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Abstract To compare the value of inversion recovery
with on-resonant water suppression (IRON) to conven-
tional T1-weighted (T1w) MRA and computed tomog-
raphy angiography (CTA) for visualization of peripheral
nitinol stents. We visualized 14 different peripheral nitinol
stents in vitro both using Gadolinium (Gd) and ultrasmall
superparamagnetic iron nanoparticles (USPIOs) for con-
ventional T1w and IRON-MRA using clinical grade 1.5T
MR scanner and iodinated contrast material for CTA using
a 256-slice CT scanner. Parameter assessment included sig-
nal- and contrast-to-noise ratio (S/CNR), relative in-stent
signal and artificial lumen narrowing. X-ray angiography
served as gold standard for diameter assessment. Gd-
enhanced IRON-MRA exhibited highest in-stent SNR and
CNR values compared to conventional Tlw MRA (IRON
(Gd/USPIO): SNR=30+3/21+2, CNR=23+2/14+1;
Tlw: SNR=16+1/14+2, CNR=12+1/10+1, all
p <0.05). Furthermore, IRON-MRA achieved highest rela-
tive in-stent signal both using Gd and USPIO (IRON (Gd/
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USPIO): 121+8%/103+6%; Tlw: 73 +2%/66+4%;
CTA: 84+ 6%, all p<0.05). However, artificial lumen nar-
rowing appeared similar in all imaging protocols (IRON
(Gd/USPIO): 21+3%/21+2%; Tlw: 16+4%/17+3%;
CTA: 19+2%, all p=NS). Finally, IRON-MRA provided
improvement of the in-stent lumen visualization with an
‘open-close-open’ design, which revealed a complete in-
stent signal loss in Tlw MRA. IRON-MRA improves in-
stent visualization in vitro compared to conventional T1w
MRA and CTA. In light of the in vitro results with Gd-
enhanced IRON-MRA, the clinical implementation of such
an approach appears promising.

Keywords Magnetic resonance angiography (MRA) -
Inversion recovery with on-resonant water suppression
(IRON) - T1-weighted MRA - Stent-related artifacts -
Computed tomography angiography (CTA)

Introduction

Peripheral artery disease (PAD) is the third leading cause of
cardiovascular morbidity in the industrialized countries [1].
Endovascular interventions continuously gain importance
for the treatment of symptomatic PAD [2, 3]. Mid and long-
term complications such as neo-intimal hyperplasia caus-
ing restenosis and thrombotic vessel occlusion implicate the
necessity of serial non-invasive assessment.

Duplex ultrasound is the first-line imaging modality
for the assessment of PAD according to current guidelines
[4]. Major limitations with duplex ultrasound are (i) high
operator dependence, (ii) difficulties with imaging crural
and aorto-illiac arteries and (iii) simultaneous acquisition
of a long vascular segment and putting it in the visual con-
text of adjacent segments [5]. On the other hand, computed
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tomography angiography (CTA) provides high diagnostic
accuracy, but requires administration of iodinated contrast
material [6] and exposure to ionizing radiation which may
limit its serial applicability [7]. Above, extensive vascular
calcification significantly impacts on its diagnostic accu-
racy [8, 9]. In contrast, magnetic resonance angiography
(MRA) enables for robust assessment of vascular anatomy
without the need of ionizing radiation [10]. However,
stent-related artifacts in MRA arising from susceptibility
and radiofrequency effects may limit stent visualization
[11-15]. Inversion recovery with on-resonant water sup-
pression (IRON) enables for visualization of susceptibil-
ity-induced off-resonant protons with positive signal and
was shown to improve vessel delineation in prior investi-
gations [16—18].

In the present study we therefore sought to assess
the value of IRON-MRA in comparison to conventional
T1-weighted (T1w) MRA and CTA for the in vitro visual-
ization of peripheral nitinol stents using Gadolinium (Gd)
and ultrasmall superparamagnetic nanoparticles (USPIOs)
as contrast material.

Materials and methods
Stents and in vitro model
We evaluated a total of 14 different nitinol vascular stents
in vitro, which were expanded in polyethylene tubes to

nominal diameters from 6 to 11 mm (Table 1). The stented
tubes were placed in a plastic box (140X 140X 70 mm)

Table 1 Technical properties of all analyzed nitinol stents

filled with normal saline solution with an initial tem-
perature of 37°C to ensure complete stent expansion. To
compare MRA images with CTA we designed a static in
vitro model and applied scan mode settings as previously
described [19].

Conventional X-ray angiography

Conventional X-ray angiography was performed using a
C-arm angiographic system (Allura System, Philips Medical
Systems, Best, The Netherlands) and served as the gold stan-
dard for diameter assessment. X-ray images were acquired
in AP position (0°—-0°) with source-image distance of 87 cm,
field diameter 25 cm, tube voltage of 60 kV and tube current
of 50 mA. The diameter of each stent after balloon inflation
was calculated on the basis of a radiopaque reference scale
that was simultaneously imaged by X-ray with the stented
tube. This diameter (Dy,,,) was calculated using dedicated
medical imaging software OsirixMD (Osirix MD v.2.8).
All diameter measurements were performed blinded to the
results from MRA and CTA.

Magnetic resonance angiography (MRA)

All MRA images were acquired in a clinical 1.5T scanner
(Intera Achieva; Philips Healthcare, Best, The Netherlands)
using a 32-element cardiac phased-array receiver coil. For
all imaging procedures, volume shimming was used. Scans
were performed without parallel imaging. To evaluate the
impact of stent orientation, all stents were imaged at 0°, 30°,
60° and 90° relative to the static magnetic field By,

Abbrev. Trade name Manufacturer Stent design Nominal stent Diameter Diameter
length (mm) nominal (mm) Dyyay (mm)
CI930 Cristallo ideale Invatec Open-close-open 30 9 8.4
CI1130 Cristallo ideale Invatec Open-close-open 30 11 9.4
CI940 Cristallo ideale Invatec Open-close-open 40 9 7.7
PP1130 Precise Pro RX Cordis Open 30 9 8.7
PP830 Precise Pro RX Cordis Open 30 8 7.9
SC760 SMART control Cordis Open 60 7 5.9
LS730 FlexStar Edwards Open 30 7 5.9
A760 Astron Biotronic Open 60 7 59
A830 Astron Biotronic Open 30 8 7.8
LS880 Vascular Bard Open 80 8 7.8
V6840 VIiVEXX Bard Open 40 6-8 5.2
AL71040 Acculink Abbott Open 40 7-10 6.1
AL71030 Acculink Abbott Open 30 7-10 6.0
AL6830 Acculink Abbott Open 30 6-8 4.9

Dy,,y indicates the in-stent diameter as assessed by X-ray angiography
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Assessment of optimal concentration of contrast
material for MRA

To investigate the optimum concentration for conventional
T1w and IRON-MRA we systematically tested a stepwise
increase of intraluminal concentrations between 0 and
20 pmol/ml for gadolinium-DTPA (Gd; Magnevist, Berlex,
NJ, USA) and ultrasmall superparamagnetic nanoparticles
(USPIOs; P904, Guerbet, Villepinte, France) contrast mate-
rial in non-stented tubes (Supplementary Fig. 1).

Conventional T1w MRA

For conventional Tlw MRA three-dimensional gradient-
echo (fast-field-echo, FFE) images were obtained using the
following parameters [17]: repetition time/echo time (TR/
TE)=6.1/2.2 ms, flip angle (FA) =30°, field-of- view (FOV)
was adjusted to the stent length as appropriate to achieve full
stent coverage (55-100%x21 %55 mm) and acquired voxel
size 0.86 % 0.6 X 1.6 mm®. The total scan duration was 14 s.

IRON-MRA

All TRON-MRA acquisitions were acquired based on
gradient-echo sequences. For Gd-enhanced IRON-MRA,
an on-resonant frequency-selective suppression prepulse
with bandwidthyoy (BWRren) of 100 Hz, a duration of
1=25 ms and an excitation angle ooy of 120° was used,
as described previously [17]. Conventional fat satura-
tion was achieved by applying a prepulse preceding the
IRON prepulse with a —220 Hz frequency offset, a 100 Hz
bandwidth, and a 105° FA. Imaging parameters were: TR/
TE=6.0/2.0 (29/2.8) ms, FA=120° (100°), FOV was
adjusted to the stent length as appropriate to achieve full
stent coverage (55-100%x21x55 mm) and acquired voxel
size = 0.86x0.6x 1.6 mm>. Following parameters were
used for USPIO-enhanced IRON-MRA: t=10 ms; TR/
TE=29/2.8 ms; FA=100°. The total scan duration was
136 s.

MRA image analysis

MRA data sets were analyzed in a random order using Soap-
bubble software tool (Release 5.1 for PRIDE V4.*+V5,
Philips Healthcare, Best The Netherlands) [20]. Visual
analysis was assessed in coronal orientation and included
the evaluation of (i) in-stent visualization and the appear-
ance of the (ii) stent ends and (iii) stent struts. Signal- and
contrast-to-noise ratios (S/CNR) were calculated in vitro
by placing regions of interest (ROIs) in the background, in
the in- and out-stent lumen and in adjacent saline solution
using original, reformatted magnitude images (Supplemen-
tary Fig. 2). Care was taken to standardize ROI size and

placement for better comparison between image sets. The
size of the ROI in arbitrary units was 46 + 3 for ROIs placed
in the non- and stented tubes, 1680 + 320 for ROIs placed in
the adjacent saline solution and 1200 + 150 for ROIs placed
in the background. In-stent lumen was divided in three sub-
segments: one middle and two adjacent lateral subsegments
covering the stent ends (Supplementary Fig. 2). Signal of
the non-stented tube (Slr,;,.) and in-stent signal (SIy,_gen. i»
i=1,2,3) was measured in axial orientation. SIj,_g., Was
assessed for all three in-stent subsegments, and mean value
was calculated. The resulting mean value of SIy, g, served
for subsequent SNR, CNR and relative in-stent signal (RIS)
calculations. In-stent diameters were also assessed in all
three in-stent subsegments and mean value was calculated
(Drn_steny)- Artificial lumen narrowing (ALN) was defined
as the difference between the in-stent diameter as assessed
by X-ray angiography (Dy,,,) and the diameter in MRA
(Dpp_steny)- All diameters were measured visually using the
workstation’s software (ViewForum, Philips Medical Sys-
tems, Best, The Netherlands). SNR, CNR, RIS and ALN
were calculated using the following equations [11, 20]:

SNR = (SI,,_iom )| SDEV ;. (1.1)
CNR = (SI tn—stent ~ S djacent _Solution ) / SDEV 4, (1.2)
RIS(%) = (8L}, siomt ! Slrupe )X100% (1.3)
ALN (%) = (Dxray = Dir-sten ) ! Dxyay X100% (1.4)

Two blinded experts performed all measurements and
calculations.

Computed tomography angiography (CTA)

All CTA acquisitions were performed using a standard-
ized imaging protocol in a clinical 256-slice CT-scanner
(Brilliance iCT, Philips Healthcare, Cleveland, OH, USA).
The following parameters were used: helical scan mode,
collimation=128x0.625 mm, pitch=0.18, tube rotation
time=330 ms, FOV 180 mm, effective tube current=400
mAsec, tube voltage=120 kV, field-of-view=180 mm,
matrix=512%x512, slice thickness=0.67 mm, artificial
ECG-gating (60/min) with retrospective reconstruction at
75%, dedicated stent convolution kernels (XCD), window
width=1200 HU, window level =300 HU. Stented tubes
were placed parallel to the z-axis of the scanner. Tubes were
filled with diluted iodinated contrast material (Ultravist 370,
Bayer Schering Pharma AG, Berlin, Germany). As described
previously for this in vitro model, dilution was realized with
a volume part ratio of 3:100 for iodinated contrast medium
and physiologic saline solution (0.9 %) respectively, result-
ing in a fluid with a mean attenuation of 200 HU, which

@ Springer



1648

Int J Cardiovasc Imaging (2016) 32:1645-1655

is consistent with the values obtained in the early arterial
phase of CTA clinically [19, 21, 22].

CTA image analysis

CTA data sets were analyzed in a random order using
commercially available software (Philips Extended Bril-
liance Workspace 4.0) as described for MRA. Two experts
who were blinded to the MRA results performed all CTA
evaluations.

Statistical analysis

Data are presented as mean =+ standard error of mean (SEM).
Differences between any two groups (SNR, CNR, RIS and
ALN) were compared by Student’s ¢ test for continuous
variables. Continuous variables between more than two
groups were compared by one-way ANOVA with post hoc
analysis with Bonferroni adjustment for multiple compari-
sons. Correlation analysis was performed for SNR and CNR
with stent diameter and stent length. Calculations were per-
formed using statistical software (MedCalc Software, Ver-
sion 11.4.2.0, Mariakerke, Belgium). For assessment of
inter- and intra-observer variability 20 randomly selected
cases were analyzed by two independent observers in terms
of SNR and diameter assessment. Readings were separated
by 4 weeks to minimize recall bias and deviations from the
initial measurements were calculated (%). Differences were
considered statistically significant at p < 0.05.

Results
Stent visualization and signal quantification

Based on preliminary experiments (Supplementary Fig. 1),
we used concentrations of 2 umol/ml for Gd and USPIO
in order to achieve comparable signal level for further
comparison of TIw and IRON-MRA. Overall, we compre-
hensively visualized 14 different nitinol vascular stents in
vitro by (i) conventional X-ray angiography, (ii) CTA, (iii)
conventional T1w and (iv) IRON-MRA with good image
quality. Figure 1 illustrates an overview of representative
images for all stent phantoms. Visual analysis of stent-
related artifacts is provided in the Supplementary Table 1.
With IRON-MRA, SNR and CNR remained constant or
even increased within the in-stent segments, whereas con-
ventional T1w MRA and CTA revealed a decrease of in-
stent SNR and CNR (Fig. 2a, b). Focusing on the stented
subsegments IRON-MRA in conjunction with both Gd and
USPIOs exhibited higher SNR, CNR and RIS values com-
pared to conventional T1w MRA (Fig. 2¢, ¢). IRON-MRA
in conjunction with Gd provided the highest SNR, CNR
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and RIS values, even when compared to CTA (Fig. 2c, e).
On the other hand, ALN was similar for all tested modali-
ties (Fig. 21).

Stent orientation

Nitinol stents presented differences in their appearance
on both T1w and IRON-MRA images depending on their
orientation relative to the static magnetic field B, (repre-
sentative images for the Invatec and Cordis stents pre-
sented in Fig. 3a). IRON-MRA in conjunction with Gd
and USPIO provided higher SNR, CNR and RIS values
compared to T1w MRA acquisitions for all tested stent ori-
entations (Fig. 3b—d). Increase of SNR, CNR and RIS for
stent orientations at 30° and 60° compared to 0° and 90°
was observed with Gd- and USPIO-enhanced IRON-MRA
images, whereas values remained constant with different
stent orientations for the conventional Tlw MRA images.
No significant difference was detected for ALN change with
orientation on MRA (Fig. 3e).

Impact of stent geometry and design on stent
visualization

Geometry

SNR and CNR within the stents increased with decreasing
diameters both in conventional T1w and IRON-MRA (T1w:
SNR: r=-0.44, CNR: r=-0.40, p<0.001 for both; IRON:
SNR: r=-0.27, CNR: r=-0.29, p=0.005 for both). Fur-
thermore, SNR and CNR increased with increasing stent
length for conventional T1w but not for IRON-MRA (T1w:
SNR: r=0.51, CNR: r=0.46, p<0.001 for both; IRON:
SNR: r<0.01, CNR: r<0.01, p=NS for both).

Design

To evaluate the role of stent design for in-stent signal
attenuation, we tested two stent configurations (i) ‘open-
close-open’ and (ii) ‘open’ (Table 1). By visual analysis,
stents with an ‘open’ configuration exhibited very good
in-stent visualization, whereas stents with an ‘open-close-
open’ design presented an almost complete signal loss of
the mid in-stent tube segment in conventional T1w MRA.
In contrast, IRON-MRA improved in-stent visualization in
the ‘open-close-open’ stent group, enabling for adequate
lumen assessment throughout the entire length of the stent
phantom. Furthermore, IRON-MRA provided 3.6/3.7-fold
higher SNR/CNR in conjunction with Gd (p<0.0001 for
both) and 2.9/2.7-fold higher SNR/CNR in conjunction with
USPIOs compared to conventional Tlw MRA (p<0.001
for both) in stents with ‘open-close-open’ configuration
(Fig. 4a, b). Finally, IRON-MRA improved RIS and ALN
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9x30mm 7x60mm
Invatec Biotronic
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11x30mm 8x30mm
Invatec Bard
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9x40mm 8x80mm
Cordis Bard
Precise Pro RX WINERR
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Cordis Abbott
Precise Pro RX Acculink
8x30mm 7-10x40mm
Cordis Abbott
S.M.A.R.T. Acculink
7x60mm 7-10x30mm
Edwards Abbott
FlexStar Acculink
7x30mm 6-8x80mm

Fig.1 Overview of contrast enhanced stent visualization for all exam-
ined stents using X-ray angiography, computed tomography angiog-
raphy (CTA), conventional T1-weighted (T1w) magnetic resonance

within the ‘open-close-open’ stent group compared to con-
ventional TIw MRA (Fig. 4c, d).

Observer variabilities

Inter-(intra-)observer variabilities for CTA-based SNR and
ALN were 6.2% (1.9%) and 3.0% (2.8 %), respectively.
For MRI-based SNR and diameter assessment inter-(intra-)
observer variabilites were 6.6 % (4.8%) and 7.5% (4.6 %)
for IRON and conventional T1w MRA, respectively.

Discussion

Assessment of peripheral in-stent lumen still remains chal-
lenging due to stent-related artifacts in MRA. In the pres-
ent study we demonstrate that IRON-MRA can improve
in-stent lumen assessment in vitro, and provide increased
SNR, CNR and RIS as compared to conventional Tlw

angiography (MRA) and inversion recovery with on-resonant water
suppression (IRON)-MRA

MRA both using Gd with clinically established parameters
and USPIOs as intraluminal contrast material.

Stent-related artifacts in MRA

Stent-related artifacts, which impair stent visualization
in MRA occur mainly due to susceptibility and radiofre-
quency shielding effects [13—15]. In our study, the artifacts
in conventional T1w MRA images are more in keeping with
radiofrequency shielding with the greatest signal loss in the
middle of the stent. Susceptibility artifacts in nitinol stents
are much weaker than in stainless-steel stents, and can be
partially overcome by using a high flip angle [23]. The value
of IRON-MR imaging in conjunction with USPIOs was
recently demonstrated for MRA in rabbits and non-invasive
detection of plaque inflammation in rabbit aortas [17, 24].
Currently, little is known on the value of the IRON-MR
imaging protocols for stent visualization. In the present
in vitro study, we demonstrate that IRON-MRA improves
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Fig. 2 SNR and CNR analysis for all stents. a—d Constant SNR and
CNR remained or even increased within the stented tube segments
using IRON-MRA, whereas conventional Tlw MRA and with CTA
revealed a decrease of in-stent signal and contrast. e IRON-MRA pro-
vides highest RIS in conjunction with Gd and USPIOs. f ALN was

SNR and CNR in conjunction with Gd and USPIOs as
compared to conventional T1lw MRA, especially for in-
stent lumen segments. This is in line with previous obser-
vations on improved SNR and CNR in IRON-MR images
due to off-resonance and additional signal gain due to Gd-
associated T1 shortening [17, 18]. In addition, IRON-MRA
may improve in-stent signal by further reduction of radio-
frequency shielding artifacts, which has to be evaluated in
future studies. However, IRON imaging is an order of mag-
nitude longer than T1w imaging, which may limit its appli-
cation to targeted stented vessel segments. Nevertheless, in
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similar for all four tested modalities. S/CNR signal/contrast-to-noise
ratio, T'/w T1-weighted, IJRON inversion recovery on-resonant water
suppression, MRA magnetic resonance angiography, Gd Gadolinium,
USPIO ultrasmall superparamagnetic nanoparticles

light of the remarkable results with Gd-enhanced IRON-
MRA, the implementation of such an approach in the clini-
cal realm appears promising.

By visual analysis, we observed three different patterns of
stent-related artifacts in MRA, including (i) signal reduction
in the mid of the stent, (ii) symmetric signal loss at the stent
ends, and (iii) signal void around the stent struts which is in
accord with previous investigations [11]. IRON-MRA pro-
vided an increased in-stent signal in conjunction with both
Gd and USPIOs, while amplification of the above artifact
patterns occurred in conventional T1w MRA. However, flip
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Fig. 3 Representative MRA images of stents with an ‘open-close-
open’ strut design (Invatec) and ‘open’ strut configuration (Cordis) in
different orientations relative to the main magnetic field B, z-axis.
a IRON-MRA provides significant improvement of in-stent visual-
ization for the ‘open-closed-open’ strut design. b—d IRON-MRA in
conjunction with Gd provides increase of SNR, CNR and RIS at 30°

angle was higher in the applied IRON-MRA as compared to
the conventional T1w sequence protocol, which may cause
an additional increase of in-stent signal due to reduction of

and 60° compared to 0° and 90°, whereas values remained constant
with different angles for the T1-weighted images (average values for
all stents). e Artificial lumen narrowing (ALN) decreased at 30° and
60°, without reaching significant difference between all tested imaging
approaches. MRA magnetic resonance angiography, /RON inversion
recovery with on-resonant water suppression

radiofrequency shielding effects in IRON-MR images. Nev-

ertheless, signal loss at the stent ends and signal void sur-
rounding the stent struts were comparable in conventional
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Fig. 4 Investigation to assess the impact of stent design (‘open’ ver-
sus ‘open-close-open’) on MRI-based visualization. a—¢ Both Gd- and
USPIO-enhanced IRON-MRA provides remarkable improvement of
SNR, CNR and RIS for stents with an ‘open-close-open’ configuration.

T1lw and IRON-MRA, suggesting that these two artifact
patterns could mainly occur due to radiofrequency effects.
In this context, there is still controversy on the role of dedi-
cated MR imaging protocols for the improvement of ALN
[11, 25, 26]. Despite the significant improvement of RIS by
IRON-MRA, we observed similar ALN in all tested modali-
ties. These results underline the hypothesis of susceptibil-
ity-associated in-stent signal decrease in conventional T1w
MRA, whereas radiofrequency effects may cause signal
void around the stent struts and the stent ends [12].

Prior studies demonstrated an advantage of nitinol stents
compared to cobalt alloy stents or bare metal stents for
MR imaging [13, 27]. Using IRON-MRA for visualization
of bare metal stents, artifacts due to partial volume aver-
aging may occur. However, the value of IRON-MRA for
the visualization of such non-nitinol stents merits further
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d T1-weighted and IRON-based MRA provide comparable ALN val-
ues. MRA magnetic resonance angiography, /RON inversion recovery
with on-resonant water suppression

investigation in future studies. Since both susceptibility
and radiofrequency artifacts considerably depend on the
surrounding tissue and the blood inside the stent, further in
vivo investigations are needed to compare the value of con-
ventional T1w and IRON-MRA for stent visualization.

Stent orientation

Previous investigations demonstrated the impact of stent
orientation relative to the static magnetic field B, on stent-
related artifacts with MRA [13, 23, 28]. Quantification anal-
ysis in our study revealed a weak association between SNR,
CNR and RIS and stent orientation for conventional T1w
MRA. Even though Gd and USPIO-enhanced IRON-MRA
provided the highest SNR, CNR and RIS, the strongest ori-
entation dependence of signal behavior was detected for
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Gd-enhanced IRON-MRA with a significant signal increase
at 60° orientation relative to the static magnetic field B,
This could be of advantage for imaging stents in strongly
tortuous arteries (for example iliac or brain arteries) by
IRON-MRA in conjunction with the clinically approved and
widely established Gd contrast agent. This would provide
steadily increased CNR with changing vessel orientation
while being independent of local blood-flow.

Stent geometry and design

Especially, for nitinol stents it is well recognized, that they
are significant radiofrequency shields with variation due
to cell design and size. In this line, we observed a weak
but negative association for in-stent signal in both conven-
tional T1w and IRON-MRA with increasing stent diameter.
Although, this is in contrast to previous reports [11], this
observation could be related to the specific ROI positioning
for signal assessment, which can vary along the stent axis.
While SNR and CNR increased in conventional T1w MRA,
IRON-MRA images exhibited no association with increas-
ing stent length. These effects could result from both suscep-
tibility- and radiofrequency shielding-associated decrease
of in-stent signal in conventional T1w MRA images, which
should get more evident with smaller stent lengths.

Apart from stent geometry, we observed that architec-
ture of the stent struts (‘open-close-open’ vs. ‘open’) is of
particular importance for the resultant image quality and
the in-stent signal. The influence of the complex stent con-
figuration on stent-related artifacts is difficult to predict in
an in vitro and in vivo setting [11, 23]. In this regard, pre-
vious studies demonstrated a complete in-stent signal loss
for closed cell stents with contrast-enhanced conventional
MRA [29]. Along the same line, we also observed mark-
edly decreased SNR, CNR, RIS and ALN in stents with an
‘open-close-open’ configuration compared to stents with
‘open’ stent design. In contrast, Gd-enhanced IRON-MRA
exhibited an obvious improvement of image quality, SNR,
CNR and RIS in comparison to conventional TIw MRA in
stents with ‘open-close-open’ configuration.

X-ray and CTA imaging

Invasive X-ray imaging which used to be the clinical gold
standard for lumen assessment of peripheral arteries is asso-
ciated with a relevant procedural risk for vascular com-
plications [30]. The administration of iodinated contrast
material with X-ray or CTA is associated with potentially
nephrotoxic and thyroid-related complications. For CTA,
great technical efforts have been achieved in the past years
to reduce stent-related artifacts (for example partial volume
averaging). In the present study we used XCD kernel and
a window width of 1200 HU at window level of 300 HU

to achieve improved image quality and lower ALN with
the clinical 256-slice CT scanner [19]. Compared to con-
ventional TIw MRA, CTA exhibited higher SNR and CNR,
as well as RIS, the latter without reaching statistical sig-
nificance. Surprisingly, Gd-enhanced IRON-MRA revealed
highest SNR, CNR and RIS values, while no difference was
observed in terms of ALN when compared to CTA. Since
factors governing SNR in real patients is different for CTA
than MRA (for example attenuation vs. coils used, specific
tissue properties) it requires further in vivo studies to inves-
tigate the role of IRON-MRA and CTA in humans.

Safety of Gd and iron-based contrast material

In the past years several investigations reported that intra-
venous application of Gd might lead to an accumulation
in certain brain structures [31-34]. However, the mecha-
nism of neuronal Gd deposition and its clinical relevance
still remain unclear. More, the chemical structure of the
Gd-based contrast agent seems to be directly related to Gd
accumulation, especially after repeated administrations of
ionic-linear chelates [35, 36]. Very recently, Kromrey et al.
[37] demonstrated that there is no evidence of neuronal Gd
deposition in a 5-year follow-up after a single high-dose
administration of a macrocyclic Gd-based contrast agent.
Iron-based contrast materials (USPIOs) are not routinely
administrated in the clinical realm, however, these contrast
materials are in general considered to be safe.

Minor changes in PTT (partial thromboplastin time) have
been reported for iron-based contrast agents without leading
to clinically significant bleeding [38]. In general, iron-based
contrast material is well tolerated without significant side
effects in human trials [39] and may represent a valuable
alternative for contrast-enhanced MRA [40].

Limitations

Our study has some limitations. First, all experiments were
conducted in vitro using a static phantom without a simu-
lation of vessel calcification, blood flow or motion, impli-
cating the need of further investigations to test the clinical
benefit of IRON-MRA in stented vessel segments. How-
ever, in light of the improved results with Gd-enhanced
IRON-MRA with clinically established parameters, its
implementation in clinical imaging protocols appears prom-
ising. Second, no negative test was performed to assess the
performance of conventional Tlw and IRON-MRA in case
of complete lumen blockage. Flip angle was higher in the
IRON-MRA as compared to the conventional T1w imaging
protocol, which may impact on the improved in-stent sig-
nal in IRON-MRA images. Quantification analysis on the
extent of stent-related susceptibility artifacts and the role
of stent strut thickness was not investigated in this study.
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Only nitinol stents were included in this study because they
represent the mostly used stents in invasive treatment of
peripheral artery disease. Since the presented results can-
not be generalized to all stets with different material further
studies will be warranted to investigate the role of IRON-
MRA for imaging of cobalt alloy or stainless steal stents.
Finally, we used relatively low intraluminal concentrations
of Gd and USPIO contrast material to allow for comparison
between the different MRA imaging protocols.

Conclusions

IRON-MRA improves in-stent visualization of peripheral
nitinol stents in vitro compared to conventional T1w MRA
both using Gd and USPIOs as contrast material. In light of
these results, the clinical implementation of Gd-enhanced
IRON-MRA appears promising.
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