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Abstract
Purpose: Biliary stents may cause susceptibility artifacts, gradient-induced artifacts 
and radio frequency (RF) induced artifacts on magnetic resonance images, which 
can hinder accurate target volume delineation in radiotherapy. In this study, we 
investigated and quantified the magnitude of these artifacts for stents of different 
materials.
Methods: Eight biliary stents made of nitinol, platinum-cored nitinol, stainless steel 
or polyethylene from seven vendors, with different lengths (57–98 mm) and diameters 
(3.0–11.7 mm) were placed in a phantom. To quantify the susceptibility artifacts 
sequence-independently, ΔB0-maps and T2*-maps were acquired at 1.5 and 3 T. 
To study the effect of the gradient-induced artifacts at 3 T, signal decay in images 
obtained with maximum readout gradient-induced artifacts was compared to signal 
decay in reference scans. To quantify the RF induced artifacts at 3 T, B1-maps were 
acquired. Finally, ΔB0-maps and T2*-maps were acquired at 3 T of two pancreatic 
cancer patients who had received platinum-cored nitinol biliary stents.
Results: Outside the stent, susceptibility artifacts dominated the other artifacts. The 
stainless steel stent produced the largest susceptibility artifacts. The other stents 
caused decreased T2* up to 5.1 mm (1.5 T) and 8.5 mm (3 T) from the edge of the 
stent. For sequences with a higher bandwidth per voxel (1.5 T: BWvox > 275 Hz/voxel; 
3 T: BWvox > 500 Hz/voxel), the B0-related susceptibility artifacts were negligible 
(< 0.2 voxels). The polyethylene stent showed no artifacts. In vivo, the changes in B0 
and T2* induced by the stent were larger than typical variations in B0 and T2* induced 
by anatomy when the stent was at an angle of 30° with the main magnetic field.
Conclusions: Susceptibility artifacts were dominating over the other artifacts. The 
magnitudes of the susceptibility artifacts were determined sequence-independently. 
This method allows to include additional safety margins that ensure target irradiation.
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Introduction
Magnetic resonance imaging (MRI) is increasingly used for radiotherapy planning as, 
for some tumor sites, it has been shown to improve the accuracy of tumor delineation 
due to its high soft tissue contrast compared to CT [1-3]. Also, considering recent 
developments in magnetic resonance (MR) guided radiotherapy systems, MRI can now 
be used for daily patient position verification and monitoring of tumor position during 
irradiation [4, 5]. In recent years, diffusion-weighted MRI (DWI) is gaining attention as it 
enables tumor detection, tumor characterization, and treatment response monitoring 
[6-10]. However, a major drawback of DWI is that the images are prone to artifacts 
[11].

Radiation treatment planning of pancreatic cancer patients may especially 
benefit from the increased tumor visibility and healthy tissue contrast on MRI as 
tumor delineation on CT, which is the current standard, is extremely challenging 
[12-14]. However, many pancreatic cancer patients receive implants that may cause 
artifacts on MR-images. For example, at our institute, all pancreatic cancer patients 
scheduled for radiotherapy receive intratumoral gold fiducials to guide and improve 
cone-beam CT-based patient setup [15-17]. These fiducials can cause considerable 
artifacts, depending on the specific fiducial and MRI settings used [18]. In addition, 
50%–70% of these patients suffer from jaundice at the time of diagnosis [19, 20]. To 
relieve jaundice, these patients receive a biliary stent before the start of radiotherapy. 
These stents are known to cause artifacts [21, 22], such as susceptibility artifacts 
[23], gradient-induced artifacts [24, 25] and radio frequency (RF)-induced artifacts 
(also known as RF-shielding) [26-29]. As the stent is placed in the vicinity of the tumor 
[30], MRI artifacts caused by these stents may hinder tumor delineation. 

For radiotherapy treatment planning, accurate target delineation is required. As 
the accuracy of delineation may be affected by imaging artifacts, one would like to 
know the potential magnitude and size of artifacts induced by a stent. Uncertainties 
in tumor extent caused by artifacts can then be taken into account as an additional 
factor among the other uncertainties in the definition of treatment field safety 
margins, to ensure irradiation of the target. Hence, uncertainties in delineation due 
to MRI artifacts must be quantified as a function of distance from the stent. Such a 
measure is not described in the current literature.

Therefore, the goal of this study was to investigate and quantify the severity of 
image artifacts as a function of distance from the stent for any sequence, for eight 
different clinically used biliary stents.
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Materials and Methods
MR images were acquired with an Ingenia 3 T scanner (Philips Healthcare, Best, 
the Netherlands), using a 16-channel phased array anterior coil and a 10-channel 
phased array posterior coil, as well as with an Achieva 1.5 T scanner (Philips Health-
Care, Best, the Netherlands), using an 8-channel phased array anterior coil and an 
8-channel phased array posterior coil. Since artifact size and magnitude grow with 
magnetic field strength, the most prominent artifacts, the susceptibility artifacts, 
were also studied at 1.5 T.

As the orientation of the stents relative to the magnetic field influences the 
behavior of MRI artifacts, all phantom measurements were repeated with the stents 
in two different orientations: one orientation with the central axis parallel to the main 
magnetic field (within 5°) and one with the central axis perpendicular to the main 
magnetic field (within 5°). From here onwards, these orientations will be referred 
to as parallel orientation and perpendicular orientation, respectively (Fig. 5.1). A 
researcher aligned the stent manually and checked the alignment on a high band-
width (1602 Hz/voxel, thus negligible deformation) steady-state free precession 
(SSFP) image with Dixon reconstruction. This procedure was repeated iteratively until 
the stent was aligned at a 5° accuracy. Note that in vivo, the orientation of the stent 
cannot be changed.

Unless mentioned otherwise, data were analyzed in MATLAB 2014b (Math-Works, 
Natick, USA). Plots were produced in Prism 5 (GraphPad Software, La Jolla, CA). MR 
images used in figures were exported from MATLAB and ITK-snap 2.2.0 [31].

We investigated three types of artifacts: susceptibility artifacts, gradient-induced 
artifacts and RF-induced artifacts (Table 5.1), which are discussed in detail in Sec. I of 
the supplementary materials [32]. 

Phantom study
We selected eight stents consisting of various materials and from seven vendors (Table 
5.2, Fig. 5.1). To guide stent placement, five of these stents contained radiopaque 
markers at their tips that are clearly visible on a radiograph (Fig. 5.1). The magnetic 
susceptibilities (χ, also known as volume susceptibility) of the stent materials were χ 
= 245 × 10-6 (nitinol), χ = 279 × 10-6 (platinum), χ = 3520–6700 × 10-6 (stainless steel) 
and χ = 1.86 × 10-6 (polyethylene) [23, 33]. Susceptibility artifacts are expected to be 
more pronounced for larger differences in χ between stent and tissue (χ = -11·10-6 
to -7·10-6) [23]. Some stents were covered with a silicone layer. Silicone has χ = -4.2 
× 10-6 and the effect on susceptibility from the silicone layer is thus inferior to the 
effects from the metal stent [23]. The electrical resistivities were ρ = 76 × 10-6 Ω cm 
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(nitinol), ρ = 11 × 10-6 Ω cm (platinum), ρ = 72 × 10-6 Ω cm (stainless steel) and ρ 
> 1 × 1015 Ω cm (polyethylene) [34-37]. Stents from more conducting materials are 
expected to cause larger gradient-induced and RF-induced artifacts.

Agar is often used as phantom material [38-40] as it allows studying isolated 
effects from implants in a gel with tissue-like properties [41, 42]. Therefore, we 
prepared eight jars (radius = 105 mm, height = 205 mm) filled with agar gel containing 
a fully expanded stent at their center. The agar gel mimicked tissue-like properties. 
We achieved this by mixing 1.3 g NaCl, 120 µmol Gadovist, 35 g agar and 1.5 g 
sodium benzoate, per liter demi-water [41, 42]. The agar gel had a T1 = 851 ms (range 
784–1065 ms) and T2 = 41 ms (range 38–45 ms) at 3 T, which is in the range of liver 
and pancreatic tissue relaxation properties [43]. First, the jar was half filled with agar 
gel. Then, we used an extension clamp to hold the stent partially submerged while the 
gel was setting. Once set, the extension clamp was removed, the orientation of the 
stent was marked on the edge of the phantom, and the jar was filled with agar gel. We 
scanned one jar at a time. To reduce field inhomogeneities at the edge of the jar, the 
jar was placed on a holder at the center of a large water-filled container (40 × 30 cm2).

Table 5.1. The assessed artifacts with their source, effects and the performed measurement used to 
evaluate them.

Artifact Source Effects Measurement

Susceptibility  
artifacts [23]

Difference in magnetic  
susceptibility between  
stent and its surroundings 
locally alter B0.

Signal shifts and 
hypointense regions.

ΔB0-maps and T2 *-maps.

Gradient-induced 
artifact [24, 25]

The onset of the frequency 
encoding gradient induces 
an eddy current in the stent, 
which alters the local B0 for 
a brief period.

Hypointense regions. Two images of the stent  
positioned off-center 
acquired with a read-out  
direction that (1) induced 
eddy currents and (2) 
minimized eddy currents.

RF-induced  
artifact [26–28]

RF-pulses cause an eddy 
current in the stent that 
changes the B1 field close  
to the stent.

Altered flip angle around  
the stent.

B1-maps.

Susceptibility artifacts
As we described earlier [18, 44], direct imaging of the local change in B0 (ΔB0) and T2* 
properties around the stent is a sequence-independent measure for the suceptibility 
artifacts. Therefore, we acquired a single eight echo T1-weighted SSFP image (Table 
5.3) with the stent at the center of the bore. From the magnitude and phase data, we  



94

CHAPTER 5

Table 5.2. Stents tested.

Manufacturer Stent  
material

Marker  
material

Length 
(mm)

Diameter  
(center/tip, 
mm)

Covered 
stenta

1: X-suit NIR Medinol (Tel Aviv, Israel) Nitinolb Tantalum 77 9.3/10.7 Yes

2: S.M.A.R.T. 
CONTROL

Cordis Corporation 
(Fremont, USA)

Nitinolb Tantalum 62 9.2/9.7 No

3: Zilver 635  
Biliary Stent

Cook Medical 
(Bloomington, USA)

Nitinolb Gold 81 10.3 No

4: SX-ELLA Stent 
Biliary – Nitinella 
Plus

ELLA-CS (Hradec Kralove, 
Czech Republic)

Nitinolb Platinum 
-iridium

82 9.5 No

5: WallFlex Biliary 
RX Stent

Boston Scientific 
(Marlborough, USA)

Platinum- 
cored nitinolc

n.a. 98 9.9/11.7 No

6: Evolution  
Biliary stent 

Cook medical 
(Bloomington, USA)

Platinum- 
cored nitinolc

n.a. 62 10.0/10.9 Yes

7: Visi-Pro Covidien (Plymouth, USA) Stainless 
steel

Tantalum 57 8.5 No

8: PE-stent ENDO-FLEX GmbH 
(Voerde, Germany)

Poly-ethylene n.a. 71 3.0 n.a.

Note: The columns Length and Diameter give the measured length and diameter of the expanded stent. 
When the stents were broader at the tips than in the center (Fig. 5.1) both stent diameters are given.
a Covered with a silicone layer.
b Nitinol is an alloy of nickel and titanium.
c Platinum-cored nitinol consists of a platinum core with a nitinol coating.

Figure 5.1. Composition photograph (left) and radiograph (right) of the stents. Weaving differed between 
stents. The radiopaque markers can be seen in the radiographs as dark spots at the tips of stents #1–4 
and #7. The 120 kV radiographs were obtained using the flat-panel from an Elekta cone beam CT (Elekta 
Oncology systems, Crawley, UK). The different directions of B0 with respect to the stents are also illustrated.
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produced a T2*-map and a ΔB0-map, showing per voxel local T2* and local change 
in ΔB0, respectively. Maps were produced using MATLAB 2014b for the T2*-maps 
and DTITools for Mathematica [45], Mathematica 10.3 (Wolfram Research, Inc., 
Oxfordshire, UK) for the ΔB0-maps.

The ΔB0-maps contained effects from the stent as well as background variations 
in ΔB0. To remove the low-frequency background variations, we subtracted a low-
pass filtered version of the ΔB0-map from the original ΔB0-map. This technique is 
discussed in more detail in Sec II of the supplementary materials [32]. To improve the 
signal-to-noise ratio, we averaged the ΔB0 or T2* values from a 9–60 mm broad region 
along the length of the stent (depending on the size of the region where the effects 
of the stent were homogeneous, mean 36 mm). This averaged value was plotted as a 
function of distance from the stent edge (Sec. II of the supplementary material [32] 
Fig. 5.B shows an example). Data from this region were especially interesting as the 
tumor is likely to be located here. The position of the edge of the stent was determined 
visually, under the guidance of the magnitude image of the SSFP and a reference 
Dixon scan and the diameter was compared to the measured diameter (Table 5.2) as 
quality control. The position of the edge of the stent was always set at a voxel location 
and, hence, the maximum error was ±0.5 voxel. The standard deviation of B0 or T2* 
values from a homogeneous region was taken as an estimate of the precision.

As the susceptibility artifacts depend on field strength, we repeated the 
measurements, at 1.5 T, for which we used a similar sequence to the scans done at 
3 T (Table 5.3).

To illustrate the effect of orientation on the susceptibility artifacts on a typical 
stent, we also acquired SSFP images with the stent’s central axis at nine different 
angles (0°–90°) on the main magnetic field for a typical stent (stent #6) at 3 T.

Gradient-induced artifacts
To assess the effect of the gradient-induced artifacts, we also acquired SSFP 
images with the stent 13.2±2.0 (mean±standard deviation) cm off-center in the foot–
head (FH) direction. In our SSFP sequence, the read-out gradient should induce 
the largest artifact, as its slew rate (96 mT/m/ms) and gradient strength (21 mT/m) 
were higher than for the slice-selecting gradient (slew rate = 25 mT/m/ms; gradient 
strength = 2.8 mT/m). The eddy currents from phase encoding, slice encoding and 
diffusion weighting (independent of b-value) gradients are in opposite direction for the 
ramp-up and ramp-down of the gradient and, hence, their effect is canceled out at the 
time of signal acquisition [24]. Therefore, acquisitions were done with two different 
frequency encoding directions: a reference scan with the encoding in the right–left 
(RL) direction, which does not allow for switching frequency encoding gradients to 
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Table 5.3. MRI sequence acquisition parameters. 

Phantom Clinical protocol

3 T 1.5 T 3 T

SSFP (ΔB0 
and T2*)

DREAM (B1) SSFP (ΔB0 
and T2*)

Dixon SSFP DWI

Dimensions 3D 2D 3D 3D 3D 2D

FOV (mm3) 407 × 407 
× 94

300 × 246  
× 148

407 × 407 
× 94

400 × 350  
× 95 (RL × AP 
× FH)

400 × 350  
× 95 (RL × AP 
× FH)

430 × 110  
× 70 (RL × AP 
× FH)

Resolution (mm2) 1.7 × 1.7 2.7 × 2.7 1.7 × 1.7 1.7 × 1.7 2.3 × 2.3 3.0 × 3.0

Slice thickness (mm) 1.7 5a 1.7 1.7 4.6 3.7

TR/TE/ΔTE (ms) 20/2.3/2.3 5/1.6/0.7 25/4.6/4.6 4.7/1.15/1.0 20/2.3/2.3 4000/45/—

Parallel imaging 2 — 2 2/1.5 (AP/FH) 2/1.5 (AP/FH) 1.7

Half Fourier — — — — — 0.8

Flip angle (°) 12 10 21 8 12 90

BWvox (Hz/voxel) 1488 2565 1425 1602 1973 58.8

Scan time (s) 63 50 163 20 23 148

Respiratory  
compensation

— — — Breath hold Breath hold Navigator 
triggered 

Abbreviations: SSFP, steady state free precession; DWI, diffusion-weighted imaging; FOV, field of view;  
TR, repetition time; TE, echo time; ΔTE, increase in TE; RL, right–left; AP, anterior–posterior; FH, foot–head; 
BWvox, bandwidth per voxel.
a with 0.5 mm slice gap

produce eddy currents, and an acquisition with the frequency encoding gradient in 
the FH direction, which should maximize eddy currents in the stent. If eddy currents 
in the stent have any effect on the image, the signal intensity close to the stent is 
expected to decrease for the second acquisition compared to the reference scan. 

To assess the additional contribution of eddy currents to the signal decay around 
the stent, we compared the signal decays that occurred around the stent for the 
acquisition that maximized eddy currents, to the signal decay in the reference scan. 
As MR-signals have no absolute units, signal decay was normalized to the background 
signal and thus defined as the ratio between the signal from a ROI around the stent 
and a ROI containing only background signal. The ratio of the signal intensities should 
be higher in the reference scan if the gradient-induced artifact had any meaningful 
contribution.
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RF-induced artifacts
To assess the effect on B1 homogeneity due to the RF-induced artifact, we placed 
the stent at the center of the bore and obtained B1-maps with the DREAM sequence 
(Table 5.3) [46]. The background effect, induced by the phantom, was filtered out of 
the B1-map using a similar method as for the ΔB0-map. After filtering we added a 
flip angle of 100% to each voxel again, to study the impact of the stent on a perfect 
situation of flip angle = 100%. After filtering, similar plots were made as for T2* and 
ΔB0, taking the mean value from a 14–59 mm broad region (mean 37 mm) along the 
length of the stent.

Clinical sequences
To show the effect of the artifacts on clinical sequences, we acquired a DWI image, 
which is sensitive to artifacts. The DWI images were acquired at b = 0 and 600 mm-2s. 
We also acquired images using a sequence that is known to be more robust to 
susceptibility artifacts, the three echo T1-weighted SSFP sequence. For this scan, we 
used the vendor supplied Dixon reconstruction without T2* correction (Table 5.3, 
clinical protocol). All images were obtained using the geometric distortion correction 
package provided by the vendor, which is on by default.

Patient study
To assess stents in a more clinical situation in which stents may be deformed and 
contain air, we selected six patients that received metallic biliary stents as part of our 
standard clinical procedure and from whom MRI data were obtained. All patients had 
given written informed consent for the additional MRI. They were scanned as part of 
ongoing studies (NCT01989000, NCT01995240), which were approved by the ethics 
committee of our institute.

Patients were positioned in the scanner according to standard clinical protocol. 
Therefore, the stent orientation and position were typical for clinical situations, 
meaning that the stent was not necessarily aligned with the main magnetic field 
or at the center of the MRI bore. Due to limited scan time, we only acquired the 
multiecho SSFP images as they allowed us to investigate the most dominant artifacts. 
The protocols were adapted slightly from the phantom measurements to deal with 
respiratory motion (Table 5.3). Also, we obtained standard clinical images to illustrate 
the effect of stents in vivo in two of these patients (patient 1 and 2). Patient 1 received 
stent #6 and patient 2 received stent #5.

To best represent the possible in vivo variations, we selected four patients 
(patients 3–6) in which the angle between the stent and the main magnetic field varied 
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between 0° (patient 3), 25° (patient 4), 35° (patient 5), and 45° (patient 6). Patient 6 
had air inside the stent. Patient 3 had a stent which was bent throughout the duct, but 
the artifacts caused by the stent were assessed at a location where it had an angle 
of 0°. Patients 4–6 had a large region over which the stent remained straight, making 
a comparison with the phantom more straightforward than for patient 3. Patient 3–5 
received stent #6, whereas patient 6 received stent #1.

The magnitude image of the initial echo of the SSFP-sequence was used to 
determine the angle of the stent with the main magnetic field. Using imageJ [47], the 
images were first resliced such that slices were perpendicular to the stent’s central 
axis. Then, ΔB0 was determined in two perpendicular directions within the slice in a 
similar fashion as in the angle-dependent phantom experiment: the direction parallel 
to the projection of B0 on the slice, and the direction perpendicular to the projection 
of B0 on the slice. To minimize anatomical effects, ΔB0 was determined over multiple 
(4–8, mean 6) slices and averaged. Patient anatomy caused a poor homogeneity in the 
background ΔB0 that did not allow for smoothing, as was done in the phantom data. 
Instead, ΔB0 plots were normalized by subtracting the mean ΔB0 value from 4 to 6 
data points along the plot that were far enough (range: 0.9–2.5 cm) from the stent that 
no effects were visually observed.

Results
Phantom study
Susceptibility artifacts
The obtained ΔB0-maps and T2*-maps of stents #6 (platinum-cored nitinol) and #7 
(stainless steel) are shown in Fig. 5.2. Stent #6 is shown as an example as it was used in 
vivo while stent #7 is shown because it produced the largest artifacts. The maps after 
post-processing are shown for all stents in Sec. III of the supplementary material [32]. 
From these maps, it was clear that the artifacts caused by the stents were dominating 
over the artifacts caused by the radiopaque markers, as no additional contributions 
from these markers were visible. Therefore, no quantitative analysis was done on the 
radiopaque markers. 

Except for the polyethylene stent (stent #8), all stents disrupted B0 and T2* to 
some extent (Fig. 5.3). The size and magnitude of the disruptions corresponded to 
the χ of the stent materials, in which higher χ resulted in larger disruptions in size 
and magnitude. The stainless steel stent (stent #7) showed the largest disruption. 
The stents that were made from platinum-cored nitinol (stent #5 and #6) showed the 
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Figure 5.2. ΔB0-maps (top row), T2*-maps (second row), B1-maps (third row), DWI (b = 0 mm-2s, fourth 
row) and Dixon (bottom row) images of the stent used in vivo (stent #6, left), the stent that showed the 
largest artifacts (stent #7, middle) and the stent that caused the smallest artifact (stent #6, right). Images 
are shown for the aligned and perpendicular orientation, with two views per orientation. The vertical lines, 
in particular visible in the images of stent #8, are a boundary between two agar layers. Maps after post-
processing are shown in Sec. III of the supplementary material [32].

second largest disruptions but had similar artifact sizes as the nitinol stents (stent 
#1–4). Finally, the polyethylene stent (stent #8) showed no disruptions. Note that the 
apparent increase of T2* to values higher than the agar gel (± 45 ms), was the result 
of Gibbs ringing [48]. These artifacts are inherent to the artificial homogeneity of the 
agar gel. Also, the first data point (distance from stent = 0 mm) contained the stent’s 
edge, and therefore, can be incorrect. The susceptibility artifacts were larger at 3 T 
than at 1.5 T (Figs. 5.3 and 5.4).



100

CHAPTER 5

T2* and ΔB0 strongly depended on stent orientation (Fig. 5.3) and increased 
gradually with angle between stent and main magnetic field (Fig. 5.5). T2* and B0 were 
affected most at the edge of the stent when the stent was oriented perpendicular to 
the main magnetic field whereas T2* and B0 were affected most at the tips of the 
stent when the stent was oriented parallel to the main magnetic field (Fig. 5.2)

Gradient-induced artifacts
The signal decay was similar for the images with eddy currents as for the reference 
images (Fig. 5.6). Thus, the gradient-induced artifacts were negligible compared to the 
susceptibility artifacts. 

RF-induced artifacts
Except for stent #7, the effect of the stent on B1 was fairly local and B1 was 80%–110% 
of the desired B1 outside the stent (Fig. 5.7). We focus on B1 as a function of distance 
from the stent, which is not representative for the inside of the stent. Inside the stent 
shielding occurred, which affected B1 more severely (Sec. IV of the supplementary 
material [32]). 

Figure 5.3. Plots of ΔB0 (top) and T2* (bottom) as a function of distance from the stent edge for all stents 
at 3 T. Results are shown for three stent orientations: aligned orientation with plotted line perpendicular 
to the stent (left); perpendicular orientation, plotted line parallel to the main magnetic field (middle); and 
perpendicular orientation with plotted line perpendicular to the main magnetic field (right). Note that the 
axes are split. The maximum error along the x-axis was 0.9 mm, whereas the precision along the y-axis was 
2.1 Hz (range between stents 0.9–3) and 2.4 ms (range 1.3–4). Additional plots are shown in Sec. IV of the 
supplementary material [32].
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Figure 5.4. Plots of ΔB0 (top) and T2* (bottom) as a function of distance from the stent edge for all stents 
at 1.5 T. Results are shown for three stent orientations: aligned orientation with plotted line perpendicular 
to the stent (left); perpendicular orientation, plotted line parallel to the main magnetic field (middle); and 
perpendicular orientation with plotted line perpendicular to the main magnetic field (right). Note that the 
axes are split. The maximum error along the x-axis was 0.9 mm, whereas the precision along the y-axis was 
2.0 Hz (range between stents 1.6–3.5) and 7.8 ms (range 5.1–10). Additional plots are shown in Sec. IV of the 
supplementary material [32].

Clinical sequences
The discussed artifacts were larger in the DWI images than in the Dixon images 
(Fig. 5.2). Also, larger disruptions in the ΔB0-map, T2*-map, and B1-map (stent #7 
compared to stent #6) corresponded to larger artifacts in the clinical image.

Patient study
In vivo, the surrounding tissue was less homogeneous compared to the phantom 
(Fig. 5.8), which caused local disturbances in B0 unrelated to the stent. Also, due to 
the curvature of the biliary duct, stents were deformed in vivo. In vivo, stents #5 and 
#6 showed no large artifacts in the Dixon image (Fig. 5.8). Due to the curvature of the 
stent in patient 1, it was possible to show images at a location where the stent was 
parallel to the main magnetic field and at a location where the stent at an angle of 30° 
to the main magnetic field. Upon visual inspection, we noted that the part of the stent 
with an angle of 30° to the main magnetic field showed changes in ΔB0 that were 
larger than normal variations in ΔB0 throughout the patient caused by differences in 
susceptibility between tissues. The parts of the stents with an angle of 0° to the main 
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magnetic field showed changes in ΔB0 that were smaller than normal variations in 
ΔB0 throughout the patient caused by differences in susceptibility between tissues.

Figure 5.5. Plot of ΔB0 (top) and T2* (bottom) as a function of distance from stent #6 at 3 T. Lines are plotted 
for different angles (0°–90°) between stent and main magnetic field. The maximum error along the x-axis 
was 0.9 mm, whereas the precision along the y-axis was 1.4 Hz (range between stents 0.9–1.9) and 2.0 ms 
(range 1.6–2.8).

Figure 5.6. Graph of signal ratios from the ROI containing the stent and the ROI containing background signal 
for the acquisition that maximized readout gradient-induced eddy currents and the reference scan.
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Figure 5.7. Plots of B1 as a function of distance from the stent edge for all stents at 3 T. Results are shown for 
three stent orientations: aligned orientation with plotted line perpendicular to the stent (left), perpendicular 
orientation, plotted line parallel to the main magnetic field (middle) and perpendicular orientation with 
plotted line perpendicular to the main magnetic field (right). The maximum error along the x-axis was 1.4 mm 
in plane and 5.5 in the slice direction, whereas the precision along the y-axis was 2.2% (range between 
stents 1.3–4.1). The analysis was only performed up to a distance at which the B1 was affected by the stent. 
Additional plots are shown in Sec IV of the supplementary material [32].

Figure 5.8. A typical example of Dixon images, DWI images (b = 0 mm-2s), the ADC image, ΔB0-mapsand T2*-
maps of stents #5 and #6 in two patients with pancreatic cancer. The selected slices show the stents under 
0° and (for patient 1) 30° on the main magnetic field. The displayed slices from patient 1 were 15.3 mm apart. 
The white arrows indicate the stent location. 
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The in vivo measurements agreed reasonably well with the phantom 
measurements (Fig. 5.9). Note that the stent in patient 3 was parallel with B0 in the 
central slice we took the data from but was bending from 24° in left–right orientation 
to 34° in anterior–posterior direction in the slices above and below. The reference 
phantom plots are from stent #6, which was the same stent type as used in patient 
3–5. From the patients that received stent #6, none had air in their stent, making 
a direct comparison to the angulated phantom measurements more challenging. 
Patient 6, who had air in the stent, received stent #1.

Figure 5.9. Comparison of four in vivo measurements (dots and triangles) of stent #1 (patient 6), and 
#6 (patient 3–5) and the phantom measurements of stent #6 (lines). The lines represent the phantom 
measurements at a similar angle (data are also shown in Fig. 5.5). ΔB0 is plotted for two perpendicular 
lines: in the direction parallel to the projection of B0 on the slice (circles and dark lines), and the direction 
perpendicular to the projection of B0 (triangles and bright lines). The stent in patient 6 contained air. Error 
bars represent standard deviation over the averaged slices.
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Discussion
In this study, we showed that for the eight biliary stents tested, susceptibility artifacts 
were dominant compared to the gradient-induced artifacts and RF-induced artifacts. 
We are the first to apply a sequence-independent artifact quantification method [18] 
to stents and assess B0 and T2* as a function of distance from the stent at 1.5 T 
as well as 3 T. The produced graphs allow users to calculate the expected artifact 
for any MRI-sequence. Also, we systematically investigated the dependence of the 
susceptibility artifacts on the angle between stent and main magnetic field. Finally, 
similar data acquired in vivo showed that for the tested platinum-cored nitinol stents 
aligned with the main magnetic field, the artifacts remain limited. However, when the 
stent was at an angle of 30° with the main magnetic field, the effects on B0 and 
T2* are larger than the effects of typical anatomical susceptibility changes on B0 
and T2*. The quantification of the artifacts can be used to determine stent- and MRI 
sequence-dependent treatment planning margins for target delineation uncertainties 
in radiotherapy.

Many papers in the literature previously assessed the artifacts caused by 
stents [21, 22, 25, 38, 49-54], of which two focused on biliary stents [21, 22]. Most 
papers focused on artifacts inside stents or in the vessel walls [21, 49-52], which is 
of less importance for radiotherapy. Also, until now, research focused on sequence-
dependent measures [21, 22, 25, 38, 49-54] and thus, the results are only valid for 
the specific sequence settings that were used. In some articles imaging parameters 
were varied slightly, to allow for a broader applicability (e.g. acquisitions at multiple 
echo times [54]). However, in none of the publications the underlying mechanisms 
causing the artifacts were measured, as was done for the susceptibility artifacts in 
this paper. Instead of measurements, Guo and Jiang performed simulations that used 
the underlying mechanism of the susceptibility artifacts and RF-induced artifacts for 
a stent of 40 mm diameter for several sequences [53]. However, these simulations 
focused on distortions inside the stent and the diameter used was larger than in 
biliary stents (~10 mm). Finally, none of the studies [21, 22, 25, 38, 49-54] mentioned 
artifact-sensitive sequences, such as DWI.

Our data show that the stainless steel stent exhibits the largest artifacts, whereas 
the polyethylene stent generates the smallest artifacts. These results are in agreement 
with previous studies [21, 49]. Even though polyethylene stents are preferable when 
considering the MR image quality, metal stents are becoming the gold standard due 
to clinical advantages [55-57].

We focused on a sequence-independent approach to quantify artifacts such that 
the results can be generalized to any MR sequence. However, there is no sequence- 
and situation-independent measure for RF-induced and gradient-induced artifacts. 
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Gradient-induced artifacts depend on the gradient slew rate, the gradient directions, 
and the location of the stent in the scanner. In this study, we placed the stents as 
far from the center of the bore as our setup allowed, to maximize eddy currents 
and hence any gradient-induced artifact. Even at this setting, there was no sign of 
gradient-induced artifacts. Therefore, in less extreme, clinical, situations, we expect 
the susceptibility artifacts to be dominating compared to the gradient-induced 
artifact. These findings are in agreement with previous studies in which gradient-
induced artifacts only occurred in setups that were specially designed to induce 
these artifacts [24, 25]. In addition, the RF-induced artifacts will depend, among other 
factors, on the quality of the B1-shimming (if multitransmit hardware is available) as 
well as the location of the stent compared to the transmit channels. The effect of 
stent position on the RF-induced artifacts was not systematically investigated in this 
research due to the limited option to reproduce or generalize such results. However, 
the RF-induced artifacts were strongest inside the stent, which is of less relevance for 
tumor delineation in radiotherapy. 

The stent-related artifacts we assessed are independent of b-value. However, 
it is known that stent-unrelated eddy currents in the MRI bore can cause b-value 
dependent deformations of DWI images [58]. These deformations are well understood 
and can be corrected for [59]. Furthermore, the measured local B0 inhomogeneity 
causes a local gradient in B0 close to the stent, which alters the b-value from its 
intended value for DWI. The extent of this effect will depend on the specific DWI 
sequence used.

A limitation of our phantom study is that the stents were fully expanded and filled 
with agar gel. In patients, stents were deformed and in one of our examples contained 
air. In fact, MRI data were available for 23 patients that received biliary stents and 
from these stents, four were filled with air and two contained small air bubbles. Such 
deformations and air pockets can influence the artifacts in vivo and will be strongest 
for the B0 inhomogeneity. The agreement of the in vivo results with the phantom 
results in patients 3–5 indicates that deformations had no strong additional effects. 
From the four patients with air in their stent, none had received stent #6. Therefore, 
we displayed a patient with stent #1 who had air in the stent. This stent is expected 
to show smaller artifacts than the stent used as a reference, stent #6 (e.g., Fig. 5.3). 
However, in our in vivo data, we find that the artifacts were of similar magnitude, 
potentially due to the additional effect of air. From this, we conclude that there may 
be some additional effect of air pockets in stents, though this was smaller than the 
effects from the stent itself in our example. As the effect appears to be limited and a 
minority of patients had air in the stent, we did not further characterize the effect of 
air. Whether the small number of patients with air in the stent is representative for the 
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patient group or due to the scans often being obtained after lunch and after drinking 
two cups of pineapple juice is unclear.

In clinical practice, one could acquire a ΔB0-map and T2*-map for each patient to 
assess patient-specific expected deformations, given the MRI sequence that will be 
used. Another limitation is the low resolution used for the B1-maps. Therefore, it was 
often challenging to detect the edge of the stent. However, it is clear that the effect of 
the stent on B1 was small outside the stent.

In addition to image deformation, signal shifts from susceptibility artifacts 
may cause hyperintense and hypointense regions when the signal is piled up due 
to gradients in ΔB0. These regions can lead to misinterpretation of the anatomy. 
Potentially, such a signal pile-up is occurring in both DWI images of patient 1, where 
a hyperintense region arises anterior to the stent. One can predict the expected 
deformations and investigate potential signal pile-up using the ΔB0-map, Eq. 5.1 (Sec. 
I of the supplementary material [32]), and a given bandwidth per voxel (BWvox) [53, 60]. 
This is investigated in more detail in Sec. V of the supplementary material [32].

In this study, no CT images were used as a reference for several reasons. Our in 
vivo MRI images were obtained as part of another study and therefore acquired on 
average two months before the available CT images. In vivo, stents can migrate over 
such time periods [30, 61]. Also, variations in stomach and intestinal filling change 
the shape of the stent between both scans. Therefore, it is not straightforward how 
to relate the findings on CT to our MRI data and the added value of geometrically 
accurate CT imaging may be lost in this situation. When MRI is used solely for the 
purpose of assisting in tumor delineation, it should be obtained directly before or 
after CT to minimize these effects. For phantom measurements, CT images would 
need to be registered to the MR acquisitions using, e.g., markers. As these markers 
would also be susceptible to deformations, there was no strong advantage. Instead, 
high BW (1602 Hz/voxel) MR images, obtained during the same session, were used. 
For the highest observed ΔB0 (100 Hz) in our phantom measurements, excluding  
the results from the stainless steel stent, this BW results in a maximum shift of  
0.06 voxels or 0.1 mm.

From our study, it is clear that for sequences with a higher BWvox (e.g., 
BWvox > 275 Hz/voxel for 1.5 T and BWvox > 500 Hz/voxel for 3 T), the B0-related 
susceptibility artifacts will be negligible for stents #1–6 and #8 (deformations 
< 0.2 voxel; see Fig. 5.4 for 1.5 T and Fig. 5.3 for 3 T and Eq. 5.1 from Sec. I of the 
supplementary material I [32]). When sequences with lower BWvox are desired, such as 
DWI, images from nonpolyethylene stents must be interpreted with caution. For typical 
DWI sequences (BWvox = 20 Hz/voxel, voxel size = 2.5 mm) of stents #1–6, signal shifts 
of up to 1.5 voxels (= 3.75 mm) may occur at a distance of 5 mm from the stent at 3 T. 
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These stents also showed a decreased T2* up to 5.1/8.5 mm (1.5/3 T) from the edge 
of the stent. For the stainless steel stent (#7), the deformations induced at 20 mm 
distance from the stent are 4 voxels for a typical DWI sequence (BWvox = 20 Hz/voxel); 
with a BWvox of 500 Hz/voxel, deformations of up to 0.5 voxels will still occur at 10 mm 
from the stent. Therefore, use of stainless steel stents should be avoided if one is 
interested in reliable MRI data close to the stent. 

For target delineation in radiotherapy, uncertainties caused by image deformations 
can be accounted for by applying local safety margins to ensure irradiation of the 
target volume. Depending on the proximity of the target volume to the stent, the 
margin can be adapted according to calculated signal shifts based on Fig. 5.4 (1.5 T) 
or Fig. 5.3 (3 T) and Eq. 5.1 (Sec. I of the supplementary material [32]). For typical 
DWI sequences (BWvox = 20 Hz/voxel, voxel size = 2.5 mm), and stents included in 
this research other than the stainless steel stent, signal will shift at most 2.75 voxels 
(= 6.9 mm), considering a maximum |ΔB0| < 55 Hz at the stent edge at 1.5 T and 
5 voxels (= 12.5 mm) considering a maximum |ΔB0| < 100 Hz at 3 T. Ultimately, the 
extra margins can decrease with distance from the stent. When determining these 
margins, one could include the (sequence specific) direction of expected signal shifts. 
In the case a ΔB0-map is acquired in vivo, the shift magnitude could be derived directly 
from those images instead. As the delineation uncertainty (e.g., due to interobserver 
variation) on MRI has not been quantified yet, it is unclear how the uncertainty derived 
in this research compares to the other uncertainties and how this will affect the final 
margins.

In addition to delineating tumors, MRI may also help in delineating organs at risk. 
In this case, stents could also cause deformations, especially in the duodenum, which 
is often in close proximity to the stent. Appropriate safety margins, as derived from 
our results, can be applied. However, the duodenum often contains air bubbles, which 
can cause additional B0 inhomogeneities. Furthermore, organs at risk are generally 
best visible on high BW sequences, such as the Dixon and T2W-TSE images, which 
have negligible deformations for the ΔB0s induced by the tested stents.

Conclusion
We showed that, of the different MRI artifacts induced by biliary stents, the 
susceptibility artifacts were dominant over the others. The susceptibility artifacts 
were quantified independently of the sequence as a function of the distance from the 
stent. Our findings will contribute to the determination of uncertainties in radiotherapy 
target delineation, which can be taken into account when establishing safety margins 
to assure target dose coverage.
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Supplementary Materials 
I: Artifacts
Susceptibility artifacts
In susceptibility artifacts, a difference in magnetic susceptibility between tissue and 
stent locally alters B0. Susceptibility artifacts have a two-fold effect on MR image 
quality. Firstly, the signal from voxels with an altered B0 is shifted in the reconstructed 
image. The distance shifted depends on the bandwidth per voxel (BWvox) of the 
sequence, as well as on the change in B0 (ΔB0) induced by the stent. With ΔB0 
expressed in Hz (ΔB0[Hz] = γ[rad/s/T] × ΔB0[T]/2π, with γ the gyromagnetic ratio) the 
signal shift is given by: 

∆ x =  
∆ B0

BWvoxel

 (5.1)

Secondly, the local change in B0 goes alongside with a local spatial slope in B0. This 
slope in B0 causes intravoxel spin dephasing, which results in a decrease in T2*-
relaxation time in the vicinity of the stent. Therefore, for T2*-weighted sequences, 
implants may cause hypointense regions in which signal is lost. The degree of signal 
loss depends on the ratio of the sequence’s echo time (TE) and T2* value of the tissue:

S(TE) = S(0) e  (5.2)

where S(TE) is the signal at TE and S(0) is the signal for TE = 0 ms. 

Gradient-induced artifact
Gradient-induced artifacts are caused by short-lasting eddy currents in the stent 
that occur after sharp gradient switching (typical rise and decay times of 5–200 µs, 
depending on the stent’s conductance [24]). Eddy currents induce local field distortions 
that cause intravoxel spin dephasing. When eddy currents are not balanced at readout, 
the intravoxel spin dephasing causes signal loss close to the stent, similar to the 
effect of T2*-decay [24, 25]. The effect of gradient switching on the B0 around the 
stent increases when the stent is further away from the center of the scanner bore. 
Therefore, gradient-induced artifacts increase when the stent is placed further away 
from the bore center in the direction of the switching gradient. Hence, there is no 
sequence- or location-independent method to quantify these artifacts. 



113

ARTIFACTS OF BILIARY STENTS

5

RF-induced artifact
RF-induced artifacts result from the RF-pulse that causes eddy currents in the stent. 
These eddy currents induce B1 heterogeneities that oppose the change in B1 inside 
the stent. Therefore, the flip angle is locally altered, resulting in signal variations 
around the stent [29] and hypointensities inside the stent [38, 52-54] on MR images.

II: Post-processing
Our B0-maps and B1-maps had gradients in the background that, especially for B0-
maps, masked the effects of the stents (e.g. Fig. 5.A). To remove these low-frequency 
background variations in the ΔB0-map, we subtracted a low-pass filtered version of 
the ΔB0-map, from the original ΔB0-map (Fig. 5.A). The filter used was a 2D Gaussian 
oriented in a plane perpendicular to the central axis of the stent. The Gaussian had a 
standard deviation (SD) of 8 voxels in both directions, except for stent #7 for which 
SD = 9 voxel was used as the map showed larger artifacts. The filter size was 3 × SD. 
To ensure this filter would not blur out the artifacts induced by the stent, voxels that 
were affected by the stent were masked during the creation of the low-pass filtered 
image (per slice a circular ROI was excluded with radius 4–15 voxels for parallel stent 
orientation and 6–18 voxel for perpendicular stent orientation; the ROI extended well 
beyond the tip of the stents). There was no visible contribution of the stent to the 
background image (e.g. Fig. 5.A). 

For the B1-map, we used a similar approach (Gaussian kernel size: 4 voxels in 
both directions, except for stent #7, which had 9 voxels; radius of excluded volume: 
3–6 voxels, except for stent #7, which had 10–12 voxels). The ΔB0/T2*/B1 along 
several lines were plotted; lines are as indicated in Fig. 5.B.
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Figure 5.A. ΔB0-map before (left panel) and after (right panel) subtracting the background (middle panel), 
which was created by low-pass filtering the ΔB0-map. The region indicated by green rectangle was excluded 
when generating the background image.

Figure 5.B. Lines for which the data were plotted. Note that for the red and yellow line, the data were only 
plotted from the edge of the stent onwards. The dashed lines indicate the length over which the data were 
averaged in the case of the red and yellow lines.

III: Parameter maps
Here we show ΔB0-maps (Fig. 5.C), T2*-maps (Fig. 5.D) and B1-maps (Fig. 5.E) of all 
stents. The ΔB0-map and B1-map shown have the background effects filtered out of 
the image. It is clear that, with exception of stent #7 and #8, the artifacts are of similar 
magnitude. For all stents, the artifacts focus at the end of the stents in the parallel 
orientation, whereas the artifacts focus around the edge of the central part of the 
stent for the perpendicular orientation.
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Figure 5.C. ΔB0-maps of all stents in parallel (left) and perpendicular (right) orientation. Note that a different 
slice orientation is used as in Fig. 5.2, as the represented ΔB0-map slices in Fig. 5.2 were aligned with the 
anatomical slices shown there.
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Figure 5.D. T2*-maps of all stents in parallel (left) and perpendicular (right) orientation. Note that a different 
slice orientation is used as in Fig. 5.2, as the represented T2*-map slices in Fig. 5.2 were aligned with the 
anatomical slices shown there.
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Figure 5.E. B1-maps of all stents in parallel (left) and perpendicular (right) orientation. Note that a different 
slice orientation is used as in Fig. 5.2, as the represented B1-map slices in Fig. 5.2 were aligned with the 
anatomical slices shown there.
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IV: Graphs from the phantom results
Here we show the plots of ΔB0 (Fig. 5.F), T2* (Fig. 5.G) and B1 (Fig. 5.H) as a function 
of distance for several additional lines in the scans. The bottom row of each figure 
shows the values plotted for a single line going through the stent (blue line in Fig. 5.B). 
For treatment planning this is of less interest. Note that for stent #7 the changes in 
ΔB0 at some locations changed too rapidly for the dephasing algorithm and, hence, 
ΔB0 cannot be trusted inside stent #7. For T2*, Gibbs artifacts inside and outside the 
stent caused the T2* fitting algorithm to fail for the affected voxels, yielding artificially 
high T2* values. The B1 plots show the effect of shielding inside the stent.

Figure 5.F. Plots of ΔB0 as a function of distance along several lines (shown left) for the parallel (left column) 
and perpendicular (right column) orientation. For the line through the stent lumen, all the data have been 
centered around the leftmost tip of the stent to compare the effects of stents with different lengths.
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and perpendicular (right column) orientation. For the line through the stent lumen, all the data have been 
centered around the leftmost tip of the stent to compare the effects of stents with different lengths.

Figure 5.H. Plots of B1 as a function of distance along several lines (shown left) for the parallel (left column) 
and perpendicular (right column) orientation. For the line through the stent lumen, all the data have been 
centered around the leftmost tip of the stent to compare the effects of stents with different lengths.
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V: Simulations
The ΔB0-maps give voxel-wise information of the local change in B0. When 
combined with a sequence BWvox, one can predict signal shifts for that sequence. 
In the discussion, we note that such signal shifts may lead to sequence pile-up that 
can cause misinterpretation of the images. For example, it is unclear whether the 
hyperintense regions above the stent on the DWI images of patient 1 (Fig. 5.8, left and 
middle column) were caused by anatomical structures, or caused by signal shifts. To 
get an impression of the effect of signal shifts, we simulated signal shifts for a given 
BWvox. We implemented this simulation by first interpolating the ΔB0-map to ten times 
higher resolution. Then, two equal sized images were created: image A containing 
ones and image B containing zeros. For each voxel from image A, the signal from its 
location (x,y) is shifted to location (x + Δx,y) in image B, in which Eq. 5.1 determines 
Δx.1, the desired BWvox and the ΔB0 from (x,y) from the high-resolution ΔB0-map. 
Finally, image B was downscaled to the DWI voxel size, in which the voxels from the 
high-resolution image B that fell within one voxel in the simulated DWI image were 
summed to form this low-resolution DWI image. 

The results of these simulations are shown in Fig. 5.I, in which the signal shifts 
visible in the simulated images correspond to the signal shifts shown in the actual DWI 
measurement. Note that in the acquired DW image there is additional signal decay 
inside the stent due to B1-variations and, possibly, T2-decay that are not taken along.

Figure 5.I. Comparison of the artifacts in DWI images (b = 0 mm-2s, top row) and the simulated artifact from 
the ΔB0-map data using the BWvox from the DWI image (bottom row) for stent #6 and stent #7.

For the patients a similar analysis was done on the B0-map. Note that in the 
patient, the homogenous background of ones does not represent patient anatomy. In 
this case, the simulation can only used to get an impression of the locations at which 
signal pile-up may occur. In Fig. 5.J one may appreciate the signal pile-up visible in 
the simulated image from the central column, which indicates that the hyperintense 
region in the DWI image (partially) is due to an image artifact. In the left and right 
column little to no hyperintense and hypointense regions are formed and hence the 
DWI images can be trusted in these cases.
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Figure 5.J. Comparison of the DWI images (b = 0 mm-2s, middle row) and the simulated artifact from the 
ΔB0-map data using the BWvox from the DWI image (bottom row). The Dixon images (top row) were added 
as a reference. 


