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Abstract
Purpose: In radiation therapy of pancreatic cancer, tumor alignment prior to each 
treatment fraction is improved when intratumoral gold fiducial markers (from here 
onwards: markers), which are visible on computed tomography (CT) and cone beam 
CT, are used. Visibility of these markers on magnetic resonance imaging (MRI) 
might improve image registration between CT and magnetic resonance (MR) images 
for tumor delineation purposes. However, concomitant image artifacts induced by 
markers are undesirable. The extent of visibility and artifact size depend on MRI-
sequence parameters. The authors’ goal was to determine for various markers their 
potential to be visible and to generate artifacts, using measures that are independent 
of the MRI-sequence parameters.
Methods: The authors selected ten different markers suitable for endoscopic 
placement in the pancreas and placed them into a phantom. The markers varied in 
diameter (0.28–0.6 mm), shape, and iron content (0%–0.5%). For each marker, the 
authors calculated T2*-maps and ΔB0-maps using MRI measurements. A decrease in 
relaxation time T2* can cause signal voids, associated with visibility, while a change 
in the magnetic field B 0 can cause signal shifts, which are associated with artifacts. 
These shifts inhibit accurate tumor delineation. As a measure for potential visibility, 
the authors used the volume of low T2*, i.e., the volume for which T2* differed from 
the background by > 15 ms. As a measure for potential artifacts, the authors used 
the volume for which |ΔB0| > 9.4 × 10-8 T (4 Hz). To test whether there is a correlation 
between visibility and artifact size, the authors calculated the Spearman’s correlation 
coefficient (Rs) between the volume of low T2* and the volume of high |ΔB0|. The 
authors compared the maps with images obtained using a clinical MR-sequence. 
Finally, for the best visible marker as well as the marker that showed the smallest 
artifact, the authors compared the phantom data with in vivo MR-images in four 
pancreatic cancer patients.
Results: The authors found a strong correlation (Rs = 1.00, p < 0.01) between the 
volume of low T2* and the volume with high |ΔB0|. Visibility in clinical MR-images 
increased with lower T2*. Signal shift artifacts became worse for markers with high 
|ΔB0|. The marker that was best visible in the phantom, a folded marker with 0.5% iron 
content, was also visible in vivo, but showed artifacts on diffusion-weighted images. 
The marker with the smallest artifact in the phantom, a small, stretched, ironless 
marker, was indiscernible on in vivo MR-images. 
Conclusion: Changes in T2* and ΔB0 are sequence-independent measures for 
potential visibility and artifact size, respectively. Improved visibility of markers 
correlates strongly to signal shift artifacts; therefore, marker choice will depend on 
the clinical purpose. When visibility of the markers is most important, markers that 
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contain iron are optimal, preferably in a folded configuration. For artifact sensitive 
imaging, small ironless markers are best, preferably in a stretched configuration.

Introduction
Radiation therapy aims at delivering a high radiation dose to the tumor while minimizing 
the dose to healthy tissues. For pancreatic cancer, this is challenging as the radiation 
dose to the tumor is limited due to the surrounding vital organs. Moreover, pancreatic 
tumors show both intra-fractional motion and interfractional position variations [1, 2]. 
Furthermore, these tumors are often poorly defined on computed tomography (CT) 
images. 

To correct for daily position variations of the tumor, the target position can be 
verified by comparing in-room cone beam computed tomography (CBCT) images 
with the planning CT scan. However, soft-tissue contrast is low on CBCT images and, 
consequently, CBCT to CT registrations are often based on bony anatomy, hence, 
remaining inter-fractional position variations of the tumor can still persist.

Radiation may be delivered more accurate when position verification is done 
based on the tumor position rather than the bony anatomy. Implanted intratumoral 
fiducial gold markers (from here onwards: markers) that are visible on CT and CBCT, 
enable this [1]. To ensure endoscopic placement of markers in the pancreas through 
a 19-gauge needle, the markers require a diameter (∅) of less than 0.686 mm [3]. 
Though, markers that fit in a 22-gauge needle (markers with ∅ < 0.413 mm) may be 
preferred, as this needle is more maneuverable [4].

Due to poor soft-tissue contrast, tumor delineation on CT-images can result 
in large inter-observer variations [5]. Magnetic resonance imaging (MRI), shown to 
improve tumor delineation in various tumor sites [6-8], may also benefit pancreatic 
cancer patients. Also, MRI can be used for detecting and characterizing pancreatic 
tumors using contrast enhanced MRI or diffusion-weighted MRI (DWI) [9, 10].

When both MRI and markers are used, visibility of the markers on magnetic 
resonance (MR) images might improve CT-MR or CBCT-MR image registration [11, 12]. 
Several larger markers (∅ ≥ 1 mm) are proven to be visible on MRI [11-13]. However, 
smaller markers, such as the ones implanted in pancreatic cancer patients, may lack 
visibility and, therefore, prohibit marker-based registration. For example, Chan et al. 
argue that from their selection of markers (0.5 ≤ ∅ ≤ 1.2 mm), the larger markers 
should be chosen when visibility on MRI is desired [14]. In addition, markers may 
cause image artifacts, in particular in DWI [15]. On diffusion-weighted (DW) images 
of the prostate, some markers (∅ = 1 mm, length = 3 mm) produced artifacts up to 
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25 mm in diameter which also resulted in an inaccurate apparent position [16]. This 
prevents accurate tumor delineation close to the markers. Therefore, selecting the 
optimal marker is important and the knowledge about marker visibility and artifacts 
the marker causes is crucial in this selection.

Both the visibility and extend of the artifact depend on the choice of MRI-sequence 
parameters and therefore, findings are hard to generalize. In this paper, we propose 
an innovative sequence-independent framework for describing the effects of markers 
on MR-images by quantifying their effects on the magnetic field, B0, and on the 
relaxation time, T2* [17-19]. Changes in B0, occurring due to differences in magnetic 
susceptibility of the marker compared to the surrounding tissue, cause signal shifts. 
Signal shifts result in bright and dark spots in the image and changes in the apparent 
position of the marker. These signal shifts are therefore associated with artifacts. For 
a given change in B0, the amount of shift depends only on the bandwidth (BW) of the 
MRI-sequence and thus, artifacts can be reduced by increasing the sequence BW. In 
addition, markers decrease the local T2*, thereby creating the potential for a signal 
void. These signal voids are associated with visibility. For a given decrease in T2*, the 
amount of signal loss in the vicinity of the marker depends strongly on the echo time 
(TE) of the sequence; therefore, the visibility can be tuned by adjusting the TE.

The goal of this study was to determine the visibility of several markers as well 
as the artifacts they generate on MR-images. We investigated whether there is a 
relation between visibility (signal voids) and artifact size (signal shifts). This was done 
by quantifying their propensity to generate signal voids and signal shifts in a phantom. 
The results were compared to the measurements in pancreatic cancer patients.

Materials and Methods
Fiducial gold markers
We selected ten markers, of which six Gold Anchors (Naslund Medical AB, Huddinge, 
Sweden), two Visicoils (IBA Dosimetry, Schwarzenbruck, Germany), one PointCoil, and 
one FlexiCoil (both CIVCO Medical Solutions, Kalona IA). All markers had a diameter 
∅ < 0.686 mm, such that they fit in 19-gauge or 22-gauge needles. All markers 
consisted of at least 99.5% gold. Markers 1 and 2 contained some iron to improve 
their visibility on MR-images [20]. The markers varied in size, shape, and composition 
(Table 4.1, Fig. 4.1). All Gold Anchors were analyzed in a stretched and a folded 
configuration. 
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To mimic our clinical practice, we manually cut down the markers that were longer 
than 12 mm (markers 1, 2, and 5) to a length of approximately 10 mm. Then, for all 
markers, we measured their length with a ruler (estimated absolute error of ≤ 1 mm).

Table 4.1. Properties of ten investigated markers.

Diameter 
(mm)

Measured length 
(mm)

Composition  
(%)

Product name Shape

1 0.28 10 99.5±0.05 Au, 0.5±0.05 Fe Gold Anchor NL

2 0.28 10 99.5±0.05 Au, 0.5±0.05 Fe Gold Anchor Folded NL

3 0.28 10 > 99.99 Au Gold Anchor NL

4 0.28 10 > 99.99 Au Gold Anchor Folded NL

5 0.35 12 > 99.95 Au Visicoil CL

6 0.40 9 > 99.99 Au Gold Anchor NL

7 0.40 12 > 99.99 Au Gold Anchor Folded NL

8 0.50 10 > 99.95 Au Visicoil CL

9 0.6 5 > 99.99 Au PointCoil Helical coil

10 0.6 10 > 99.99 Au FlexiCoil CL with solid endpoints

Note: Compositions not mentioned were unspecified by the manufacturer. 
Abbreviations: NL = notched linear; CL = coiled linear (see Fig. 4.1 for examples)

Phantom study 
We filled ten jars (radius = 25 mm, height = 70 mm) halfway with agarose gel. The gel 
contained 1.3 g NaCl, 85 µmol GdCl3, 25 g agarose, and 1.5 g sodium benzoate, per 
liter demi-water, mimicking pancreatic tissue relaxation properties [21, 22]. Once the 
agarose gel had set, we placed each marker at the center of a jar on top of the gel and 
filled up the rest of the jar with the remaining gel. 

The jars were placed in a jar rack that fixed their positions, which was placed in 
a container filled with water to minimize air interfaces close to the markers (Fig. 4.2). 
Such interfaces could induce additional, unwanted, changes in ΔB0.

Imaging
We obtained CT images with a LightSpeed RT 16 CT-scanner (General Electric 
Company, Waukesha WI), with 1.0 × 1.0 mm2 in-plane resolution and a 2.5 mm 
slice thickness. Subsequently, CBCT images were acquired using the on-board kV-
imager of the Synergy linear accelerator (Elekta Oncology systems, Crawley, UK) with 
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1.0 × 1.0 × 1.0 mm3 voxels. The CT and CBCT images are meant for illustration and no 
special attention was paid to the alignment.

Figure 4.1. Example images for each of the marker shapes. From left to right: notched linear (marker 1), 
folded notched linear (marker 2), coiled linear (marker 5), helical coil (marker 9), and coiled linear with solid 
endpoints (marker 10). From top to bottom, the figure shows different imaging modalities. Photos of the 
markers were obtained using a digital camera. MR-images were acquired with the markers perpendicular 
(top) and aligned (bottom) with respect to the B0-field (arrow). Photo, CT, CBCT, and MR-images were taken 
at different times and therefore marker rotation between modalities occurred. The markers seem longer 
on CT due to the reconstruction method. Marker 5 was slightly bent when cut down (photo) but bent back 
to its original stretched configuration in the phantom. The T2*-selected and ΔB0-selected images use the 
aligned case as an example to illustrate in white which voxels contributed to the volume of low T2* and ΔB0, 
respectively. For marker 5, no voxels were selected in this scan.
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Figure 4.2. Photo and x-ray radiograph of the phantom. On the x-ray, the markers are visible as white stripes 
and dots in the jars, depending on the configuration of the marker.

We acquired all MR-images on 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. For each sequence, we obtained four MR-images: two 
different marker orientations (aligned and perpendicular to B0 for the linear markers) 
as well as two different read-out directions [left–right (LR) and feet–head (FH)]. As we 
will investigate whether there is a difference between the two marker orientations on 
MRI, marker alignment for the MRI was more critical, and was done within ±15°. We 
expect little effect from rotations within this limit.

To produce maps showing the local T2* and ΔB0 values per voxel, a T2*-map 
and ΔB0-map, respectively, we obtained a T1-weighted eight echo steady state 
free precession (SSFP) MR-images of the phantom (Table 4.2). These images were 
reconstructed at a 1.4 mm isotropic resolution.

We created T2*-maps from the magnitude data of the SSFP image by fitting

S(TE) = S(0) e  (4.1)

to the signal, S(TE), as function of echo time, TE, for each voxel. Note that a decrease 
in signal due to the lack of hydrogen atoms in the marker, and a decrease in signal 
due to RF shimming, are already present at TE = 0 ms and thus are taken into account 
by S(0); therefore, they do not effect T2*. We used a phase unwrapping algorithm to 
calculate ΔB0 from the phase data from the same SSFP image [23, 24]. To remove 
marker-unrelated low frequency fluctuations in these ΔB0-maps, we subtracted 
a low-pass filtered version of the ΔB0-map (3D Gaussian, standard deviation: four 
voxels in each direction) from the ΔB0-maps.

To determine whether the voids and signal shifts on clinical sequences were 
in agreement with the findings from the T2*-maps and ΔB0-maps, respectively, we 
obtained MR-images of the phantom using the imaging sequences from our clinical 
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protocol that have the highest potential to show the marker or to show artifacts (Table 
4.2). The Dixon images were acquired using a multi-echo T1-weighted FFE sequence 
and used a Dixon reconstruction to generate a water-only image. These images 
are particularly suitable to visualize anatomical features. For the multi-echo SSFP 
sequence, the visibility of a marker improves at later echoes; therefore, it allows us to 
tune the visibility. The DWI sequence is the most sensitive to artifacts. 

The DWI sequence in the protocol (DWIhigh BW) was configured such that it had 
a high BW/voxel to minimize marker signal shift artifacts. For the phantom study, we 
also acquired a DWI sequence (DWIlow BW) using a lower BW/voxel for comparison. 
Both DWI sequences had a diffusion weighting of 0 and 600 mm-2s, rest slabs to 
prevent fold-over artifacts, a spectral presaturation with inversion recovery (SPIR) 
pulse for fat saturation, and gradient reversal for off-resonance suppression during 
slice excitation.

Patient study
We obtained CT, CBCT (settings similar as for the phantom study), and MR-
images (clinical protocol, Table 4.2) of four patients with markers (two males, two 
females, aged between 62 and 80, mean age 69). The patients were diagnosed with 
borderline resectable or resectable pancreatic head carcinomas. They received 
radiochemotherapy prior to explorative laparotomy in the framework of the multi-
center PREOPANC trial (EudraCT No. 2012-003181-40) and they received a MRI 
as part of the translational MIPA study (Clinicaltrials.gov no. NCT01989000). The 
ethics committee of the Erasmus Medical Center and the Academic Medical Center, 
respectively, approved the protocols and all patients gave informed consent to both. 
The patients received intratumoral markers as part of our standard clinical practice. 
Feasibility of the marker implantation procedure was shown in an earlier study [4]. 

Patient 1 received two ∅ = 0.28 mm Gold Anchors with 0.5% iron, which had the 
largest signal void in the phantom experiment, and one ∅ = 0.35 mm Visicoil, which 
had the smallest signal shift, and patients 2–4 received three ∅ = 0.35 mm Visicoils. 
Patients 1–3 had metallic biliary stents.

Data analysis
As stated in the Introduction, marker visibility is generated by signal voids induced 
by the marker. The potential for a marker to generate these voids depends on the 
decrease in T2* it causes. Given a T2*-map, the size of the voids, which strongly 
depends on the TE of the sequence, can be determined for each MRI-sequence. It is, 
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however, impossible to quantify and report this for every MR-sequence. Therefore, 
we ranked the visibility in two ways: the volume of low T2* (which is related to the 
potential size of the signal voids) and the decrease in T2* relative to the background 
(which is related to the potential magnitude of the signal voids).

Table 4.2. Sequence parameters used for the phantom and in vivo experiments.

Phantom study Clinical protocol (phantom and patients)

SSFP DWIlow BW Dixon SSFP DWIhigh BW

FOV (mm3)  
(LR × AP × FH)

400 × 350 × 90 350 × 100 × 90 400 × 350 × 95 400 × 350 × 95 430 × 110 × 70

Resolution (mm2) 1.4 × 1.4 2.0 × 2.0 1.7 × 1.7 2.3 × 2.3 3.0 × 3.0

Slice thickness  
(mm) (acquired/
reconstructed)

2.8/1.4 2.0 1.7 4.6/2.3 3.7

TR/TE/ΔTE (ms) 32.9/2.3/2.3 3500/50/— 4.7/1.15/1.0 20/2.3/2.3 4000/45/—

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

Half Fourier — 0.8 — — 0.8

Flip angle (°) 12 90 8 12 90

Averages 2 8 1 1 15

In vivo respiratory  
compensation

— — Breath hold Breath hold Navigator  
triggered

BW/voxel (Hz) 1252 17.5a 1602 1973 58.8a

Scan time (s) 470 126 20 23 148b

a In the phase direction.
b The total scan time without respiratory triggering. 
Abbreviations: TR = repetition time; ΔTE = increase in TE; AP = anterior–posterior direction; FA = flip angle.

Figure 4.3. Example of how the ellipsoidal ROIs were placed on the T2*-maps. Figures (a) and (b) show 
coronal and sagittal view of the ellipsoid, respectively. The inner ROI indicates the region in which voxels 
were counted and the shell indicates the 1-voxel wide shell used to determine background values of T2*.
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For each marker, we selected an ellipsoidal region of interest (ROI) (Fig. 4.3) (485–
1713 voxels). We visually checked that the ROI included the entire extent of the T2* as 
well as ΔB0 effects and avoided air bubbles and effects from the water–gel/water–air 
boundaries at the edge, top, and bottom of the jar.

As a measure of the volume of low T2*, we used the volume of all voxels in our 
ROI (Fig. 4.3) with a ΔT2* = T2*background–T2* larger than 15 ms. Here, T2*background is the 
average T2* of all voxels in a 1-voxel wide shell around the ROI (287–648 voxels) 
(Fig. 4.3). We visually checked that the ROI was not contaminated by effects of the 
marker, nor air bubbles and effects from the water–gel/water–air boundaries at the 
edge, top and bottom of the jar. The cut-off value of 15 ms was chosen in order to 
differentiate markers according to the marker’s volume of low T2*. As a measure of 
the decrease in T2* relative to the background, we calculated:

frac∆T2*,max =  
T2*background –T2*min

T2*background

 (4.2)

Here, T2*min is the mean T2* of the three voxels with lowest T2* within the ROI.
In addition to voids, markers also generate artifacts by inducing signal shifts. 

The potential for a marker to generate such shifts depends on the changes in ΔB0 
it creates. Given a ΔB0-map and the sequence BW, the distance signal shifts can 
be determined for each MRI-sequence. Similar to T2*, we rank artifacts in two ways: 
the volume of affected ΔB0 (which is related to the potential size of the artifact) and 
the maximum difference in ΔB0 (which is related to the potential magnitude of the 
artifact).

As a measure for the volume of affected ΔB0, we used the volume of all voxels 
within the ROI with a value of |ΔB0| > 9.4 × 10-8 T (4 Hz). The value of 9.4 × 10-8 T (4 Hz) 
allowed us to differentiate between markers according to the marker’s volume of high 
|ΔB0|. The absolute value is taken as the marker can either increase or decrease B0. 
In addition, as a measure for maximum difference in ΔB0, ΔmaxB0, we determined the 
difference between the mean ΔB0 of the three voxels with highest ΔB0 and the mean 
ΔB0 of the three voxels with lowest ΔB0 within the ROI. 

We compared the volume with low T2* and with large |ΔB0|, fracΔT2*,max, and ΔmaxB0 
between both marker orientations. The orientation of a marker in vivo with respect to 
read-out direction as well as to B0 is random and cannot be fixed at will. Therefore, 
for each marker, we averaged the volumes of low T2*, the volumes of high |ΔB0|, the 
fracΔT2*,max and the ΔmaxB0 over both orientations of the markers with respect to B0 
and for both read-out directions, for all data analyses. To test whether there was a 
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correlation between the visibility and the artifact size, a Spearman rank correlation 
coefficient, Rs, was calculated between the volume with low T2* and the volume with 
large |ΔB0|, using SPSS (version 21, IBM, New York). Rs was also calculated between 
ΔmaxB0 and fracΔT2*,max.

To illustrate how our data can be used, we calculated for each marker the expected 
maximum signal shift, using a BW per voxel (BWvoxel) of 17.5 ms (as for DWIlow BW) and 
the measured ΔmaxB0,

∆ x#,max =  
γ × ∆max B0

2� × BWvoxel

 (4.3)

Here, γ is the gyromagnetic ratio. Also, this equation was used to estimate the 
maximum voxel shift in our T2*- and B0-maps by taking the largest measured ΔmaxB0 
and the BW from the T1-weighted SSFP measurement (Table 4.2).

To determine visibility of the markers in vivo, an experienced abdominal radiologist 
(20 yr experience) examined the MR-images.

Results
Phantom study
All markers were visible on both CT and CBCT. The markers appeared larger on CT 
than in the photo and on CBCT due to partial volume effect.

Figure 4.1 shows for five markers the T2*-maps and ΔB0-maps. One of the 
markers showed for the FH read-out direction a low T2*background (39.2 ms) compared to 
the other markers; therefore, those two data points (both marker orientations), were 
excluded from the analyses. The T2*background values varied between 43.3 and 47.0 ms 
(mean: 45.1 ms). In the same figure we showed binary maps illustrating in white which 
voxels contributed to the volume of low T2* or to the volume with high |ΔB0| (T2*-
selected and ΔB0-selected, respectively)..

The seven stretched markers had a larger volume of low T2* (2.6 × larger on 
average), a larger volume of high |ΔB0| (2.5 × ), a higher fracΔT2*,max (1.4 × ) and a larger 
ΔmaxB0 (2.3 × ) when oriented perpendicular to B0 compared to the parallel orientation.

There was a strong non-linear correlation (RS = 1.00, p < 0.01) between volume with 
low T2* and volume with high |ΔB0| (Fig. 4.4 a). Also fracΔT2*,max and ΔmaxB0 (Fig. 4.4 b) 
were strongly correlated (RS = 0.94, p < 0.01). The non-linearity of the correlation was 
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due to the fact that 0 ≤ fracΔT2*,max ≤ 1, by definition, whereas ΔmaxB0 can, in theory, 
increase unlimited. All Gold Anchor pairs with different configurations (markers 1–2, 
3–4, and 6–7) had a larger volume with low T2*, volume with high |ΔB0|, fracΔT2*,max and 
ΔmaxB 0 for the folded configuration compared to the unfolded configuration (Fig. 4.4). 

Larger changes in T2*-maps correlated with larger signal voids on the Dixon 
images and the multi-echo SSFP images (Fig. 4.5). However, the apparent void size 
differed between the sequences, depending on the T2* weighting of the derived 
images.

Larger changes on the ΔB0-maps correlated with larger signal shift artifacts in 
DW-images (Fig. 4.5). The calculated maximum distances voxels could theoretically 
shift with respect to each other, given the measured ΔmaxB0 and a BW of 17.5 Hz 
were 9.8 mm for marker 2, ≤ 0.7 mm for markers 3 and 5, and between 1.7 and 6 mm 
for the rest (Table 4.A from supplementary materials). For DWIhigh BW, the BW was 
3.4 times larger and voxels were 1.5 times larger than for DWIlow BW; therefore, the 
signal is expected to shift 0.45 times as far. The largest measured value of ΔmaxB0 
corresponded to a maximum signal shift in our T2*- and B0-maps of 0.07 voxels (Eq. 
4.3); this effect was ignored in the data analysis.

Patient study
The radiologist found that marker 2 was visible in vivo on most images and of 
comparable size as in the phantom images (Figs. 4.6 a and c). In the Dixon image, 
one out of the two markers 2 was indiscernible. However, it was visible on the SSFP-
image. Both markers were indiscernible from anatomical features in the DW-images. 

The radiologist could not discern marker 5, the marker with the smallest amount 
of signal shift in our phantom, on either of the MR-images of any of the four patients 
(Fig. 4.6). Patients 1–3 had a biliary stent, recognizable as a hyperdense circle with a 
hypodense center on the CT images. In the Dixon image (Fig. 4.6 b), a spot is visible 
that might be interpreted as a marker, but in fact was a duct.

Discussion
Our study is the first to demonstrate marker visibility as well as artifact properties on 
MRI using sequence-independent measures: ΔB0 and T2*. Also, our study is the first 
to investigate the behavior on MRI of a range of markers that are small enough to fit in 
the 19 or 22-gauge needles that are used for endoscopic placement in the pancreas. 
We found that markers that yielded large volumes of low T2* also produced large 
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volumes of high |ΔB0|, indicating that the potential marker visibility and potential for 
the marker to generate artifacts are related. The marker that was best visible in the 
phantom was detectable in vivo, whereas the marker that yielded the smallest signal 
shifts was indiscernible in vivo. For the remaining markers, the in vivo visibility and 
signal shifting can be estimated from their T2* and ΔB0 properties (Fig. 4.4), either 
using Eqs. (1) and (3), or by comparing them to the two markers that were imaged in 
vivo. 

The method we have presented in this study can be used as a sequence-
independent measure to compare all fiducial markers that have a T2* based visibility. 

Figure 4.4. (a): The volume of affected ΔB0 (a measure for the potential size of the artifact) plotted against 
the volume of low T2* (a measure for the potential size of the signal voids). (b): the maximum difference in 
ΔB0 (a measure for the potential magnitude of the artifact) plotted against T2* relative to the background 
(a measure for the potential magnitude of the signal voids). On the right axis, the ΔmaxB0 is given as the 
frequency difference of the proton spins, Δmaxƒ. Both graphs give values averaged over the two orientations 
and readout directions; a graph with all separate measurements is shown in the supplementary materials. 
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These markers can be characterized by the two measures we introduced for potential 
visibility (volumes of low T2* and fracΔT2*,max) and the two measures we introduced for 
potential level of the artifact (volume of high |ΔB0| and ΔmaxB0). The T2*-maps and 
ΔB0-maps can also be useful as a sequence-independent tool to assess the potential 
visibility and the potential to generate image distortions for other forms of implants.

Besides B0 and T2*, there are additional effects that can cause artifacts or 
marker visibility. First of all, the markers contain no hydrogen atoms and therefore 
should generate local signal voids. Considering the largest marker in our study, which 
had a diameter of 0.6 mm and a length of 10 mm, and the high resolution at which 
we scanned our phantom, 1.4 × 1.4 × 2.8 mm3, the volume of the entire marker is 
approximately half the volume of a single voxel. In reality, the marker will be spread 
out over multiple voxels and partial volume effects will occur. Therefore, this effect 
is negligible. Second, switching gradients could induce eddy currents in the markers 
and cause local signal voids [25]. Finally, markers may induce RF pulse shielding, 
which can produce artifacts [26-28]. Due to the small size of the markers, both the 
gradient induced eddy current artifacts and the RF shielding artifacts are expected 
to be secondary to the T2* decay effects and B0 effects for clinical MR-sequences 
[18, 25]. We have not seen any evidence of such artifacts during our study and, 
therefore, we believe that measuring the static B0 and T2* is sufficient to describe 
the primary effects of markers on clinical MR-images. Nevertheless, we would like 
to point out that for some image-sequences and/or markers additional artifacts may 
arise through these mechanisms.

Visibility of markers is based on a negative contrast. Hence, in areas where the 
background signal was low, it was harder to detect the markers. This is illustrated 
in the Dixon image of patient 1 (Fig. 4.6 a: Dixon). The marker that was not visible 
on the Dixon image was visible in the SSFP image, due to the different contrasts of 
the image. We therefore believe that it is important that multiple MR-sequences are 
obtained, yielding separate contrasts, when markers detection is desired.

Marker orientation contributes substantially to the markers’ potential visibility 
and its potential to cause artifact: a folded marker configuration is preferable when 
visibility has priority and a stretched configuration is preferable when undisturbed 
DW-imaging is desired. However, in a clinical situation, it can be hard to ensure a 
specific marker orientation when implanting. In our experience, Gold Anchor markers 
tend to fold during implantation.

One of the limitations of our study is that we only focused on 3 T MRI [9, 10]. 
Currently, MRI of the pancreas is done mainly on 1.5 and 3 T systems. However, 3 T 
offers a superior signal-to-noise ratio when compared to 1.5 T and will most probably 
become the system of choice for pancreatic MRI in the future [29, 30]. Therefore,  
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Figure 4.5. Images of the same markers as in Fig. 4.1 (left to right), obtained using different MRI protocols 
(top to bottom). The B0-field direction was in the plane of the images (arrow). The MR-images were acquired 
with markers perpendicular (left) and aligned (right) with respect to the B0-field (arrow). The SSFP image 
shows the 3rd echo. The DW-images had a diffusion weighting of 0 mm-2s. 
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Figure 4.6. CT, CBCT, and MR-images of markers in two patients. (a): Patient 1 with two markers 2 and one 
marker 5. (b): Patient 2 had three markers 5 of which only one is visible on these CT and CBCT slices. The spot 
is a duct, not a marker. (c): MR-images of the same markers in the phantom using the same magnification 
as for the in vivo images.

this study focussed on 3 T MRI. Generally, signal shifts and signal voids increase 
with magnetic field strength. It was shown for comparable gold fiducial markers that 
visibility and artifact size indeed increased with higher field strength [14, 16].

In addition, our study included only four patients; however, in our phantom study, 
we were able to characterize many markers in a controlled environment. The limited 
patient data enabled us to show that markers had the same properties in vivo. 

Another limitation is that the chosen cut-off values for volume of low T2* and 
volume of large |ΔB0| have no clinical basis. Choosing different cut-off values may 
change the volumes. However, in a range of half the cutoff value up to two times the 
cutoff value, both for T2* and |ΔB0| maximum 1 shift was observed in the ranking of the 
markers. Also, in order to estimate the maximum effect of a marker on T2* and ΔB0, 
we chose to use three and six voxels to calculate fracΔT2*,max and ΔmaxB0, respectively. 
Selecting more voxels will decrease the values of ΔB0 and fracΔT2*,max. However, in 
our data, increasing the number of voxels selected to 6 and 12 only decreased the 
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values of fracΔT2*,max and ΔmaxB0 on average by 6% and 13%, respectively. In addition, a 
maximum shift of 1 rank was observed in the ranking of the markers.

Even though T2* has been used with the assumption that it is independent of 
MR-settings, there are some restrictions to this assumption. The phantom findings 
were obtained at a T2*background of 43.3–47.0 ms. It is unclear how our T2*-maps in the 
presence of markers translate to regions where the initial T2* is different. However, 
pancreatic tissue has a T2* value of 41.5 ms (standard deviation 7.4 ms) and therefore, 
our data are well applicable to the pancreas [31]. In addition, T2* depends on the 
changes in B0 within the voxel. When using markers, B0 changes over distances 
comparable to the voxel size (Fig. 4.1), and T2* therefore depends on voxel size. 
However, we expect this effect to be similar for all markers and therefore, the ranking 
of the volume of low T2* and the ranking of fracΔT2*,max will not change.

The correlation between the potential visibility and the potential artifacts is 
explained by the fact that both are produced by local changes in B0. A non-gold 
fiducial marker, especially manufactured for CT, CBCT, and MRI purposes, such as 
hydrogel [32], may offer visibility through a different mechanism and overcome this 
correlation.

Visibility and artifact sizes depend on the sequence parameters and can therefore 
be optimized by changing sequence parameters. For example, according to Eq. 4.3 
lower BWs correspond to larger signal shifts and thus larger artifacts. The BW can thus 
be increased to obtain DW-images with smaller artifacts. However, increase in BW is 
limited when using single shot EPI read-outs, as done in most clinical DWI. Therefore, 
other ways of increasing the BW can be used, such as the multi-shot EPI or diffusion 
prepared non EPI sequences [33, 34]. However, such sequences are challenging to 
implement in the abdominal region. Also, sequences and reconstruction methods 
have been developed that specialize on visualizing and locating markers, such as the 
3D center-out radial sampling with off-resonance reception imaging technique [35]. 
Likewise, these sequences are challenging to implement in the abdominal region. 
Ultimately, the optimal method for visualizing the markers and reducing the size of 
the artifact they cause will depend on the application. In the end, all the methods 
described above are based on the fact that the markers modify T2* and B0. We, 
therefore, focussed on the potential of a marker to be visible and to cause artifacts 
irrespective of the MR-sequence.

With exception of the markers containing iron, visibility and artifacts increase 
with marker size. Visibility and artifacts occur due to the differences in the magnetic 
susceptibility, χ, of gold (χ = -34 × 10-6) and tissue (χ ranges from -11 × 10-6 to 
-7 × 10-6), which are both diamagnetic [17]. Larger markers have more gold and thus 
have a larger effect on the magnetic field, making them better visible and creating 
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more artifacts. These findings decide with the findings of Chan et al. and the fact that 
markers with ∅ > 1 mm can be detected on MR-images [11-14].

However, the markers that contained iron behaved differently; they were the 
smallest markers in this study, but had the best visibility and the largest artifacts. Iron 
is ferromagnetic (χ = 2 × 105) and therefore, iron affects B0 more than gold [17]. It is 
interesting to note that, in our data, the markers containing iron produced a region 
of low B0 surrounded by high B0, whereas this was the opposite for the non-iron 
markers (Fig. 4.1).

Therefore, if visibility is desired, we recommend using marker 2, for which we 
show in vivo visibility (Fig. 4.6). If other markers, with lower volumes of T2* and lower 
fracΔT2*,max are chosen, they may become indiscernible in vivo. At what value of T2* 
and fracΔT2*,max markers become indiscernible, ultimately depends on the sequence 
parameter settings, as discussed above.

When using DWIlow BW, marker 2 induced an artifact with a diameter of ~20 mm in 
the phantom. Changing to DWIhigh BW only reduced the artifact extent to a diameter of 
~15 mm. Usually, three markers are implanted in pancreatic tumors. Considering the 
size of these tumors (31 mm on average) [4], a fair amount of the tumor may contain 
unreliable information in DW-images.

The artifacts due to the markers were not distinguishable from anatomical 
features in the patient DW-images (Fig. 4.6). However, the phantom study showed 
that marker 2 disrupted the magnetic field in the surrounding volume (Fig. 4.1) which 
caused artifacts in the form of signal shifts in the DW-images (Fig. 4.5). We therefore 
believe that the in vivo data also contain shifted signal in a similar sized volume 
around a marker.

For the reasons mentioned above, we believe that if DWI is desired close to 
markers, a marker must be selected that gives minimal changes in B0. We recommend 
selecting one of the markers with low maximum shifts and small volume of affected 
B0, such as marker 3 or 5. For a typical clinical DWI measurement (BW = 17.5 Hz, 
2 × 2 mm2 voxels), markers 3 and 5 show shifts < 0.7 mm and show no abnormalities 
in our phantom measurements (Fig. 4.5). Therefore, we believe that DWI data close to 
these markers can be trusted (keeping in mind that data may be shifted up to 0.7 mm). 
Unfortunately, these markers were not visible in MR-images. When a different marker 
is selected, larger deformations of up to 9.8 mm for marker 2 may occur close to the 
marker in DW-images, preventing accurate tumor delineation.

As a result of this work, it is now possible to either select markers that are visible 
on MRI and allow for MRI-CT/MRI-CBCT image alignment, or to select markers that 
allow for DWI, which can improve tumour delineation, but lack visibility. The visible 
markers can lead to better patient alignment [1] whereas the non-artifact markers 
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lead to better tumour delineation [9, 10]. In both cases, the markers can potentially 
help to prevent unnecessary dose to surrounding organs at risk or an underdosage of 
the target. However, the improvement in clinical outcome has not been quantified yet.

Conclusion
Changes in T2* and ΔB0 are sequence-independent measures for visibility and 
artifact size of markers in MRI. There was no ideal marker in our sample that is visible 
without showing artifacts on DW-images. Therefore, when DWI or other forms of 
artifact sensitive sequences are desired, ironless markers with small diameter and 
in an extended configuration are preferable (markers 3 or 5). When marker detection 
is desired, markers that contain iron and in a folded configuration (marker 2) are 
preferred, but this choice can make DWI unreliable close to the marker.
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Supplementary Materials
Figure 4.A. shows the data from both read-out directions and both orientations of the 
marker, which is the data that Fig. 4.4 is based on. 

Figure 4.A. (a): Plot of the volume with signal shifts plotted against the volume with signal voids. (b): Plot of 
magnitude of the signal shifts against the magnitude of the signal voids. Arrows pointing upward indicate 
markers parallel to the B0 field, arrows pointing to the right indicate markers perpendicular to B0 and circles 
indicate markers with a folded configuration. Note that for marker 7 the data obtained with the FH read-out 
was excluded from the analyses, as described in the Results.
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Table 4.A shows the calculated maximum distances voxels could theoretically shift 
with respect to each other, given the measured ΔmaxB0, for both diffusion protocols.

Table 4.A. The calculated maximum shifts for the ten investigated markers.

Marker # Shift DWIlow BW [mm] Shift DWIhigh BW [mm]

1 5.0 2.2

2 9.8 4.4

3 0.7 0.3

4 1.8 0.8

5 0.6 0.3

6 1.7 0.7

7 3.3 1.5

8 3.0 1.3

9 6.0 2.7

10 2.6 1.2


