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Abstract

Background: In this study, a novel pelvic phantom was developed and used to assess the visibility and presence of
artefacts from different types of commercial fiducial markers (FMs) on multi-modality imaging relevant to prostate
cancer.

Methods and materials:The phantom was designed with 3D printed hollow cubes in the centre. These cubes
were filled with gel to mimic the prostate gland and two parallel PVC rods were used to mimic bones in the pelvic
region. Each cube was filled with gelatine and three unique FMs were positioned with a clinically-relevant spatial
distribution. The FMs investigated were; Gold Marker (GM) CIVCO, GM RiverPoint, GM Gold Anchor (GA) line and
ball shape, and polymer marker (PM) from CIVCO. The phantom was scanned using several imaging modalities
typically used to image prostate cancer patients; MRI, CT, CBCT, planar kV-pair, ExacTrac, 6MV, 2.5MV and integrated
EPID imaging. The visibility of the markers and any observed artefacts in the phantom were compared to in-vivo
scans of prostate cancer patients with FMs.

Results:All GMs were visible in volumetric scans, however, they also had the most visible artefacts on CT and CBCT
scans, with the magnitude of artefacts increasing with FM size. PM FMs had the least visible artefacts in volumetric
scans but they were not visible on portal images and had poor visibility on lateral kV images. The smallest diameter
GMs (GA) were the most difficult GMs to identify on lateral kV images.

Conclusion:The choice between different FMs is also dependent on the adopted IGRT strategy. PM was found to
be superior to investigated gold markers in the most commonly used modalities in the management of prostate
cancer; CT, CBCT and MRI imaging.
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Introduction
A large proportion of patients diagnosed with prostate
cancer are treated with external beam radiation therapy
(EBRT). Currently, the standard of care of EBRT for
prostate cancer in the United Kingdom is to deliver 60
Gy in 20 fractions, using intensity modulated radiation
therapy (IMRT). Due to the low alpha/beta ratio for
prostate cancer [1], i.e. the sensitivity of prostate cancer

to the dose per fraction rather than the total dose, there
is more interest now in prostate hypo-fractionation
with many clinical trials delivering 40–50 Gy in 5 frac-
tions [2, 3]. There is also an increased interest in boost-
ing dominant intra-prostatic lesions (DIL) to higher
doses [4]. Delivering high doses is made possible by the
introduction of IMRT, rotational techniques such as
volumetric modulated arc therapy VMAT (VMAT),
and with the adoption of image guided radiation
therapy (IGRT) strategies.

A major concern in highly focussed, intensity modu-
lated hypo-fractionated treatments is the uncertainty
associated with reproducibility of daily patient setup
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(inter-fraction setup) and during the treatment (intra-
fraction setup). Setup accuracy is particularly crucial in
both moderate and extreme hypo-fractionation settings.
Failure to deliver the high doses, with their associated
sharp dose gradients, can have severe implications in
local control (missing the tumours) or in introducing
toxicity when delivering the high dose to neighbouring
organs at risk. Intra-fraction uncertainties (e.g. due to in-
ternal organ movements - rectum and bladder filling
changes - or patient movement) may be reduced by
shortening treatment times [5]. Inter-fraction setup er-
rors are usually reduced and controlled using IGRT.

Several IGRT strategies can be adopted to increase
accuracy in the daily setup of the patient [6]. Typical
IGRT workflows for conventional linear accelerators
(linacs; X-ray or CBCT-guided) are shown in
Additional file 1: Figure S1. Workflow of MRI-
guided radiotherapy IGRT on MRI linacs was
recently presented by Kerkmeijer et al. [7]). The ac-
curacy of IGRT strategies is determined by the im-
aging modality employed and the matching
technique adopted (e.g. bone or soft tissue match).
Despite the theoretical superiority of soft-tissue
matching for prostate, the practicality of matching
the prostate daily with the patient on the treatment
couch might be challenging due to the suboptimal
contrast of soft tissue. Therefore, matching to soft
tissue can increase treatment time and subsequently
increase the risk of intra-fraction errors [5]. More-
over, matching to soft-tissue is also more prone to
larger inter- and intra-observer variability [8].

Surgically inserted intra-prostatic fiducial markers
(FMs) have been widely used for prostate cancer IGRT
to improve contrast and to provide a fast and accurate
method to setup patients. A recent review on the subject
can be found in reference [9]. FMs are well tolerated,
safe and effective as reported by a number of relatively
large studies [10–12]. FMs are also useful for the regis-
tration (matching) of MRI and CT for organ delineation.
This is especially relevant when outlining dominant
intra-prostatic lesions (DIL) [4] and, as observed in our
institution, in delineating anatomy modifiers (e.g. Space-
OAR) [13]. FM-based registration allows the fast and ac-
curate assessment of anatomical changes that might
require interventions on a daily (or weekly) basis using
kV and/or MV imaging [14]. Furthermore, FM-based
IGRT has also allowed the reduction of CTV-PTV mar-
gins [15, 16]. Traditionally, three intra-prostatic non-co-
linear FMs are used for each patient to provide a tri-
angulation required for the measurement of position in
different planes i.e. accurate 3D set-up of patients [17].

An ideal fiducial marker should be visible in all im-
aging modalities of interest with the least alteration to
image quality (artefacts) possible. Minimizing the effects

of artefacts on planning CT scans is especially important
as artefacts may interfere with structure delineation and
dose calculation accuracy [18, 19]. There have been
several reports from experimental results of dose pertur-
bations from gold fiducial markers [19]. Chow et al. re-
ported a 21% increase in dose from 6 MV photon beams
and up to 22% decrease in dose distal to seeds [19].
These effects are even more severe in proton treatments
[20]. Traditionally, gold fiducial markers have been used
and there are different shapes and sizes available from
different manufacturers. However, commercially avail-
able markers of different materials, designs and sizes
now exist in the market. The goal of this study was to
investigate the visibility as well as the associated artefacts
of different FMs used for IGRT for prostate cancer pa-
tient treated with EBRT. This current work builds on
previous published studies while addressing some of the
highlighted limitations, e.g. the use of Superflab to
embed the FMs with inevitable air gaps, phantoms that
contain materials that are not MRI compatible and gel
phantoms that can only represent soft tissue characteris-
tics [21–23].

In this study, a novel pelvic phantom that mimics a
patient’s pelvis (soft-tissue and bone) was developed and
tested. A direct comparison was made between the visi-
bility of FMs and the presence artefacts for three differ-
ent types of FMs in-vivo (on patients’ scans) and on the
in-house built pelvic phantom when using multiple im-
aging modalities.

Moreover, a comparison was made between four dif-
ferent types of commercially available FMs for prostate
cancer radiotherapy in the phantom study. The most
commonly used IGRT imaging modalities and the use of
different acquisition protocols were investigated. To test
inter-scanner variabilities, the phantom was also scanned
on multiple CT and MRI scanners using similar scan-
ning protocols.

Materials and methods
Phantom design
To facilitate this study, a novel cubical PMMA pelvic
water phantom 33.2 × 30 × 26 cm3 (length×width×height)
was constructed, see Fig.1 . Modifying the design of a
previously reported test-phantom by Radford et al. [24],
the phantom contained two 50 mm diameter rods of
high-density polyvinyl chloride (PVC) material to mimic
bone and had a parallel square hollow tube at the centre.
Eight 4.4 × 4.4 × 4.4 cm3 hollow cubes were 3D printed
from polyethylene terephthalate glycol-modified (PETG)
filament using an X400 German RepRap fused filament
fabrication (FFF) dual-extrusion 3D printer (German
RepRap GmbH, Feldkirchen, Germany). Each cube was
filled with gel (edible gelatine - inspired by phantoms
using agar-based gels [22, 25]) and 3 fiducial markers
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were placed with a spatial distribution similar to prostate
implanted FMs. To determine the typical FMs spatial
distribution within the prostate used at our centre, CTs
for six patients with implanted fiducials were retrospect-
ively analysed. For each patient the x, y and z coordi-
nates were determined for the three implanted fiducials.
The coordinates for the individual fiducials were cor-
rected to the average position of all three fiducials to
allow the calculation of an average marker distribution
for the six patients.

An initial study was conducted to assess the potential
migration of FMs over time. One box containing 3 FMs
implanted in gel was repeatedly scanned. The position of
the individual FMs relative to the box and to each other
was determined and tracked over a 4 week period.

In this study, eight 3D printed boxes were filled with
gel, with or without FMs. Before filling the boxes con-
taining FMs, external markings were used to clearly de-
scribe the desired location of the FMs within each box.
The boxes were then filled with gel to the lowest speci-
fied mark and left to set. Once the gel had set, a marker
was placed on the specified position and the box was
filled up to the next desired level. After implanting all
three fiducials, the boxes were then filled to the top with
gel. Four cubes contained unique FMs, one cube had a
repeat of one of the markers in a different geometrical
configuration, while the sixth cube had a repeat of one
of the FMs to check consistency. Two cubes were filled
with gel but did not contain any FMs. Before each scan,
the 3D printed boxes were arranged in the same orienta-
tion and inserted in the hollow tube of the PMMA

phantom before the phantom was filled with water. Each
3D printed box therefore represented a prostate with or
without FMs as shown in Fig.1.

Fiducial markers
Four different types of fiducial markers were assessed in
this study; Gold Markers (GM) from CIVCO (diame-
ter×length) 1.2 × 3.0 mm (CIVCO radiotherapy, Coral-
ville, Iowa, USA), GM RiverPoint (RP) 1.2 × 3.0 mm
(Riverpoint medical, Portland, OR, USA), line shape
Gold Anchor™(GA) 0.4 × 10.0 mm (Naslund Medical
AB, Huddinge, Sweden), and polymer-based marker
PolyMark™ (PM) 1.0 × 3.0 mm (CIVCO radiotherapy,
Coralville, Iowa, USA). GMs CIVCO, RP and polymer
FMs (PM) had relatively similar sizes and shapes while
GMs GA had much smaller diameters. GAs can fold into
a ball shape when implanted in soft tissue. In this study,
the GA were placed in the phantom in their original line
shape in one box and in a ball shape in a separate box.

Imaging
Phantom data
As shown in Fig.1, the boxes containing the gel were
numbered 1 through 8 and, for each scan, the order of
the boxes within the phantom was changed to ensure
the two boxes of interest were always placed at the
centre of the phantom. For example, Fig.1e shows the
first setup, where boxes 3 and 4 are the two boxes of
interest analysed in the image acquisitions.

The phantom was scanned using the following im-
aging modalities and acquisition parameters;

Fig. 1 a 3D printed boxes used to house the gel with or without FMs (b) the complete pelvic phantom being filled with water and setup for
scanning on a Varian TrueBeam (c) Pelvic phantom setup on a Siemens Aera 1.5 T MRI scanner. Panels d--f show CT scans of the pelvic phantom
(d) transverse view, (e) coronal view showing boxes 1–6 and Head (H) and feet (F) boxes with no FMs, and (f) 3D view of the structures outlined
on Varian Eclipse treatment planning system)
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imaging is also confirmed by the retrospective patient
data presented. On planar imaging, PM FMs were
also clearly visible on planar kV and ExacTrac projec-
tions. However, PM FMs were not visible on EPID
MV or on lateral kV planar images. Even when using
the low-MV imaging beam (2.5 MV) option [29] that
provided better image contrast for all gold FMs, PM

visibility on planar images did not improve. When
EPID verification or kV imaging was used for image
guidance, GMs with large diameters were the most
visible FMs on both LAT and AP planar images. Con-
sequently, the choice between different fiducial markers in
prostate cancer treated with external beam radiotherapy is
highly dependent on the IGRT strategy adopted.

Fig. 4 Prostate gland of three FM on three different patients as they appear on axial slices of CT/CBCT and T2w-MRI. Each patient had 3 fiducial
markers. Patient 1 (a) GM CIVCO; routinely used in our institute for IGRT, patient 2 had GM GA (implanted as a ball shape) (b) and patient 3 had a
PM polymer markers (c). FM indicated with red arrows on MRI and the orange arrows point to natural calcifications
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Riverpoint and CIVCO GM with larger diameter
(d = 1.2 mm) created more streak artefact compared to
GA (d = 0.4 mm). However, GA FM also showed arte-
facts that were similar to RiverPoint and CIVCO
when used in ball shape (GA(B)). No differences in
visibility or artefacts were observed when using a CT
tube current of 200 mA compared to 400 mA or when
scanning the phantom on different CT scanners.
Using different CBCT acquisition protocols did not
seem to affect the visibility on CBCT scans, however
an increase in SI was observed when using the
“obese” CBCT protocol (140kVp) compared to other
CBCT protocols (125kVp). Employing VIBE scans on
MRI, the FM appeared largerthan actual physical size
and compared to their size on other MRI sequences.
This could be related to magnetic susceptibility arte-
fact as a result of using gradient echo based imaging
(VIBE) on MRI [30].

The line profiles across different FM provided an
objective comparison of marker signals on CT, CBCT
and MRI scans. However, some of the profiles did not
capture the true peak HU values as the CT scanners
were limited to a 12 bit output range and the peak HU
exceeded the 3071 saturation value. As expected, higher
peaked HU (elements with high atomic number) corre-
sponded to more contrast in the image (more visibility)
but also resulted in more image artefacts. Image recon-
struction on CT scanners usually include a series of cor-
rection steps for beam hardening, scattered radiation
and noise measurement. However, in the presence of
metal implants these corrections may not be sufficient
[31, 32]. The impact of metal artefacts/distortion of im-
ages varies depending on the type of radiation treatment
and the size of the metallic implants, as well as the loca-
tion of these implants relative to the treatment site [16].
Several metal artefact reduction (MAR) techniques have
been developed in recent years to aid improving organ
delineation and dose calculation in radiation therapy
treatments [28–30]. Despite their effectiveness in remov-
ing/reducing artefacts, MAR techniques may also cause
undesirable loss of detail around markers.

In their study, Chan et al. [23] compared the visibil-
ity and artefacts of different sizes of gold markers
(solid and coiled) and PM markers on CT, CBCT,
OBI-kV, ultrasound and MRI. The authors reported
that GM with diameter < 0.75 mm were not visible in
EPID MV images. In our study, this was also ob-
served in EPID planar images with 6 MV beams but
when using 2.5 MV beams both GA and GA(B) were
visible (d = 0.4 mm). In line with our results, they
concluded that GMs with larger diameters showed
more artefacts and that the degree of artefact is also
dependent on scanner and scanner settings. In their
experimental setup, FMs were placed in a custom

bolus phantom and Surgilube gel was used around
the FMs to reduce air gaps. The Surgilube gel caused
local artefact on T2w MRI, therefore only T1-w MRI
scans were assessed [23]. In an earlier study using a
cubical bolus phantom, Handsfield et al. compared
gold, carbon and polymer FM using different imaging
modalities [21]. They concluded that when kV im-
aging is used, polymer and carbon FM were preferred
due to their reduced artefacts compared to GMs, but
when MV imaging is used, gold markers may be ne-
cessary. Both studies [21, 23] utilized phantoms con-
sisting of only one density (bolus material) which
makes their results applicable for soft tissue only. In
the present study, although not being prostate tissue
equivalent on MRI (different mean and SD pixel in-
tensities), the gel used did not interfere with the ana-
lysis conducted.

The pelvic phantom presented here provided an im-
provement to commonly used simplified phantoms
for assessing prostate FMs. The CNR analysis of pla-
nar images revealed that CNR values were higher
overall for AP planar images compared to LAT views
(x-rays passing through high density PVC material
mimicking bone). Therefore, assessment of FMs on
simplified gel phantoms may not be sufficient for
prostate cancer IGRT studies.

There has been several reports in the literature pro-
moting the use of hydrogel based liquid fiducial (LFM)
markers for CT and MRI due to their sufficient visibility
and reduced artefacts compared to metallic markers, how-
ever there are also concerns regarding long term stability
which is crucial in fractionated radiotherapy [33–35]. A
recent study investigated a stable biodegradable liquid fi-
ducial marker (BioXmark) with GA (99.5% Au + 0.5% Fe,
d = 0.28 mm) and Visicoil (> 99.9% Au, d = 0.35 mm) GMs
for MRI-guided imaging and proton therapy using a pan-
creas tissue-mimicking spherical gel phantom [25].
Schneider et al. reported that GA were better in
terms of visibility but also induced more artefacts due
to their iron content. For all solid FMs investigated,
they observed a direct linear relationship between the
potential visible size and artefact size. The authors
discussed that, in contrast to GMs’ signal void that is
caused by their effect on T2* of the surrounding tis-
sue, liquid FMs cause signal void due to the absence
of water protons. As a result, unlike GMs [22], no
correlation between size and artefacts was noticed for
liquid FMs and the markers with volumes (25--
100μL) had the highest visibility compared to 10μL
FM. Therefore, when a low level of image distortion
is required, liquid markers are better than solid gold
markers. The phantom employed also consisted of
one density gel that was previously reported to be
pancreatic tissue equivalent on 3 T MRI scans [36].
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