

Materials and Methods

Stents and Phantoms

In this study 21 commercially available endovascular
stents were investigated (Table 1). The tested stents had
diameters between 3 and 10 mm, a length of 11 to 99 mm
and were made from different materials (stainless steel =
316L, PtCr, cobalt-
chromium = CoCr). All stents were implanted in silicone

nitinol, platinum-chromium =
tubes corresponding to their nominal diameter. The inner
diameter of the phantoms has been exemplarily validated
by means of mechanical measurement. For imaging, the
phantoms (stented phantoms and non-stented reference
phantoms) were filled with diluted tracer material (Figure
1). In all experiments, we used the MRI contrast agent
Resovist (I’rom Pharmaceuticals, Tokyo, Japan) as MPI
tracer, diluted with deionized water.

MPI Setup

All measurements were performed using a preclinical
commercially available MPI system (MPI 25/20FF,
Bruker, Ettlingen, Germany). The MPI scanner works
with a field-free-point approach. Excitation frequencies
were 24.5 kHz, 26.0 kHz, and 25.3 kHz in x-, y-, and
z-direction, respectively. The excitation field strengths
were 12 mT in each direction. For the signal characteriza-
tion measurements of the stents a selection field gradient
of 0.4 T/m (z-direction) and 0.2 T/m (x- and y-direction)
was applied to ensure covering the whole stent volume. To
achieve an appropriate spatial resolution (0.485 mm in
z-direction, 0.970 mm in x- and y-direction) imaging mea-
surements were performed with a selection field gradient
of 2 T/m in z-direction and of 1 T/m in x- and y-direction,
resulting in a FOV of 24 mm x 24 mm x 12 mm, covering
the central part of the stents. The duration of one excita-
tion cycle was 21.54 ms. To ensure the best possible
imaging quality all measurements were averaged over
1000 repetitions of the drive field cycle, resulting in
a measurement time per scan of 21.54 s. The phantoms
were placed in the center of the MPI scanner on a self-
constructed nonmagnetic phantom holder aligned along
the x-axis of the scanner by a positioning robot.
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Table | Detailed Information of the Investigated Stents Including Stent Type, Material, Abbreviation (First Letters of Stent Name,

Diameter/Length in mm), Number of Frequency Components Generated by the Stents and Relative Measurement Error of the Lumen

Quantification (Calculated vs Nominal Lumen Diameter)

Stent Type Material | Abbreviation | Nr. Freq. Comp. SNR >5 | Relative Measurement Error (%)
Biosensors, Biomatrix Neoflex 316L BiN 3/28 0 -3
Biosensors, BioFreedom 316L BiF 3.5/11 | 23
Boston Scientific, Taxus Liberté 316L Tal 4/38 0 -3
Boston Scientific, Taxus Liberté 316L Tal 5/32 0 -3
Boston Scientific, Express LD Vascular 316L ELV 7/57 0 -10
Boston Scientific, Express LD Vascular 316L ELV 10/37 0 -7
IDEV, Supera Nitinol Sup 4/40 0 -5
Gore, Tigris Nitinol Tig 5/40 0 -3
IDEYV, Supera Nitinol Sup 5/60 0 -5
IDEV, Supera Nitinol Sup 6/40 | 0
Gore, Tigris Nitinol Tig 6/40 2 -9
Gore, Tigris Nitinol Tig 7/40 3 —-10
Boston Scientific, Epic Nitinol Epi 7/99 0 -3
Gore, Tigris Nitinol Tig 8/40 2 -3
Boston Scientific, Promus Premier PtCr PrP 3/28 | 13
Boston Scientific, Promus Element Plus PtCr PEP 3/32 0 16
Boston Scientific, Synergy PtCr Syn 3/38 0 28
Boston Scientific, Promus Element Plus | PtCr PEP 4/28 | -3
Boston Scientific, Promus Premier PtCr PrP 4/28 0 -3
Boston Scientific, Rebel PtCr Reb 4/28 0 -3
Boston Scientific, Carotid Wallstent CoCr CaW 7/30 0 —4

Abbreviations: 316L, stainless steel; PtCr, platinum-chromium; CoCr, cobalt-chromium; SNR, signal-to-noise-ratio.

Image Reconstruction
Image reconstruction was realized with a hybrid system
matrix approach and a Kaczmarz
Matlab.'”-*%23

In order to cope with possible artifacts from particles
outside of the FOV, the system matrix covered a FOV of

32 mm x 32 mm x 16 mm and therefore, included an

algorithm in

overscan.”* The following reconstruction parameters
were chosen: frequency-range 75 kHz to 600 kHz, SNR-

threshold: 250, regularization factor: 8, number of itera-

tions: 1.
: £
g §§ SRR
Figure | Image of a reference phantom (top) and a stented vessel phantom

(bottom, Taxus Liberté 5/32), both filled with tracer dilution (I:100, Resovist,
'rom Pharmaceuticals, Tokyo, Japan). The stented phantom has a slightly curved
shape caused by the storage of the phantoms as wound tubes. For imaging, all
phantoms were straightly aligned on a dedicated phantom holder.

Data Analysis

The measurements for the signal characterization of stents
were performed with stented vessel phantoms without
tracer material and a reference phantom solely filled with
tracer dilution (1:100). The signal-to-noise-ratio (SNR) of
the spectral data of the stent measurements was calculated
for estimating the influence of the stents on the receive
signal (Figure 2). A measurement with an empty bore was
subtracted of each measurement correcting for the back-
ground signal of the MPI setup. The noise level of the MPI
setup was determined by averaging over 41 additional
background-corrected empty measurements and adding
the standard deviation of these measurements, which
takes the dynamic part of the background signal into
account.

In order to estimate the lumen diameter, the signal
intensity profiles in z-direction of the reconstructed images
(xz-plane of MIPs) were analyzed (Figure 3). As the full
width at half maximum (FWHM) criterion did not produce
valid results, a different signal level criterion — full width at
X maximum (FWXM) was calibrated using all the stent and
reference measurements (Figure 4). “X” means that the
percentage of the maximum used as threshold is variable
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Figure 2 SNR of the frequency components generated by the stents (without tracer) and the tracer dilution (Resovist). The majority of frequency components generated by
the stents was below the threshold of SNR=5 (colored lines). Only up to three single frequency components (per stent) were above the chosen threshold value (colored

cross markers).
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Figure 3 Signal intensity profiles of || central slices which were used for data analysis are exemplarily shown for the Taxus Liberté 5/32.

and was calculated for each phantom individually. The
calibrated common global FWXM was reapplied on the
signal intensity profiles to determine the error between the
calculated and nominal phantom diameter (Figure 5,
Table 1). Here, the given, exemplarily validated diameter
of the silicon tubes was used. For calibration of the FWXM
11 central signal intensity profiles were used of each mea-
surement (Figure 3). Outer profiles were omitted in order to
avoid edge artifacts.”® The signal intensity profiles were
interpolated linearly to a higher grid of 33,000 data points
for minimizing numerical errors when calibrating the

FWXM. Then, the FWXM for each signal intensity profile
was determined by the smallest relative signal level that
incorporates a number of data points corresponding to the
nominal diameter of the phantoms. An average FWXM was
calculated for each stent and reference measurement
(Figure 4). Furthermore, a global FWXM was determined
by averaging the single FWXMs. The global FWXM was
reapplied on the signal intensity profiles of each measure-
ment for estimating the lumen diameter. Again, only the 11
central signal intensity profiles were used and the single
calculated diameters were averaged (Figures 3 and 5).
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Figure 4 Calculated FWXM (X=39.2%) for all phantoms. This value was chosen to distinguish between phantom lumen and surrounding in this work.
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Figure 5 Calculated and nominal lumen diameter of all phantoms. Pearson’s correlation coefficient described the correlation of both with a value of r=0.98.

Statistics

To describe the correlation between the measured dia-
meters of the reference phantoms and the stented phan-
toms Pearson’s correlation coefficient (r) was calculated.”
Furthermore, the relative measurement error of the calcu-
lated diameters of all phantoms was computed. The overall
inaccuracy of lumen quantification was determined by
computing the root mean square error for all stented and

reference phantoms.

Results

Signal Characterization

The spectrum of Resovist had 435 frequency compo-
nents above a threshold of SNR=5 (Rose-criterion).?
The frequency components of the MPI signal of 14
stents were below this threshold (Figure 2). Up to
three single frequency components per stent could be
assigned to seven of the 21 tested stents (Figure 2,
Table 1).
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Phantom Imaging

All phantoms were visualized with MPI. The xz-planes of all
reconstructed images are displayed as Maximum Intensity
Projections (MIPs) in Figure 6. There was no visual differ-
ence between the images of the reference phantoms and the

stented phantoms. In the periphery of all phantoms

BiN 3/28 BiF 3.5/11
Tal 4/38 Sup 4/40

TaL 5/32 Sup 5/60

Sup 6/40 Tig 6/40

Ref 7 ELV 7/57 Tig 7/40

Ref 8 Tlg 8/40

—r

Ref 10

ELV 10/37

symmetrical artifacts occurred. Those artifacts had a lower
intensity compared to the phantom signal. There was no
difference regarding the number of artifacts for reference
and stented vessel phantoms. All phantoms appeared conical
at the edges of the field of view (FOV). With increasing

diameter these effects increased, which resulted in an oval

Syn 3/38

Reb 4/28

PEP 3/32 PrP 3/28

PEP 4/28 PrP 4/28

Tig 5/40

CaW 7/30

Epi 7/99

Figure 6 MPI images (MIP of xz-planes) of all stented phantoms and a corresponding reference phantom for each diameter. There was no visual difference between the
stented phantoms and the reference phantoms. Artifacts at the ends of the stents were increasing with increasing phantom diameter.
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shape of the phantoms with diameters of more than 5 mm.
The central regions of the phantoms were not influenced.
A second phenomenon occurring with increasing phantom
diameter was a small symmetrical signal attenuation, which
excluded the centers of the reconstructed images (eg Ref 8,
Figure 6). In all images, the central transversal 11 rows (see
Figure 6) were unaffected by these effects.

Stent Lumen Quantification
The calculated FWXM values of the phantoms varied
between 28% and 58% (Figure 4) which only corresponds
to a small deviation of the diameter due to the high slope of
the signal intensity curve (Figure 3). The global FWXM was
39.2% (Figure 4). This value was defined as the threshold
between lumen and surrounding of the phantoms in this
work. There was a higher FWXM threshold for phantoms
featuring a silicon tube of 3 mm. The reference phantoms had
slightly higher FWXM values than the stented phantoms.
Based on the average of the FWXM values a signal
intensity of 39.2% was chosen for the quantification of the
phantoms’ luminal diameter. There was a direct correlation
between the calculated and nominal diameter (stented
0.983)
(Figure 5). Except for the 3 mm phantoms, there was no

phantoms r = 0.979, reference phantoms: r =
or only a small underestimation of the luminal diameter of
all phantoms (Figure 5, Table 1). The root mean square
(RMS) inaccuracy of the calculated diameter was 0.19 mm
for the reference phantoms and 0.22 mm for the stented
phantoms. Thus, the difference of the measurements
between stented and reference phantoms was lower than
the half of a voxel size (0.485 mm/2 = 0.243 mm).

Discussion
Our study carries two messages we believe to be impor-
tant: endovascular stents do not generate sufficient MPI
signal for imaging and thus, the stent lumen can be
depicted without material induced artifacts. Secondly,
MPI allows for accurate quantification of the stent lumen.
In principle, MPI depicts the spatial distribution of
SPION:S, as it is a tracer-based method. Since many med-
ical implants and instruments are ferromagnetic, the poten-
tial of material induced artifacts in MPI has to be
acknowledged. Haegele et al investigated spectra of inter-
ventional catheters and guidewires in MPI and concluded
that there are signal and non-signal generating devices.?!
In our study, we cannot confirm these results for stents. As
there is no MPI-specific threshold, we applied the Rose-

criterion to define the threshold for sufficient MPI signal.*®
Most of the frequency components generated by the stents
in the MPI raw data were below an SNR of 5. There were
only few frequency components (max. 3) that could be
addressed to single stents. To reconstruct an MPI image,
a spectrum of higher harmonic frequencies is needed.'’
In our work, the small number of frequency components
was randomly distributed and therefore it can be assumed
that it is not significant for image reconstruction. This is
confirmed by the visual comparison of the MPI images
and the almost identical correlation coefficients (stented
phantoms/reference phantoms vs nominal diameter).
A recently published multimodality study proposed MPI
to overcome material induced artifacts of coronary stents
in MRI and CT.'® Our study proves the potential of artifact
free stent lumen imaging with MPI, based on the signal
characteristics of stents with a wide range of different
diameters and materials. Although stents do not generate
MPI signal and therefore do not cause material induced
artifacts, a number of general artifacts requires discussion.
First, previous studies observed a signal loss and conical
shape in the periphery of the reconstructed images, espe-
cially when the scanned object exceeded the FOV.? In
relation to the limited MPI FOV, this effect limits the
imaging accuracy and is observed in our experiments,
too. For these artifacts, which are caused by the limited
FOV of the used MPI system, multi-patch imaging could
be a sufficient approach.”® To exclude any influence of this
effect on our data, we only used the central slices of the
images for the quantitative analysis. Secondly, the imaging
accuracy depended on the positioning of the phantom in
the FOV. We expect this effect to be caused by the hybrid
approach of image reconstruction. Thus, a comparison of
the imaging accuracy between a hybrid approach and
a conventional system matrix approach should be part of
future analysis.

As the MPI signal is directly proportional to the tracer
concentration, it allows for quantification of vascular
stenosis.”*° In a recent study by Vaalma et al, the degree
of vascular stenosis was only slightly overestimated by
quantitative MPI. The degree of stenosis was calculated
in relation to the not stenosed part of the phantoms. Thus,
there is no threshold value defined to distinguish between
lumen and surrounding in this study. Herz et al investi-
gated the potential of stenosis quantification with traveling
wave MPI. In this work, the degree of stenosis was slightly
underestimated. The authors applied the RMS of the max-
imum signal intensity as cutoff between lumen and
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surrounding of the phantoms. In our work, we observed
a small underestimation of the lumen diameter, except for
the 3 mm phantoms. As the relation between object size
and spatial resolution is lowest for the 3 mm phantoms, the
most considerable influence of the imaging inaccuracy can
be expected here. We found the FWHM and the RMS of
the maximum signal intensity not to be applicable for our
data. Thus, we introduced the FWXM threshold value.
Using the FWXM, there was a very good correlation
between calculated and nominal lumen diameter in this
study. Since the particle characteristics and the scanner
properties are taken into account in the image reconstruc-
tion, the method should be independent of the particles and
the scanner in use. The measurement error of our results is
in the range of half the voxel size and thus very low. This
may indicate that our imaging accuracy is limited by the
discretization of the system matrix, which influences the
spatial resolution of the reconstructed images.*’

In order for MPI to become a standard clinical tool the
scanners need scaling up to become applicable for human
size. A recently published scanner for brain applications
already features a bore size eligible for examinations of
the extremities.'® The spatial resolution of this scanner,
which is in the millimeter range, is inferior to the used
preclinical scanner. However, other clinical-scale MPI-
systems potentially reach similar gradient strength and
therefore similar spatial resolution.?’ Thus, we expect our
results to be transferable to the clinical scale.

Our study has several limitations. The limited size of
the FOV and the number of general artifacts restricted the
region of data acquisition in this work. In the future,
multi-patch MPI and its influence on artifacts should be
investigated for vascular imaging approaches. Despite
testing the most common stent materials, there are further
alloys used in stent manufacturing. Thus, the potential of
stent lumen imaging without material induced artifacts in
MPI should be also proven for those materials. As we
only tested stents up to a diameter of 10 mm, the ques-
tion remains, if larger diameters cause visual artifacts in
MPI. However, the lumen visualization of such big stents
is not significantly limited by CT and therefore, the need
of a new imaging modality for this application scenario is
than
Furthermore, the potential of stenosis quantification

lower when wusing small stent diameters.

should be investigated inside a stent and in presence of
SPION-markers for MPI 230
Another limitation, which must be acknowledged, is the

multicolor approaches.

tracer concentration. To exclude potential artifacts caused

by a low SNR, which corresponds to a low tracer con-
centration, we choose a concentration of 1:100. The
influence of an unlikely particle agglomeration has not
been investigated as we used a clinically established
tracer agent in our experiments. Concerning potential
in vivo applications, the results of this study should be
proven for higher dilutions as well. Furthermore, the
influence of (blood) flow on the imaging accuracy should
be investigated. In addition, especially for imaging the
beating heart, the acquisition time of our results has to be
shortened to conduct images free from moving artifacts
which can be realized by reducing the number of
averages of the receive signal.®

Conclusion

Overall, the results of this study prove the huge potential
of MPI for stent lumen imaging. Compared to the estab-
lished modalities MRI and CT, MPI allows for artifact free
visualization and accurate quantification of the stent lumen
in principle, which is a prerequisite for noninvasively
evaluating potential in-stent stenosis.
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