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1.1 Brachytherapy

Brachytherapy is a treatment which uses radioactive sources for radiation delivery from in-
side a patient’s body at a short distance, i.e. inside or in the vicinity of the target volume. The
technique allows to deliver a high dose locally to the tumor, with a steep dose fall-off in the
surrounding healthy tissue. Accordingly, brachytherapy offers the possibility to irradiate can-
cerous tissue while sparing the surrounding organs at risk as much as possible. Application
of the radioactive source can be interstitial (sources implanted within tumor tissue), intracav-
itary (sources placed into body cavities) or on the surface (sources placed on molds on the
surface of tissue to be treated) [1]. Depending on the type and stage of cancer, brachytherapy
can be provided as a single treatment modality or combined with external beam radiotherapy.

Brachytherapy can be divided in two categories: permanent implant brachytherapy and step-
ping source brachytherapy (or temporary implant brachytherapy). Permanent implant brachy-
therapy involves the insertion of small radioactive sources (most commonly iodine-125),
called seeds, permanently into the tumor. The seeds, typically between 40 and 100 for a
prostate implant, emit low levels of radiation for several months and are left in place perma-
nently while the radiation decays to a negligible level. This type of treatment is often referred
to as low-dose-rate (LDR) brachytherapy. On the other hand, stepping source brachytherapy
is involved with the use of a single radioactive source with a high activity that is directed
temporarily into implanted catheters or applicators. First, several catheters are placed close
to, or inside, the tumor. Then, a remote afterloading device is utilized to remotely guide
the source into each implanted catheter to deliver the prescribed dose. After delivery of the
prescribed dose, the source is retracted and guided back into a shielded safe inside the af-
terloading device. Stepping source brachytherapy can be given as pulsed-dose-rate (PDR)
brachytherapy and as high-dose-rate (HDR) brachytherapy. PDR brachytherapy is applied to
deliver the dose in a large number of small pulses, i.e. fractions. A fraction is given every
one or two hours and the total treatment may last up to several days. In high-dose-rate (HDR)
brachytherapy, one or several fractions with a high dose are delivered using a source of high
activity, most commonly iridium-192 (with an initial activity of ∼370 GBq [2]).

As stated above, HDR brachytherapy involves the utilization of a remote afterloading device
to remotely deliver the prescribed dose to the patient. The HDR afterloading device contains
a single source of high activity, most commonly Ir-192. The source consists of a small line
source in a steel capsule, which is welded to the end of a flexible source wire (also called
drive cable). When not in use, the source is stored in a shielded safe inside the afterloader.
The afterloader is equipped with several channels that can be connected to the implanted
applicators or catheters in the patient by tubes referred to as transfer tubes. To deliver the
dose to the patient, the source is sent out and directed through the individual channels into
the implanted applicators or catheters. The source is directed to programmed positions within
the catheters, i.e. the dwell positions. The source will remain at each dwell position for
a planned period of time, i.e. the source dwell time, specified for each individual dwell
position. Accordingly, the source steps through the catheters to deliver the planned dose
to the target volume, after which the source is retracted and stored in the safe. This source
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stepping procedure is accomplished by a drive mechanism consisting of stepper motors inside
the afterloader, controlled by a remote computer.

1.2 MRI-guided prostate HDR brachytherapy

1.2.1 Prostate HDR brachytherapy

Prostate cancer is one of the important tumor types for which HDR brachytherapy has been
applied. Besides HDR brachytherapy, several other effective treatments have been estab-
lished for prostate cancer, including prostatectomy, androgen deprivation therapy, external
beam radiotherapy, and LDR brachytherapy, or a combination of these. HDR brachytherapy
has proven to be an effective treatment [3–5]. The large advantage of HDR brachytherapy
is the ability to obtain an optimal dose distribution due to the possibility to accurately con-
trol the source and vary the source dwell times during treatment [6, 7]. HDR brachytherapy
can be delivered as a boost treatment after external beam radiotherapy, but is increasingly
used as a monotherapy as an alternative to LDR brachytherapy. HDR brachytherapy has
demonstrated favorable results as monotherapy for whole gland prostate cancer [7–11]. Fur-
thermore, hypofractionation has gained interest as prostate tumors exhibit a low α/β-ratio,
which makes them radiobiologically eligible for hypofractionated schemes [6, 12]. Mini-
mization of the number of treatment fractions has shown good initial outcomes [13, 14], and
may reduce costs and the risk associated with the treatment, while increasing the patient
convenience [14, 15]. Consequently, single-fraction HDR brachytherapy may become the
preferred treatment for low and intermediate-risk disease [16]. Additionally, single-fraction
MRI-guided HDR brachytherapy has achieved positive results for salvage treatment of ra-
diorecurrent prostate cancer [17, 18].

1.2.2 Magnetic resonance imaging for prostate HDR
brachytherapy

Magnetic resonance imaging (MRI) is the preferred and recommended imaging modality
for guidance of prostate HDR brachytherapy [19–22]. MRI provides superior soft tissue
contrast and can play a role in a variety of steps in the prostate brachytherapy process: pa-
tient selection, simulation, treatment planning, implant, postimplant assessment, and follow-
up and surveillance. Multiparametric MRI is increasingly applied as a standard for diag-
nostic imaging, where the following functional imaging techniques are included: diffusion
weighted imaging (DWI), dynamic contrast enhanced (DCE) MRI, and less frequently MR
spectroscopy [23]. Another component of the multiparametric MRI exam is high-resolution
T2-weighted imaging, as it provides a good prostate gland visualization and discrimination
between the peripheral zone and the central gland [24, 25]. HDR brachytherapy treatment
planning is often performed based on the multiparametric MRI exam, in which particularly
T2-weighted imaging and DWI have demonstrated considerable promise in the detection and
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localization of prostate cancer [26–28]. MRI can be used for the pre-treatment plan as well
as the for dose optimization during intraoperative treatment planning after catheter inser-
tion [29]. Additionally, MRI has been applied for real-time guidance during the implantation
of LDR brachytherapy seeds as well as HDR brachytherapy needles [19, 30]. Besides the
applications for HDR brachytherapy, MRI has also been incorporated to provide postimplant
dosimetry for LDR brachytherapy [31, 32]. Lastly, MRI is valuable to evaluate recurrent dis-
ease in men with a rising prostate-specific antigen (PSA) level after prostate cancer treatment.
Therefore, MRI plays an important role in salvage brachytherapy [18, 33].

Several centers have been working on the application of MR imaging for guidance during
HDR brachytherapy, for varying tumor sites, with different treatment designs. MRI guid-
ance has been applied for verification of the needle positions after insertion or for real-time
visualization or tracking during needle insertion [19, 34, 35]. Both open and closed bore
MRI systems have been applied for these purposes. In most situations, the patient needs to
be transferred to a different table after MR imaging and verification of the needle positions,
to transfer the patient to the shielded treatment room in which the radiation is delivered.
Frequently, this involves a transfer of the patient from the radiology department to the radio-
therapy department.

1.2.3 Prostate HDR brachytherapy at UMC Utrecht

Since 2013, focal HDR brachytherapy has been performed in the UMC Utrecht for primary
treatment of prostate cancer and salvage treatment of radiorecurrent prostate cancer. The
treatment is given in a single fraction of 19 Gy, prescribed as 19 Gy to at least 95% (D95) of
the clinical target volume (CTV). This treatment is given under general or spinal anesthesia on
an outpatient basis. Accurate and safe dose delivery is pursued by MR imaging pre-treatment
for treatment planning and intraoperatively after catheter insertion as well as directly before
irradiation.

The HDR brachytherapy treatment in the UMC Utrecht is performed in an HDR brachyther-
apy MRI suite. This means that the department possesses an HDR brachytherapy bunker in
which a 1.5 T MRI system is located. A schematic overview of the workflow of the HDR
brachytherapy treatment performed clinically is shown in Figure 1.1. An initial treatment
plan is made based on a multiparametric diagnostic MRI exam. Before the start of the treat-
ment, the patient is positioned on the MRI table top (a trolley) which is moved to the room
adjacent to the MRI room. Here, the catheter insertion takes place under ultrasound guidance
and using a template grid to guide the catheters to the predefined positions. The catheters used
are made of plastic. After catheter insertion, the patient is moved to the adjacent MRI scanner
room and brought into the scanner. The intraoperative MRI exam is taken, consisting of: a 2D
volumetric T2-weighted turbo spin echo sequence for delineation, a 3D balanced steady-state
free precession (bSSFP) sequence for delineation and catheter reconstruction, and a 2D volu-
metric T1-weighted turbo spin echo sequence for additional checks of the catheter positions.
Then the patient is moved back out of the MRI bore. The intraoperative MRI scans (the T2-
weighted and 3D bSSFP scans) are fused with the diagnostic treatment planning scan. The
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Figure 1.1 Schematic overview of the clinical workflow of the prostate HDR brachytherapy treatment in
the UMC Utrecht. The last two steps to acquire another set of MR images and perform an
additional check of the catheter positions is optional, as a treatment verification step.

delineations are propagated from the planning MRI to the intraoperative MRI and manually
adapted by the radiation oncologist. The catheter tracks are reconstructed manually, where
the position of the catheter tip and the entry point are indicated in the bSSFP scan. A final
treatment plan is made based on the intraoperative MRI scan with delineations and the re-
constructed catheter positions. The patient is moved one more time in the MRI bore for an
additional MRI acquisition to check if the catheters are still in the correct positions with re-
spect to the anatomy. In a situation where severe movements of the catheters were observed,
the treatment plan can be adapted. Then, the afterloader is connected and the radiation is
delivered in a remotely controlled process using an HDR afterloading device. As an extra
option, the patient can be moved into the MRI bore again after irradiation for an additional
check of the catheter positions, as a treatment verification step.

1.3 Developments in treatment verification

In HDR brachytherapy, high doses are delivered in short periods of time, especially in single
fraction treatments. Errors in source positioning can have an enormous impact on the deliv-
ered dose due to steep dose gradients. Because of the large number of manual operations,
HDR brachytherapy is concerned with relatively high chances on errors/incidents. Examples
of reported errors are: reconstruction errors, wrong catheter/indexer length, catheter misla-
beling, and incorrect afterloader connection [36, 37]. Possible sources of errors not related to
human interactions are afterloader malfunction and applicator displacements. To prevent or
detect these errors, treatment verification is highly important.

Considerable research has been conducted on the development of techniques for treatment
verification of HDR brachytherapy. A technique which is applied in clinical settings is the
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use of repeated imaging to assess anatomical changes and catheter movements for a varying
range of organs. Repeated imaging, either CT or MRI, proved the need for position verifi-
cation for subsequent fractions [38] and position verification directly before treatment [39].
Furthermore, repeated imaging is useful for adaptive treatment planning [40] and provides
information for dosimetric evaluations when performed directly before and after the treat-
ment [41, 42].

The technique of in vivo dosimetry focuses on determination of the delivered dose in certain
positions in vivo close to the target volume using dosimetric systems, for example thermo-
luminescent dosimeters (TLD) [43, 44], metal oxide semiconductor field effect transistor
detectors (MOSFET) [45–47], and optically stimulated luminescent dosimeters [48–50]. In
vivo dosimetry has been demonstrated in real time by a source tracking approach using a
luminescent point dosimeter [51], semiconductor detectors [52] and noninvasive EPID pan-
els [53, 54]. However, in vivo dosimetry techniques are involved with large measurement
uncertainties and are only sensitive to gross errors [55], as the dose is measured in single
points in locations where a steep dose gradient is present.

Electromagnetic (EM) tracking involves the detection of small coils in an electromagnetic
field generated by a field emitter, and can be used to determine the position and orientation
of a catheter [56–58]. An other technique for needle tracking is fiber Bragg gratings (FBG)-
based sensing [59], which involves measurement of the deflection of a needle. However,
these tracking techniques apply their own coordinate system independent of the anatomical
coordinate system, which requires a registration and can, therefore, lead to errors.

Except for the method of repeated imaging, the techniques mentioned in this section have
their limitations and are currently not commercially available [55]. Therefore, these tech-
niques are not clinically applied.

1.4 Magnetic susceptibility and device tracking

1.4.1 Magnetic susceptibility

Medical instruments are generally made of paramagnetic materials and, therefore, induce arti-
facts in the MR images related to their magnetic susceptibility. Also the instruments applied
in HDR brachytherapy, for example a titanium needle or an HDR brachytherapy (dummy)
source, exhibit this behavior. The magnetic susceptibility of a material is a property that
quantifies the tendency of a material to interact with and distort a magnetic field; it denotes
the extent to which a material becomes magnetized when placed in an external magnetic field.
The magnetic susceptibility, χ, is defined as the ratio of the magnetization, M , to the applied
magnetic field, H [60]:

χ = M/H. (1.1)

When placed in an external magnetic field, most biological tissues generate a weak magnetic
field in the direction opposed to the direction of the applied magnetic field (i.e. a dispersion
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Figure 1.2 Schematic depiction of the differences between diamagnetic and paramagnetic materials.
Diamagnetic materials (χ < 0) generate a weak magnetic field in the direction opposed
to an applied external magnetic field, locally decreasing the field strength. Paramagnetic
materials (χ > 0) generate a magnetic field in the direction equal to that of the applied field,
locally increasing the field strength (adapted from [61]).

of the magnetic field lines, see Figure 1.2). This phenomenon is termed diamagnetism and
holds for all substances that have a negative magnetic susceptibility (χ < 0) [60]. Materials
that generate a magnetization in the direction equal to that of the applied magnetic field (i.e. a
concentration of the magnetic field lines, see Figure 1.2) are associated with paramagnetism
or ferromagnetism [60]. This holds for substances that have a positive magnetic susceptibility
(χ > 0). Paramagnetic materials consist of atoms with an unpaired electron whose nonzero
magnetic moments are randomly distributed in the absence of an external magnetic field,
but align when placed in an external magnetic field producing a weak magnetic field that
augments the applied field. All materials with susceptibility values of 0 < χ < 0.01 can
be classified as paramagnetic. Ferromagnetic materials consist of permanent domains of
electron spin magnetic moments, aligning with each other and producing a magnetic field,
independent of the presence of an external magnetic field. Ferromagnetic materials have a
susceptibility value of χ > 0.01. Additionally, superparamagnetism is produced by contrast
agents, consisting of ferromagnetic particles mixed into a background substance [60]. In
the absence of an external field, thermal motion leads to vanishing magnetization. But, when
placed in an external field, the particles can produce a strong magnetic field. As an indication,
Table 1.1 presents the magnetic susceptibility values for a range of common materials.

1.4.2 Susceptibility artifacts

Materials with a magnetic susceptibility rather different from that of the surrounding tissue
induce artifacts in MRI. This presents a challenge for the use of interventional instruments,
frequently made of paramagnetic materials. A basic aspect related to MR imaging of in-
terventional devices is that the material itself does not generate an MRI signal, due to the
absence of hydrogen nuclei, so the object appears dark on MR images. Furthermore, the
differences in magnetic susceptibilities between the object and its surrounding tissue cause
strong perturbations of the static magnetic field [62]. The magnetic field perturbation causes
changes in the resonance frequency, i.e. deviations from the Larmor frequency, resulting in
artifacts in the MR images. These effects are also denoted as off-resonance effects. A variety
of artifacts can be identified [64]. First, field variations cause large variations in the preces-
sion rate. This causes variations in the phase of the spins within a voxel, as the accumulated
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Table 1.1 The magnetic susceptibility values (in ppm) for a range of common materials [62, 63].

Susceptibility
Material (ppm)

Gold -34.00
Copper -9.63
Water/soft tissue -9.05
Air 0.36
Aluminum 20.70
Iridium 47.10
Titanium 182.00

phase, ∆ϕ, is directly related to the frequency offset induced by the field perturbation, ∆B0,
via [60]:

∆ϕ = γ∆B0TE, (1.2)

where γ is the gyromagnetic ratio and TE is the echo time. In gradient echo imaging, these
local phase variations lead to intravoxel dephasing, which causes signal loss in the MR im-
ages. Second, the frequency variations harm a correct excitation and encoding in the slice
direction and readout direction [64]. In 2D imaging, the process of frequency-selective slice
selection can be influenced by the frequency variations. This can lead to a shift, curving or
substantial distortion of the excited slice. Furthermore, it can cause the excitation of a slice
with a decreased or increased slice thickness. In the readout direction (i.e. the frequency
encoding direction), the frequency variations cause an incorrect frequency encoding, leading
to mispositioning during image reconstruction. This is the reason for local image distortions,
observed as signal loss and signal pile-up effects as well as geometric distortions. Third, the
frequency variations can prevent a successful signal manipulation using pre-pulses such as
used for fat suppression techniques relying on frequency-selective saturation of the spins at
a frequency equal to the resonance frequency of fat [64]. In any case, the shape and severity
of the susceptibility artifacts depend on the type of material (susceptibility), the orientation
in the magnetic field, and the size and shape of the object. As an indication, Figure 1.3
demonstrates the artifacts induced by an HDR brachytherapy source for both a gradient echo
sequence and a spin echo sequence.

In the past decades, research has been conducted on the quantification of magnetic field per-
turbations induced by magnetic susceptibility differences using analytical solutions as well as
numerical analyses [65–69]. Furthermore, the knowledge about magnetic field perturbations
has been implemented to study and simulate the induced susceptibility artifacts [70–78].

Besides the induced susceptibility artifacts, many metallic objects are unsafe for MRI. Ferro-
magnetic objects may experience strong forces and torques originating from the static mag-
netic field. A second risk is posed by the chance of radiofrequency (RF) induced heating.
The induced susceptibility artifacts and the safety considerations reason the fact that mag-
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a                     b

Figure 1.3 Examples of the artifacts induced by an HDR brachytherapy source in the MR images for
(a) a gradient echo sequence, and (b) a spin echo sequence.

netic susceptibility plays an important role in MR imaging. It impacts the choice of materials
for medical instruments used in MRI-guided interventions. Hence, in the development of
MRI-guided HDR brachytherapy, magnetic susceptibility also plays an important role.

1.4.3 Tracking of interventional devices

A challenge to accurate device localization is posed by the fact that the magnetic suscep-
tibility of most interventional devices induces artifacts in the MR images. In general, the
artifacts are larger than the object itself and, in most cases, the artifact’s center of mass does
not indicate the exact position of the object. Considerable research has been conducted on
visualization, localization or tracking of interventional devices and metal objects. The avail-
able techniques can be broadly divided in techniques for passive tracking and active tracking.
Passive tracking techniques depend on variations in signal intensity due to the interventional
device, and can be classified as either negative contrast or positive contrast. Passive tracking
techniques with negative contrast rely on the appearance of a signal void or an artifact in the
MR image [79, 80]. Passive tracking techniques with positive contrast rely on the generation
of high signal intensities at the position of the device by modification of the MRI sequence
or by image processing [81–86]. Positive contrast for catheter visualization can also be gen-
erated by filling the catheters with a gadolinium contrast agent [87, 88]. On the other hand,
active tracking techniques are based on small receiver coils embedded into the device to gen-
erate a device signal for tracking, separately from the receiver array [89–91]. Additionally,
wireless self-resonant coils can be used to locally enhance the signal intensity in the vicinity
of the device, by inductive coupling, to visualize its position [92–94].

The passive tracking techniques predominantly provide visualization of the devices in the
MR images, but lack accurate and/or fast localization. Active tracking techniques are inher-
ently faster, but require additional equipment and supplemental hardware built into the inter-
ventional devices. Moreover, most active tracking techniques require an additional tracking
sequence to be interleaved with the MR sequence to obtain anatomical images. Regarding
the value of tracking techniques for real-time MRI guided HDR brachytherapy, fast and accu-
rate localization are required. In this thesis, the artifacts induced by the HDR brachytherapy
interventional devices are exploited for a fast and automatic localization.
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1.5 Thesis outline

This thesis describes the development of a real-time MRI-guided HDR brachytherapy treat-
ment. We propose a treatment set-up where the patient remains in the MR bore (and thus in
the same position) during the complete process of source dwell position reconstruction, treat-
ment planning and irradiation while MR images are acquired to guide the process. Real-time
MRI guidance may provide an automatic detection of the source dwell positions as well as
real-time treatment verification.

A treatment set-up which applies real-time MRI guided treatment verification involves posi-
tioning of the patient inside the MR bore at the moment of irradiation. Chapter 2 presents
a Monte Carlo study investigating the impact of the magnetic field of an MRI scanner on
the dose distribution around an Ir-192 source. Chapter 3 demonstrates a method for real-
time source localization. We incorporate the existing knowledge about the field perturbation
and the artifact induced by the HDR brachytherapy source to simulate the artifact and apply
this for template matching to determine the source position in the MR images. The chapter
focuses on obtaining high temporal and spatial resolutions. The source localization method
can be applied for automatic detection of the source dwell positions and for real-time source
localization during irradiation for treatment verification.To be able to put real-time source
localization into practice, an MRI conditional afterloader is required. Therefore, Chapter 4
presents the development and testing of an MR conditional afterloader. The chapter demon-
strates the simultaneous functioning of an MR conditional afterloader and a 1.5 T MRI sys-
tem in a phantom study. Lastly, for real-time source localization, not only the source position
itself is important, but also the information of the patient anatomy is desired. Chapter 5
focuses on the possibilities of the source localization method of Chapter 3 for clinically rele-
vant MRI sequences which would simultaneously allow visualization of the anatomy. Hence,
the chapter describes the simulation of the MRI artifacts induced by the HDR source (and a
titanium needle) for a variety of MRI sequences: gradient echo, spin echo, balanced steady
state free precession (bSSFP) and bSSFP with spectral attenuated inversion recovery (SPAIR)
fat suppression. This generates flexibility in the choice of the MRI sequence for guidance of
HDR brachytherapy.



1

Introduction ||| 17





Chapter 2

Monte Carlo study of the impact of a
magnetic field on the dose distribution in
MRI-guided HDR brachytherapy using

Ir-192

The following chapter is based on:

Ellis Beld, Peter R. Seevinck, Jan J.W. Lagendijk, Max A. Viergever and Marinus A. Moerland.

Physics in Medicine and Biology (2016) 61: 6791–6807



2

20 ||| Chapter 2

Abstract

In the process of developing a robotic MRI-guided high-dose-rate (HDR)
prostate brachytherapy treatment, the influence of the MRI scanner’s magnetic
field on the dose distribution needs to be investigated. A magnetic field causes
deflection of electrons in the plane perpendicular to the magnetic field, and it
leads to less lateral scattering along the direction parallel with the magnetic
field. Monte Carlo simulations were carried out to determine the influence
of the magnetic field on the electron behavior and on the total dose distribu-
tion around an Ir-192 source. Furthermore, the influence of air pockets being
present near the source was studied. The Monte Carlo package Geant4 was uti-
lized for the simulations. The simulated geometries consisted of a simplified
point source inside a water phantom. Magnetic field strengths of 0 T, 1.5 T,
3 T, and 7 T were considered. The simulation results demonstrated that the
dose distribution was nearly unaffected by the magnetic field, for all investi-
gated magnetic field strengths. Evidence was found that, from a dose perspec-
tive, the HDR prostate brachytherapy treatment using Ir-192 can be performed
safely inside the MRI scanner. No need was found to account for the magnetic
field during treatment planning. Nevertheless, the presence of air pockets in
close vicinity of the source, particularly along the direction parallel with the
magnetic field, appeared to be an important point for consideration.
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2.1 Introduction

High-dose-rate (HDR) brachytherapy has been proven to be an effective treatment for prostate
cancer [4, 5]. Recently, single-fraction HDR brachytherapy has been investigated as monother-
apy and it may become the treatment of choice for low and intermediate-risk disease [16]. In
single fraction HDR brachytherapy, a high dose is given in one fraction, making image guid-
ance of great importance for safe dose delivery. Magnetic resonance imaging (MRI) is the
favorable imaging modality, as it enables visualization of the tumor and surrounding tissues as
well as detection of the needle and source positions [20, 21, 83]. A robotic fully MRI-guided
HDR prostate brachytherapy treatment at 1.5 T is in development at our institution [95],
among others aiming at MRI guidance during dose delivery. However, the procedure of MRI
guidance involves a patient’s body being placed inside the MRI bore, i.e. in a strong magnetic
field, at the moment of radiation delivery. This introduces the chance of interaction between
particles involved in the irradiation process and the magnetic field.

The combination of radiation therapy with a magnetic field has been studied by several
groups, for different purposes. Fundamental theories describe that photons travel unaffected
in a magnetic field and that the covered trajectories of charged particles (e.g. secondary elec-
trons) are influenced by the Lorentz force. Already in 1950, the employment of a longitudinal
magnetic field (parallel with the radiation) was explored for direct-electron-beam therapy to
reduce lateral scattering of secondary electrons [96]. The reduced lateral scattering results
from restriction of the scattered electron beam to helical trajectories along the magnetic field
direction. Furthermore, research was conducted on the application of longitudinal and trans-
verse magnetic fields in both electron beam therapy and external beam photon radiotherapy
to optimize dose distributions [97–103].

In the current situation of the employment of MRI for radiotherapy guidance, the magnetic
field causes unintentional modifications of the radiotherapy dose distribution. The impact
of an external magnetic field on the dose distribution was investigated for transverse irradi-
ation [104–106], in the development of a radiotherapy treatment system with an integrated
MRI system (an MR-linac) [107, 108]. Two main dose effects were described: an asymmet-
rical point spread kernel and the electron return effect (ERE). The asymmetrical point spread
kernel leads to a reduced build-up distance due to deflection of secondary electrons. The ERE
concerns secondary electrons leaving tissue at a tissue-air boundary to be forced back into the
tissue due to the Lorentz force, causing an increased dose locally. The degree of these effects
depends on the magnetic field strength and the electromagnetic particles’ energies involved.
Besides, the effect of a magnetic field on the dose distribution was investigated for a lon-
gitudinal field MR-linac system, where irradiation is performed along the direction parallel
with the magnetic field [109, 110]. In this case, highly increased skin doses were reported,
as the magnetic field forces contaminated electrons to travel directly towards a patient’s skin,
allowing no lateral spread [110].

For HDR brachytherapy (using an Ir-192 source) inside the MRI bore, two main distinc-
tions can be found in comparison to the case of an MR-linac. First, the irradiation direction
is nearly isotropic, instead of merely perpendicular to or parallel with the magnetic field.
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Table 2.1 The range of electrons in air and in water [111], for several electron energies. The last three
columns show the radius of an electron trajectory when traveling in vacuum and in a magnetic
field (see section 2.6 (Appendix) for the equations for calculation of the values), for magnetic
field strengths of 1.5 T, 3 T and 7 T.

Electron Range Range in Trajectory radius in
energy in air water vacuum (mm)

(keV) (mm) (mm) B = 1.5 T B = 3 T B = 7 T

50 38 0.04 0.5 0.3 0.1
100 126 0.1 0.7 0.4 0.2
200 393 0.4 1.1 0.6 0.2
300 737 0.8 1.4 0.7 0.3
400 1127 1.3 1.7 0.8 0.4
500 1544 1.8 1.9 1.0 0.4

1000 3802 4.4 3.2 1.6 0.7

Second, the initial photon energies, and thus also the electron energies, involved in HDR
brachytherapy are lower. Consequently, a direct translation from the findings for external
beam radiotherapy to the situation of an HDR brachytherapy procedure inside the MRI bore is
impossible. Before the HDR brachytherapy treatment can be carried out inside the MRI bore,
research on the safety of the procedure is necessary. Therefore, this study focusses on the in-
fluence of an external magnetic field on the dose distribution around an HDR brachytherapy
source.

When ignoring scattering, three types of response to the magnetic field may be expected for
the secondary electrons, depending on the angle of their path with respect to the magnetic
field direction, due to the Lorentz force. When an electron is directed perpendicular to the
magnetic field, its trajectory will bend due to the Lorentz force. On the other hand, when
the electron travels parallel or antiparallel with the magnetic field, it will remain traveling
along this line. Moreover, when the electron path makes a different angle with the magnetic
field lines, the electron will move along a helical path towards the direction (either positive or
negative) in which the magnetic field lines point. This predicts the dose distribution in a mag-
netic field to become more narrow in the plane perpendicular to the magnetic field direction
and broader at different angulations, particularly parallel to the magnetic field direction.

For HDR prostate brachytherapy, the anatomical position of the prostate close to the rectum
leads to a reasonable chance of the presence of an air pocket near the source. Hence, the
ERE can have an impact in these regions. The ERE occurs when electrons, entering the air
pocket, follow a path with a radius smaller than the air pocket radius. Table 2.1 presents
the range of electrons in air as well as in water [111] and the trajectory radius of electrons
traveling in a magnetic field (see section 2.6 (Appendix) for the equations for calculation
of the values) for varying electron energies. The ratios between the trajectory radius and
the range of electrons in either air or water determine that the impact of the magnetic field
on the electron trajectory will be larger in air than in water, due to the lower density of the
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matter. Furthermore, the trajectory radii indicate that the ERE is probable to occur in the
surroundings of air pockets, which can be as small as a few millimeters. Besides, in the
direction parallel with the magnetic field lines, more electrons will travel presumably in the
forward direction inside the air pocket (either along a helical path or straight). This gives rise
to the possibility of a changed dose at the opposite side of an air pocket in the longitudinal
direction, in the case of an external magnetic field.

The focus of this paper is to explore to what extent a magnetic field influences the dose
distribution around an HDR brachytherapy source (Ir-192) placed in an external magnetic
field. This is conducted by Monte Carlo simulations. The magnetic field strengths of the
common clinical MRI systems (1.5 T and 3 T) and an ultra-high field MRI system (7 T),
anticipating on possible future developments, are considered. In order to provide a general
insight into the impact of the magnetic field on the secondary electrons, the paper starts with
a characterization of the secondary electrons and their distribution in a magnetic field. Next,
two main aspects are covered. The first is an evaluation of the impact on the general dose
distribution around an HDR brachytherapy source. The second aspect is the impact of the
magnetic field when air pockets are present in close proximity of the source. The overall
aims were to investigate if the HDR brachytherapy treatment can be safely performed inside
the MRI bore and to determine if treatment planning needs to be adapted to take into account
the magnetic field.

2.2 Methods

2.2.1 Monte Carlo simulations

All Monte Carlo simulations were performed using the Monte Carlo package Geant4
v10.0 [112, 113]. This is an open source toolkit that provides the simulation of electromag-
netic interactions of particles with matter. The Geant4 code has been thoroughly validated
and employed in many areas, including the field of medical physics [114, 115]. The package
has been applied extensively to Monte Carlo simulations related to brachytherapy [116–118].
Moreover, Geant4 permits reliable computation of electromagnetic radiation trajectories in
the presence of a magnetic field [119].

In all simulations, the low energy Livermore electromagnetic physics package (’EmLiver-
morePhysics’) was incorporated. This model contains photons (included interactions: Comp-
ton scattering, Rayleigh scattering, gamma conversion, and photoelectric effect) and electrons
(included interactions: ionization and Bremsstrahlung). A CutValue of 1 µm was utilized,
leading to a production threshold of 250 eV for photons and electrons in water and air (i.e.
below 250 eV no secondary electrons or photons are generated) and a range cut of 1 µm (i.e.
particles with an energy below the threshold energy stop after traveling 1 µm). The maximum
step size was set to 0.2 mm, being smaller than the voxel size to secure energy deposition at
the correct location. A classical fourth-order Runge-Kutta stepper (’ClassicalRK4’) was ap-
plied to calculate the trajectories of charged particles in a magnetic field. The embedded
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DeltaChord value was 0.05 mm, which is the maximum distance between a curved trajectory
and the chord segments approximating the curved path.

A three-dimensional Cartesian coordinate system was defined, where the magnetic field lines
were oriented towards the positive z-axis. In all cases, simulations were repeated with mag-
netic field strengths of respectively B = 0 T, B = 1.5 T, B = 3 T, and B = 7 T.

Statistical accuracy

The statistical accuracy of the simulations was determined by splitting the simulations into
N independent batches, and then calculating the statistical uncertainty, ε, of the energy de-
position per voxel as follows:

ε =
σ√
N · X̄

, (2.1)

where σ is the standard deviation of the values in the voxel, over the N statistical batches,
and X̄ is the mean over all N values of the voxel.

2.2.2 Investigated cases

Electron behavior

At first, a study on the secondary electron energies involved in HDR brachytherapy (using Ir-
192) was carried out. This was realized by running a simulation as described in section 2.2.2
(but with 1 · 108 photons simulated), and recording the energies of all secondary electrons
generated. The electron energies making a relevant contribution to energy deposition were
determined. The maximum relevant energy was selected, and used as input into the simula-
tions of the electron behavior.

Monte Carlo simulations of electrons traveling in a magnetic field were performed to gain
insight into the order of the field’s influence on the electron distribution. A ’worst-case sce-
nario’ of the maximum possible impact was sketched, taking the maximum relevant sec-
ondary electron energy (selected from the study described above) as the initial primary par-
ticle energy. The primary particles were generated by a point source producing electrons
in a single direction. Two distinct initial directions of the electrons were considered: (I)
parallel with the magnetic field, along the positive z-axis, and (II) perpendicular to the mag-
netic field, along the positive x-axis. A number of 1·108 primary electrons were generated.
A phantom was simulated, consisting of a homogeneous box of water with dimensions of
1.99×1.99×1.99 cm3. The electron point source was placed in the center of the phantom.

The energy deposition was calculated using a scoring grid that covered the phantom. This
grid consisted of 199 bins in all three dimensions, such that the source was positioned exactly
in the center of one scoring voxel, resulting in scoring voxels of 0.1×0.1×0.1 mm3.
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Dose distribution

The influence of the magnetic field on the total dose distribution around an Ir-192 source in
a magnetic field was investigated by adopting an ideal point source as simplification of the
source geometry. This was feasible since the effects due to the cylindrical source geometry
are irrelevant to addressing the basic impact of an external magnetic field on the radiation
transmission.

A homogeneous water phantom was simulated as a box with dimensions equal to
9.95×9.95×9.95 cm3, holding the source at the exact center. Regarding the Ir-192 energy
spectrum, the electrons originating from β− decay were assumed to be negligible [120].
The energy spectrum assigned to the primary particles was the Ir-192 photon spectrum of
the US National Nuclear Data Center [121], which was normalized to an intensity of 100%,
see Table 2.2. The General Particle Source was included to generate the primary photons,
utilizing an isotropic distribution. The number of primary photons was 4 · 109 (split up as
40 × 1 · 108), with a statistical uncertainty of 1.5±0.2% at 1.0 cm and 6.7±0.8% at 4.5 cm
distance from the source.

The primary photons cause cascades of electrons depositing energy along their paths. The
resulting dose deposition (i.e. energy deposition) was scored on a grid with dimensions equal
to the phantom size. The scoring grid consisted of 199 bins in all three dimensions, such that
one scoring voxel contained the source in its center. The resulting scoring voxel size was
0.5×0.5×0.5 mm3.

Air pockets

In the simulations of the case with an air pocket present close to the Ir-192 source, the param-
eters and geometry were equal to those mentioned in section 2.2.2, except for the addition of
an air pocket. The air pocket was defined in the water phantom as a cube (to prevent partial
volume effects) of air with dimensions of 30×30×30 mm3, regarded as a realistic dimension
for an air pocket appearing in the rectum. Two distinct positions of the air pocket with respect
to the source position were considered: (I) at a distance of 3.25 mm along the central x-axis
in the direction perpendicular to the magnetic field, to study the ERE, and (II) at a distance
of 3.25 mm along the central z-axis in the direction parallel with the magnetic field, to study
the effect of a longitudinal magnetic field. Under these circumstances, partial volume effects
were prevented, as the air pocket’s cubical shape and the distance of 3.25 mm between the
source and the air pocket ensure an overlap of the air pocket boundaries with voxel bound-
aries. Besides, the case where the air pocket was positioned along the longitudinal direction
was studied more extensively for a magnetic field strength of 1.5 T, by varying the distance
between air pocket and source (10.25 mm), and by varying the air pocket size (5 mm, 10 mm,
15 mm, 20 mm, 25 mm isotropically). The number of primary photons was 2 · 109 (split up
as 20× 1 · 108), with a statistical uncertainty of 2.2±0.4% at 1.0 cm and 9.4±1.6% at 4.5 cm
distance from the source.
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Table 2.2 The photon energy spectrum of Ir-192 [121] used for the Monte Carlo simulations. The spec-
trum was normalized to an intensity of 100%.

Energy (keV) Intensity (%)

110.33 0.0059
136.39 0.0917
176.98 0.0020
201.31 0.2171
205.79 1.5254
280.27 0.0037
283.27 0.1226
295.96 13.2321
308.46 13.6875
316.51 38.1910
329.09 0.0080
374.49 0.3350
416.47 0.3088
420.52 0.0318
468.07 22.0474
484.58 1.4701
485.46 0.0022
489.06 0.2019
588.58 2.0840
593.63 0.0194
599.41 0.0018
604.41 3.7864
612.46 2.4612
703.78 0.0024
765.83 0.0006
884.54 0.1346

1061.49 0.0245
1089.96 0.0005
1378.50 0.0006
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2.2.3 Analysis

The analysis of the simulation results was performed in Matlab (The MathWorks, Natick,
Massachusetts, United States). In the analysis of the electron behavior, the energy deposi-
tions were scaled as percentage of half the maximum deposited energy of the case without
magnetic field (i.e. B = 0 T). The energy distributions for the cases with distinct initial elec-
tron directions were compared, as well as those for the cases with different magnetic field
strengths.

In order to analyze the impact on the total dose distribution, the dose depositions for the
different magnetic field strengths were compared both in the plane parallel with the magnetic
field and in the perpendicular plane. The dose depositions were normalized to the average
dose at 10 mm distance from the source (reference distance recommended by the AAPM
task group 43 [122] in the case without magnetic field, which was defined as 100% of the
dose. The steep dose gradient around the source, obeying the inverse square law, hampers a
simple comparison of the different dose depositions over the total area. Therefore, the dose
depositions with and without magnetic field were analyzed by subtracting the two, and then
quantifying the differences as: (I) a dose percentage, and (II) a percentage of the local dose
without magnetic field. Furthermore, comparisons were made between the isodose contours
with and without magnetic field, considering the isodose contours for 5, 10, 30, 100, 300, and
1000 % of the normalized dose.

In the situations with the presence of an air pocket, the dose depositions were analyzed
through a plot of the normalized dose along the central axis along which the air pocket was
positioned (either the x or z-axis). Comparisons were made between the dose depositions for
the cases with distinct magnetic field strengths and the case without air pocket and B = 0 T.
Moreover, comparisons were made between cases where the air pocket distance and the air
pocket size were varied.

2.3 Results

2.3.1 Electron behavior

The spectrum of secondary electron energies, obtained from a simulation of 1·108 primary
photons of an Ir-192 source, is shown in Figure 2.1a. The graph demonstrates that mainly
low-energy electrons are involved in the irradiation process, showing several peaks up to an
energy of 432 keV. The energy fluence spectrum, given in Figure 2.1b, represents the contri-
butions of the secondary electron energies to the energy deposition, as the fluence spectrum
is defined as the energy spectrum multiplied by the corresponding energy value of each bin.
Based on both spectra, an energy of 432 keV was considered as the highest electron energy
relevant to the contribution to energy transfer.
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Figure 2.1 (a) The energy spectrum of secondary electrons, obtained from a simulation of 1·108 pri-
mary photons of an Ir-192 source. (b) The energy fluence spectrum of secondary electrons
(i.e. the energy spectrum of a multiplied by the corresponding energy values).

Insight into the impact of the magnetic field was obtained by Monte Carlo simulation of elec-
trons, generated either parallel with or perpendicular to the magnetic field direction, resulting
in the energy depositions presented in Figure 2.2 (with logarithmic scaling). The figure illus-
trates the effect of the magnetic field on the distribution of electrons traveling in a magnetic
field. In the situation of electrons traveling parallel with the magnetic field (Figure 2.2a),
the amount of energy deposited along the z-direction was slightly higher in the cases with
higher magnetic field strengths. Conversely, in the situation of electrons traveling perpendic-
ular to the magnetic field (Figure 2.2b), a clear deflection pattern was observed for the higher
field strengths. Besides, the range over which the energy deposited was decreased when a
magnetic field was present, particularly noticeable in the case of B = 7 T.

The energy depositions presented in Figure 2.2 apply to an initial electron energy of 432 keV,
representing a ’worst-case scenario’ of the electron behavior. Electrons with higher energies
have a negligible contribution to energy deposition, and electrons with lower energies expe-
rience a reduced impact of the magnetic field as their average range is smaller. Looking at
the overall effects, the results demonstrate that the electron behavior was influenced by the
magnetic field only at a small scale (submillimeter). Most of the energy transfer took place
very close to the point of origin of the electrons, indicating that the actual influence of the
magnetic field on the total dose distribution might be minimal.

2.3.2 Dose distribution

The differences between the dose depositions with and without magnetic field, around an
ideal point source, are displayed in Figure 2.3. Negative differences indicate a decreased
dose due to the magnetic field, whereas positive differences indicate an increased dose. When
the source was placed in an external magnetic field, the dose was anisotropically distributed,
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Figure 2.2 The energy deposition in a water phantom obtained from a monoenergetic (432 keV) point
source producing electrons in a single direction, (a) parallel with the magnetic field, and (b)
perpendicular to the magnetic field, for field strengths of B = 0 T, B = 1.5 T, B = 3 T, and
B = 7 T (from left to right), illustrating the impact of the magnetic field on traveling electrons.
The energy deposition is shown on a logarithmic scale, as a percentage of half the maximum
deposited energy in the case without magnetic field (i.e. B = 0 T).
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in contrast to the case without magnetic field. When regarding the differences as a dose
percentage (left and middle columns in Figure 2.3), they were apparent only in the direct
vicinity of the source, and more striking with higher magnetic field strengths. The central
region, in the direct vicinity of the source, showed a dose increase due to the magnetic field.
In the longitudinal plane, an increased dose was observed along the direction of the magnetic
field lines. In contrast, a decrease was found in the transverse plane.

The left and middle columns of Figure 2.3 might suggest substantial differences between
the dose distributions with and without magnetic field. However, these differences appeared
merely around the center, very close to the source, at locations that in any case receive an
overdosage. Moreover, when considered as a percentage of the local dose without magnetic
field (right column in Figure 2.3), the absolute differences turned out to be well below 4%
for B = 1.5 T and B = 3 T. In the case of a magnetic field strength of B = 7 T, the differences
were considerably larger: an increase of up to 12% was found along the line through the
center, parallel with the magnetic field direction. In the central plane perpendicular to the
magnetic field, decreased values of around 4% were observed. Clearly, the higher differences
were found only within 3 mm around the source. At a distance of 10 mm from the source,
the absolute differences were around the statistical noise level (≈1.7±1.3%) for all three
magnetic field strengths (1.5 T, 3 T and 7 T). At positions beyond 10 mm from the source,
differences decreased rapidly with increasing distance.

Figure 2.4 demonstrates that distinctions could hardly be noticed between the isodose con-
tours without and with magnetic field, for all magnetic field strengths (1.5 T, 3 T and 7 T).
Despite the larger differences found in the case of B = 7 T, no considerable deviations of
the isodose contours were observed. Thus, as already expected from the electron behavior
shown in Figure 2.2, the secondary electrons affected the dose distribution only on a local
scale. Hence, the inverse square law for the distribution of primary photons dominated the
distribution of dose around the source, regardless of the presence of a magnetic field.

2.3.3 Air pockets

In the situation that an air pocket was present close to the source in the transverse plane, the
dose distribution was slightly affected by the ERE, see Figure 2.5. In more detail, electrons
that entered the air region followed deflected paths and were forced to travel back into the
water region, causing an increased dose in the water area of the water-air transition. However,
this was a rather modest effect, occurring along a region of only one voxel in depth. As a
result, the ERE could be perceived as a negligible effect.

In contrast, a more apparent effect was noticed in the situation that the air pocket was located
along the longitudinal direction. Dose increases were observed in the water region of the
air-water transition at the opposite side of the air pocket, see Figure 2.6a-b. These increases
were found for all magnetic field strengths studied, showing slightly higher peak values with
increasing field strengths. One remarkable feature, accounting for mentioned dose increases,
is that the graphs presented a nearly constant dose deposition within the air pocket zone due
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Figure 2.3 The subtractions of the dose depositions with and without magnetic field (dose with magnetic
field minus dose without magnetic field), for field strengths of (a) 1.5 T, (b) 3 T and (c)
7 T. The central plane parallel with the magnetic field (upper rows) and the central plane
perpendicular to the magnetic field (lower rows) are presented. The dose differences are
provided as a percentage of the dose at 10 mm (left and middle column), where the middle
column is a zoomed view, and as a percentage of the local dose (right column).
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Figure 2.4 The isodose contours without magnetic field (B = 0 T) and with magnetic field, with field
strengths of (a) B = 1.5 T, (b) B = 3 T and (c) B = 7 T, in the planes parallel with (left) and
perpendicular to (right) the external magnetic field. The isodose contours represent 5, 10,
30, 100, 300, and 1000 % of the normalized dose (from the outside in).
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Figure 2.5 (a) The normalized dose profile along the central axis perpendicular to ~B (the x-axis), for
the case without air pocket and magnetic field (blue graph) and for the cases with an air
pocket present (see b) for all investigated magnetic field strengths, on a logarithmic scale,
including a zoomed view of the point at the water-air transition (at x = 3.25 mm) indicated
by the black arrow. (b) The air pocket position, shown in the central plane of the phantom
and indicated by the dotted lines (from x = 3.25 mm up to x = 33.25 mm), with air pocket
dimensions of 30×30×30 mm3.

to the magnetic field, instead of the characteristic quadratic behavior demonstrated in water.
Under influence of the magnetic field and provided the substantially lower electron density
in air, electrons that entered the air pocket were forced to travel along a helical path in the
direction parallel with the magnetic field, finally depositing their energy in the water area at
the opposite side of the air pocket. Thus, electrons that otherwise would have been distributed
in all directions and subjected to substantially more scattering were now transported in equal
directions, predominantly to the opposite side of the air pocket, causing a dose increase there.
Consequently, a lower dose was observed at the lateral air-water interfaces.

Additionally, Figure 2.6c-d demonstrates that the dimensions of the air pocket as well as
the distance between source and air pocket have a substantial influence on the peak height
of the dose increase. In the situation with the air pocket located close to the source (i.e.
3 mm) and a relatively large air pocket size (i.e. 30 mm isotropically), the dose increase
due to the magnetic field was considerably high with respect to the situation of B = 0 T (see
the yellow graph in Figure 2.6c). A change of one of the two considered parameters, either
positioning of the air pocket at a larger distance or a decrease of air pocket dimensions, led
to less dose increase with respect to the case of B = 0 T (see the green and purple graphs
respectively in Figure 2.6c), although the effect is still noteworthy. Furthermore, the black
marks in Figure 2.6c show the peak heights for all cases where the air pocket size was varied.
The figure demonstrates that the dose at the near side of the air pocket reflects the amount
of available electrons, which decreases gradually along the air pocket and then determines
the peak height after deposition at the opposite side, whereas the expected dose decreases
considerably faster over distance (in accordance with the inverse square law). The significant
dose increases indicate that the presence of air pockets near the source should not be ignored.
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a b

c d

Figure 2.6 The normalized dose profiles (a and c) along the central axis parallel with ~B (the z-axis),
on a logarithmic scale. The blue graphs represent the case where neither the air pocket
nor the magnetic field were present. Furthermore, (a) presents the dose for the cases with
an air pocket present for all investigated magnetic field strengths. The position of the air
pocket is shown in the central plane of the phantom in (b), indicated by the dotted lines
(from z = 3.25 mm up to z = 33.25 mm), with air pocket dimensions of 30×30×30 mm3.
The graphs in (c) show the dose profiles for the case of a cubic air pocket with size 30 mm
at z = 3.25 mm at 1.5 T (yellow), and for the cases where the air pocket size was varied,
i.e. 10 mm cubic (purple), and where the air pocket distance was varied, i.e. 10.25 mm
(green). A schematic representation of these air pocket positions and dimensions is given in
the central plane of the phantom in (d), with colors corresponding to the graphs in (c). The
black marks in (c) represent the peak heights for all cases where the air pocket size was
varied (5 mm, 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm cubic respectively).
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2.4 Discussion

The results of the Monte Carlo simulations provided insight into the effect of a magnetic
field on the dose distribution around an Ir-192 HDR brachytherapy source. The magnetic
field caused the electron distribution to be narrower and extended in the longitudinal direc-
tion and deflected in the transverse plane. However, the results supported that these electron
effects occur on a submillimeter scale. This was also confirmed by the simulated total dose
distributions around a point source with and without magnetic field; the isodose contours
were virtually unaffected by the magnetic field. The dose distributions proved that the in-
verse square law for the distribution of photons dominated the distribution of dose in a water
phantom, regardless of the presence of a magnetic field. This outcome is essential to the
interpretation of the impact of the magnetic field as a marginal effect in a clinical situation.
Besides this encouraging outcome, the results revealed one topic attention needs to be drawn
to: the presence of an air pocket in close proximity to the source. When an air pocket is
present near the source along the longitudinal direction and has considerable dimensions, a
substantial dose increase can be expected in the tissue area at the opposite side of the air
pocket, as proven by the simulations. This fact highlights the necessity of paying attention to
the chance of air pockets appearing near the source during treatment.

With regard to the HDR brachytherapy treatment for prostate cancer, the data provided evi-
dence for the fact that the magnetic field does not seriously affect the dose distribution. The
minimal impact of the magnetic field for the simulated point source implies that likewise
the magnetic field has a negligible impact in the case of the actual source geometry. Con-
sequently, no further simulations were needed to explore the effects for the situation of a
cylindrical source geometry. For application in prostate cancer treatment, minimal risks are
expected due to air pockets, since, for anatomical reasons, air pockets are highly improbable
to appear along the longitudinal direction in the immediate vicinity of the prostate. Due to
the fact that the rectum is located posterior to the prostate, air pockets will presumably appear
in the transverse direction with respect to the source, leaving the dose distribution roughly
unaffected. For a translation of the simulation results to a clinical situation, this indicates that
the HDR prostate brachytherapy treatment can be safely performed inside the MRI bore.

When considering MRI-guided HDR brachytherapy for the treatment of a different type of
cancer, rather than prostate cancer as in this study, careful attention should be paid to the
chances of air pockets appearing close to the source, particularly along the longitudinal di-
rection. A decision can be made on the impact on the dose distribution and the safety of the
specific treatment, based on the distance between intended source positions and potential air
pockets.

The research demonstrated here was conducted specifically on the usage of an Ir-192 source.
When considering HDR brachytherapy with employment of a different type of HDR source,
for instance cobalt (Co-60) or cesium (Cs-137), the strength of the magnetic field’s effects
on the radiation transport will be different due to the particular energies involved with decay
of the radioactive isotopes. Co-60 and Cs-137 sources produce photons with energies of
respectively 1.17/1.33 MeV and 0.66 MeV, clearly higher than the average photon energy of
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an Ir-192 source (i.e. 0.37 MeV). The higher photon energies correspond with an increased
secondary electron range, consequently raising the possibility of deviation from the original
electron paths. This suggests that the magnetic field has an increased impact when applying
either a Co-60 or a Cs-137 source, with respect to the case of the Ir-192 source investigated
here. Consequently, when considering employment of a different radioactive isotope for
treatment inside an MRI bore, more research must be conducted on the impact of the magnetic
field for that specific type of HDR source.

2.5 Conclusion

This paper presents a Monte Carlo study on the impact of an external magnetic field on
the dose distribution of an Ir-192 source, for the intended application of MRI-guided HDR
prostate brachytherapy. The simulation results demonstrated no considerable influence of the
magnetic field on the general dose distribution (differences less than or around the level of
the statistical error, i.e. around 1.7% at 10 mm), for the investigated magnetic field strengths
of 1.5 T, 3 T and 7 T. The distribution of photons, in accordance with the inverse square law,
dominates the total dose distribution. The conclusion for the application of the HDR prostate
brachytherapy treatment inside the MRI scanner is twofold. First, from a dose perspective,
the procedure can be performed safely inside the MRI scanner. Second, the study proved
no need to adapt treatment planning to take into account the magnetic field. Nevertheless,
careful attention should be paid to the appearance of air pockets near the source.

2.6 Appendix. Electron trajectory radius in the
presence of a magnetic field

An electron traveling in a magnetic field describes a helical path. The electron trajectory
radius r is described by the following equation, taking the relativistic electron energy into
account [123]:

r =
(E0 + Ek)

√
1−

(
E0

E0+Ek

)2

Bqc
, (2.2)

where E0 is the electron rest mass energy (511 keV), Ek is the electron kinetic energy, B is
the magnetic field strength, q is the electron charge (1.6 · 10−19 C) and c is the speed of light
(3.0 · 108 m/s).
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Abstract

For the purpose of MR-guided high-dose-rate (HDR) brachytherapy, a method
for real-time localization of an HDR brachytherapy source was developed,
which requires high spatial and temporal resolutions. MR-based localization
of an HDR source serves two main aims. First, it enables real-time treatment
verification by determination of the HDR source positions during treatment.
Second, when using a dummy source, MR-based source localization provides
an automatic detection of the source dwell positions after catheter insertion,
allowing elimination of the catheter reconstruction procedure. Localization of
the HDR source was conducted by simulation of the MR artifacts, followed
by a phase correlation localization algorithm applied to the MR images and
the simulated images, to determine the position of the HDR source in the
MR images. To increase the temporal resolution of the MR acquisition,
the spatial resolution was decreased, and a subpixel localization operation
was introduced. Furthermore, parallel imaging (sensitivity encoding) was
applied to further decrease the MR scan time. The localization method was
validated by a comparison with CT, and the accuracy and precision were
investigated. The results demonstrated that the described method could be
used to determine the HDR source position with a high accuracy (0.4-0.6 mm)
and a high precision (≤0.1 mm), at high temporal resolutions (0.15-1.2 s
per slice). This would enable real-time treatment verification as well as an
automatic detection of the source dwell positions.
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3.1 Introduction

Magnetic resonance imaging (MRI) is the preferred imaging modality for guidance of high-
dose-rate (HDR) brachytherapy, as it enables visualization of the anatomy with a high soft tis-
sue contrast, as well as detection of interventional devices (e.g., brachytherapy catheters) [20–
22]. In some applications, such as HDR prostate brachytherapy, a high dose is delivered in
a single fraction (up to 19 Gy), while trying to minimize the dose to organs at risk. There-
fore, advanced image guidance is necessary for safe and precise dose delivery [18]. A fully
MRI-guided robotic HDR prostate brachytherapy treatment at 1.5 T is in development at our
institution [95], which includes real-time MRI-guided treatment verification. Hence, this pa-
per focuses on the development of a method for real-time HDR brachytherapy source tracking
using MRI.

By developing an automatic MRI based HDR source localization method, two aims can be
achieved for both the current and the future robotic treatment. First, it provides real-time HDR
source dwell position verification during the treatment, enabling a more detailed verification
of the delivered dose in real time. Second, with the employment of a dummy source, the
source localization can be conducted to automatically detect the source dwell positions after
catheter insertion. This may replace the currently applied manual catheter reconstruction
procedure, improving the workflow and avoiding reconstruction errors.

In recent years, considerable research has been conducted on techniques for either guid-
ance or verification of HDR brachytherapy treatments, e.g., in vivo dosimetry with detec-
tors [124, 125], fluoroscopy [126], electromagnetic tracking (EMT) [56–58] or fiber Bragg
gratings (FBG)-based sensing [59]. These techniques have their limitations. For example,
in the case of in vivo dosimetry, the dose is measured only in single points instead of a 3D
volume and, in all mentioned techniques, a registration is needed with an anatomical dataset
obtained using an additional imaging modality (ultrasound imaging, CT or MRI). Due to
their limitations, these methods are currently not commercially available and, therefore, not
clinically applied [55].

Additionally, other groups also explored MRI for guidance of an HDR brachytherapy proce-
dure, to perform visualization or tracking of the catheters during insertion [19, 34]. However,
these groups used MRI particularly for guidance during catheter insertion, whereas they have
not explored real-time MRI-guided treatment verification. In general, the techniques for MR-
based tracking of interventional devices can be divided into two groups: passive tracking and
active tracking. Passive tracking depends on variations in signal intensities created by the
interventional device, which can be either positive contrast due to modification of the MR
sequence or image processing [81, 82, 84–86], or negative contrast relying on visualization
of a device using the signal void or artifact [79, 80]. A passive tracking technique explored in
our institution involves detection of an HDR brachytherapy source position, but its temporal
resolution is not sufficient for real-time application (i.e. a temporal resolution of 4 s) [83].
On the other hand, active tracking techniques are inherently faster, but involve small coils
embedded into the device to collect a signal for tracking, separately from the receiver coils,
or to locally enhance the signal to visualize the position of the device [90–92].
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The application of MRI for HDR source localization has unique challenges due to artifacts in-
duced by the magnetic susceptibility of the paramagnetic materials used in HDR brachyther-
apy (e.g. the steel encapsulation of the HDR source). These susceptibility artifacts are caused
by distortion of the static magnetic field: strong field gradients are present in the area sur-
rounding the (para)magnetic object. These local magnetic field distortions cause intravoxel
dephasing, and thus signal losses, and geometric distortions [71, 64]. Besides, two important
requirements are imposed on real-time HDR source localization during an MRI-guided inter-
vention. First, an accurate automatic determination of the source position coordinates in 3D
is necessary, rather than only demonstrating a typical contrast in the MR image. Second, fast
MR image acquisition/reconstruction and processing with low latency are needed to be able
to verify the dwell positions in real time, including the positions with the shortest dwell times
in the order of 0.3 s.

Instead of viewing the MR artifacts induced by the HDR source as a detrimental effect, the
artifacts can be exploited to determine the source position. Wachowicz et al performed this
by modeling the artifacts around a low-dose-rate (LDR) brachytherapy seed (using an itera-
tive algorithm), and employing this information in a normalized cross-correlation to find the
positions of the seeds placed in the prostate [76]. Alternatively, direct forward simulation,
based on the magnetic susceptibility distribution and its field disturbance, is a more straight-
forward method for simulation of the steady state signal of a gradient echo sequence [78]. In
this paper, we present a method based on this type of simulation in combination with a phase
correlation algorithm [127], to automatically localize the HDR source.

This paper describes the simulation of the complex-valued MR signal representing the artifact
around an HDR brachytherapy source, employed to find the source position by matching the
experimental MR data to the simulated data using a phase correlation technique. MR acquisi-
tion using a 2D gradient echo sequence, with a short TE and TR, enabled imaging with short
dynamic scan times. For real-time localization in 3D, two intersecting slices were acquired
interleaved. For the purpose of obtaining even higher temporal resolutions, two techniques
were introduced to accelerate: the acquisition of images with lower spatial resolutions com-
bined with subpixel source localization and the application of parallel imaging (sensitivity
encoding). Furthermore, the accuracy and precision of the method were investigated by a
comparison with the source position on CT, serving as the gold standard.

3.2 Methods

3.2.1 Simulations

Simulation of the MR artifacts, induced by the magnetic susceptibility of the HDR brachyther-
apy source, was implemented in Matlab (The Mathworks, Natick, Massachusetts, United
States). This section (3.2.1) explains the separate steps of the simulation process.
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Geometry model

A cross-section of the geometric design of the Flexisource Ir-192 HDR source (Elekta NL,
Veenendaal, The Netherlands), is shown in figure 3.1a. A 3D geometry model of the source,
G(x, y, z), was generated, on a cubic grid with 0.1 mm isotropic resolution. The source was
defined as a cylinder of iridium (radius = 0.30 mm, length = 3.55 mm), surrounded by a steel
capsule (radius = 0.45 mm, length = 4.4 mm), connected to a steel cable (radius = 0.25 mm,
infinite length), schematically depicted in figure 3.1b. The borders of the cylinders were
smoothed, to take into account partial volume voxels. The model was generated in a 3D
Cartesian coordinate system, with the static magnetic field, ~B0, pointing along the positive
z-axis. The orientation of the long axis of the source with respect to ~B0 was described by
the angles θ (angle about the x-axis) and ϕ (angle about the y-axis), indicated in figures 3.1c
and 3.1d.

Susceptibility distribution

Based on the geometry model, the susceptibility distribution, χ(x, y, z), was defined by
assigning a susceptibility value to each material: χiridium = 3.66×10−5 [63], χwater = -
9.05×10−6 [62], and χsteel = 1.2×10−2. Here, the source was assumed to be surrounded by
water, and the susceptibility of the steel parts was empirically determined by varying χsteel
and searching for the best match between the simulated and the acquired MR artifact, as the
actual susceptibility of the concerned steel type was not provided.

Magnetic field perturbation

From the susceptibility distribution, the induced magnetic field perturbation, ∆B0(x, y, z),
was obtained using a forward calculation of the susceptibility induced field shift, applying a
Fourier-based convolution method in combination with virtual zero-padding [69]. This cal-
culation involves a convolution between the 3D susceptibility distribution and a dipole kernel
(defined as the Green’s function), followed by a subtraction of the aliasing field disturbance.

MR signal

To be able to simulate the MR signal in the vicinity of the perturbing source, a 3D matrix
of the signal generating proton distribution, ρ(x, y, z), was introduced (based on the model
G(x, y, z)), where:

ρ(x, y, z) = 1, for voxels containing water,

1 > ρ(x, y, z) > 0, for partial volume voxels, and

ρ(x, y, z) = 0, for voxels containing the source. (3.1)
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Figure 3.1 Cross-sections of (a) the geometric design of the Flexisource Ir-192 HDR source (dimen-
sions given in mm) and (b) the simplified geometry model of the Ir-192 source, functioning as
a base for the simulation of the MR signal. The source was modeled as a cylinder of iridium
(diameter = 0.6 mm, length = 3.55 mm), surrounded by a steel capsule (diameter = 0.9 mm,
length = 4.4 mm), and connected to a steel cable (diameter = 0.5 mm, infinite length). The
source orientation in the 3D coordinate system was described by the angles θ and ϕ, where
(c) shows the angle θ about the x-axis (here: θ = 20◦, ϕ = 0◦), and (d) shows the angle ϕ
about the y-axis (here: θ = 0◦, ϕ = 20◦), and ~B0 pointed along the positive z-axis.
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Furthermore, the slice location was described by the slice thickness and the angles θslice (an-
gle about the x-axis) and ϕslice (angle about the y-axis), allowing the definition of coronal
and sagittal slices with any desired orientation. The effects of the induced field perturbation
on the slice excitation process were neglected, since these are small in the case of a large
slice thickness. The matrices ρ(x, y, z) and ∆B0(x, y, z) were then rotated through the an-
gles−θslice and−ϕslice, to align the calculation grid with the slice orientation. This enabled
inclusion of signal variations over time along the readout direction. Intravoxel phase dis-
persion was taken into account by the fact that the computation was performed on an input
matrix with a higher resolution (0.1 mm isotropic resolution) than that of the final simulated
MR image.

The next step involved the actual simulation of the steady state MR signal. The local field
inhomogeneity causes in-plane and through-plane signal losses due to intravoxel phase dis-
persion, and it gives rise to shifts in k-space, causing geometric distortion in the read-out
direction [71]. In the case of a steady state signal, these effects can be simulated by calcu-
lating the relative signal changes over time during sampling, which involve spatially varying
phase evolutions of the excited spin population. In other words, with the presence of a strong
field inhomogeneity, the signal phase changes considerably during the short sampling time,
which is an essential aspect for simulation of the artifact. Three main components contribute
to the phase evolution, namely the local field perturbation, T2 decay and the frequency en-
coding gradient. Because of the short echo times, the effect of T2 decay was neglected. The
change of the signal was then computed from the matrices ρ(x, y, z) and ∆B0(x, y, z), while
taking into account scan parameters of the MR sequence, i.e. the echo time, TE, the field of
view, FOV, and the sampling interval, ∆t. For a readout direction along x, the signal for each
kx (at a certain time point during sampling), S(kx, y, z), was calculated as the sum over all
voxels along x, all representing the signal of the voxel at that point in time [71, 78]:

S(kx, y, z) =

Nx∑
j=1

ρ(xj , y, z) · ei2πγ∆B0(xj ,y,z)·(TE+n∆t) · e−i2πkxxj , (3.2)

where kx = γGRn∆t, γ is the gyromagnetic ratio, GR is the readout gradient strength
defined as GR = 1

γFOVx∆t , and n = −Nx/2...Nx/2 − 1 with Nx the number of simulated
voxels along the x direction (readout direction). The complex-valued MR signal (in image
domain), S(x, y, z), was obtained by computing the 1D inverse Fourier transform along the
x-direction:

S(x, y, z) = F−1 (S(kx, y, z)) . (3.3)

Lastly, the complex summation of multiple adjacent voxels was calculated to resample
S(x, y, z) to a 2D image with a larger voxel size, to match the voxel size of the MRI ac-
quisition in all three dimensions and, simultaneously, taking into account intravoxel phase
dispersion.
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Figure 3.2 (a) The source was positioned in the center of a platform, placed in a cylindrical phantom
filled with doped water. (b) The platform contained gaps, forming a reference in the MR/CT
images. The source was positioned inside a tube in the center of a circle in the center
of the platform. (c-d) Schematic representations of the slice orientations of the coronal
(top image) and sagittal slices (bottom image) by the orange boxes, for angulations of the
phantom/source of 0◦ and 20◦ respectively (viewed from above).

3.2.2 Experiments

Measurement set-up

In the experimental set-up, a non-active Ir Flexisource was used (Elekta NL, Veenendaal, The
Netherlands), schematically depicted in figure 3.1a. A cylindrical phantom was designed,
containing a Perspex platform in which a plastic tube was fixed for positioning of the source
in the center of the platform, inside the tube (figure 3.2a). The platform was created with a
pattern of gaps, see figure 3.2b, forming a reference in the images and facilitating registrations
between different data sets. The cylinder was filled with doped water (≈ 25 mg/l MnCl2) and
covered to prevent motion artifacts due to water movements.

The orientation of the HDR source with respect to ~B0 was varied by rotating the phantom, as
the MR artifact depends on the angle between the source orientation and ~B0. Angles of 0◦,
10◦, 15◦, 20◦, 30◦, 45◦, 60◦, 75◦ and 90◦ were applied.

MR acquisition

MR imaging was conducted on a 1.5 T Ingenia MRI system (Philips Healthcare, Best, The
Netherlands), using a 28-channel anterior/posterior coil. A 2D dynamic spoiled gradient
echo sequence was applied, with TE/TR = 2.26/4.60 ms, FOV = 256×256 mm2, slice thick-
ness = 10 mm, acquisition matrix = 256×256, readout bandwidth = 434 Hz/pixel, flip an-
gle = 30◦ and 10 dynamics. The readout direction was applied along the feet-head (FH)
direction. Two intersecting 2D slices (sagittal and coronal) were acquired, to allow determi-
nation of the source position in 3D. The slices were oriented such that the source cable was
positioned in-plane. The coronal slice was not angulated and the sagittal slice was angulated
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Table 3.1 The scan parameters of the dynamic 2D spoiled gradient echo sequence with spatial resolu-
tions of 1×1 mm2, 2×2 mm2, 2.5×2.5 mm2 and 3×3 mm2 respectively. The dynamic scan
time applies for the acquisition of both slices.

Spatial resolution (mm2)

1×1 2×2 2.5×2.5 3×3

TE/TR (ms) 2.26/4.60 1.92/3.99 1.76/3.70 1.69/3.60
FOV (mm2) 256×256 256×256 240×240 240×240
Slice thickness (mm) 10 10 10 10
Flip angle 30◦ 30◦ 30◦ 30◦

Readout bandwidth (Hz/pixel) 434 434 479 500
Dynamic scan time (s), SENSE = 1 / 2 2.4/1.2 1.1/0.54 0.75/0.39 0.61/0.32

equal to the rotation of the phantom in each acquisition, see figure 3.2c-d for a schematic
representation.

For the purpose of increasing the temporal resolution, the spatial resolution was decreased
to 2×2 mm2, 2.5×2.5 mm2 and 3×3 mm2 (besides the resolution of 1×1 mm2 described
above), see Table 3.1 for the scan parameters, including the dynamic scan times. To further
increase the temporal resolution, the acquisitions were repeated with the application of the
parallel imaging technique sensitivity encoding (SENSE) [128], using a SENSE factor of 2.
In total, 800 images were acquired (10 dynamics, 4 spatial resolutions, no SENSE/SENSE=2,
and 10 angulations).

To assess the ability to perform subpixel localization, and to assess its precision, an additional
series of MR images was acquired (with the source positioned in a tube inside an Agar phan-
tom with ≈25 mg/l MnCl2), where artificial subpixel shifts of the sagittal MR images were
applied. This was accomplished by performing subsequent MR acquisitions (with 2 mm spa-
tial resolution, SENSE=2 and 10 dynamics), while shifting the FOV such that the off center
changed in steps of exactly 0.1 mm in either AP or FH direction.

CT imaging

To validate the described source localization method, CT images of the phantom were ac-
quired, and care was taken that the source position within the phantom stayed unchanged
during the CT and MR acquisitions. CT imaging was performed on a Philips Brilliance Big
Bore CT scanner (Philips Healthcare, Best, The Netherlands), with the following settings:
120 kVp, 450 mAs, and voxel size: 0.34×0.34×0.40 mm3. The images were processed us-
ing the O-MAR algorithm for metal artifact reduction. The source position on CT was used
as the gold standard.



3

48 ||| Chapter 3

3.2.3 Post-processing

Source localization

Source localization was conducted by phase correlation [127] on the complex-valued ac-
quired MR data and the complex-valued simulated data. Phase correlation is a cross-correla-
tion, normalized in the frequency domain, that acquires the information of a displacement of
two images from the phase of the cross power spectrum. This algorithm is less sensitive to
noise than a general cross-correlation. The phase correlation was carried out on the complex
images, instead of only the magnitude images, providing more information to the algorithm.
It was applied to find the translation between the acquired MR data and the simulated data
containing the simulated object at its center. First, the normalized cross power spectrum,
P (kx, ky) was calculated:

P (kx, ky) =
IMR(kx, ky) · I∗sim(kx, ky)

|IMR(kx, ky) · I∗sim(kx, ky)|
, (3.4)

where IMR(kx, ky) is the 2D discrete Fourier transform of the acquired complex MR data
and I∗sim(kx, ky) is the complex conjugate of the 2D discrete Fourier transform of the sim-
ulated complex data. To create subpixel accuracy, Fourier interpolation was implemented
by zero-padding P (kx, ky) in k-space, with a factor needed to create a spatial resolution of
0.1×0.1 mm2 in image domain. The phase correlation, p(x, y), was then obtained by the 2D
inverse discrete Fourier transform of the zero-padded P (kx, ky):

p(x, y) = FFT−1 (P (kx, ky)zero-padded) . (3.5)

The HDR source position was obtained from the location of the maximum absolute value in
the interpolated phase correlation image.

The source localization algorithm was applied to all MR images and their corresponding
simulated images (with corresponding source and slice angulations), see figure 3.3a.

Registration

The coronal and sagittal MR images were registered to the CT data set (figure 3.3b). For
each angulation of the phantom and source, a registration was conducted, i.e. one registration
(based on 1 mm resolution and no SENSE) for all dynamic series with equal angulations, to
prevent errors due to the registration. The registration (translation) of the coronal images was
performed using the Elastix toolbox [129], employing mutual information. This translation
was based on the border of the circle in the center of the phantom platform. A translational
registration was sufficient, as the source was positioned in the center of the circle which
would not change due to a rotation. This minimized errors due to registration. Regarding the
sagittal images, the MR images were manually registered (translation) to the CT data set.
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Figure 3.3 (a) The subpixel phase correlation localization algorithm was applied to each MR image and
its corresponding simulated image (corresponding orientation and resolution) to determine
the source position in the MR image. (b) The coronal and sagittal MR images were regis-
tered to the coronal and sagittal CT images obtained from the 3D CT data set. A translation
vector was determined for each angulation of the phantom.
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The translation vectors were applied to the HDR source positions obtained from the local-
ization algorithm. Next, the translated HDR source positions from the coronal and sagittal
images were combined to a 3D position of the HDR source on MRI (RL and FH position
from the coronal slice and AP position from the sagittal slice).

3.2.4 Validation: accuracy and precision

To analyze the accuracy of the HDR source localization, the source positions determined
from MR were compared to the source position on CT (i.e. the gold standard). For each com-
bination of resolution, SENSE factor and angulation, the mean Euclidean distance between
the positions from MR and CT was calculated:

Mean distance =
1

n

n∑
i=1

√
(xMRI,i − xCT)2 + (yMRI,i − yCT)2 + (zMRI,i − zCT )2,

(3.6)
where n=10 (10 dynamics).

The precision of the method was analyzed as the standard deviation over the Euclidean dis-
tances between the positions from MR and CT (over 10 dynamics). Furthermore, the MR data
where the FOV was shifted on submillimeter scales in subsequent acquisitions also indicated
the precision.

3.3 Results

3.3.1 Simulations

The magnitude, real, imaginary and phase images of the simulations and the acquired MR
data are presented in figure 3.4. The simulated images were in close agreement with the MR
images for the range of angulations of the source with respect to ~B0, of which three examples
are presented here: (I) an angulation of 0◦ (figure 3.4a), (II) an angulation of 20◦ (coronal
and sagittal slices in figures 3.4b and 3.4c respectively), and (III) an angulation of 90◦ (coro-
nal and sagittal slices in figures 3.4d and 3.4e respectively). This proved that the described
method allows simulation of the MR artifact induced by the HDR brachytherapy source.

Additionally, as extensively described by others [71, 64], the magnitude presented a large
signal void due to off-resonance effects in the region surrounding the source. Consequently,
detection of the brachytherapy source position based on solely the magnitude signal void is
difficult, since the signal void can overlap with signal voids caused by other mechanisms,
such as a bleeding or the presence of arteries. Here, the full complex data were simulated, as
demonstrated in figure 3.4, which enabled to provide more information to the phase correla-
tion algorithm (instead of simply using the magnitude images), for an increased robustness.
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Figure 3.4 The magnitude, real, imaginary and phase representations (from left to right) of the simula-
tions (top rows) and the acquired MR artifact (bottom rows) (resolution = 1 mm, no SENSE).
The images represent (a) a coronal slice with a source angulation of 0◦, (b-c) a coronal and
sagittal slice respectively with a source angulation of 20◦, and (d-e) a coronal and sagittal
slice respectively with a source angulation of 90◦. The orange boxes (first column) schemat-
ically represent the slice orientation with respect to the phantom/source. The simulated and
detected source positions are overlaid in green and red respectively.
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Figure 3.5 The measured offsets versus the actual shifts applied (a) in AP direction, and (b) in FH
direction, when the FOV/off center position was shifted on submillimeter scales. The indi-
vidual measurement points (in red, n=10) and the median (in black) are presented, for the
MR acquisition with a spatial resolution of 2×2 mm2 and SENSE=2.

3.3.2 Source localization

The HDR source could be localized in the MR images, using the simulated images, demon-
strated in figure 3.4. The figures show examples of the HDR source positions detected from
the MR images, overlaid in red on the images (bottom rows of figures 3.4a-3.4e). These po-
sitions of the source with respect to the MR artifacts, corresponded well with the simulated
source positions with respect to the simulated artifacts, indicated in green in the top row im-
ages of figure 3.4. This was observed for the situation where the source was aligned parallel
with ~B0 (figure 3.4a) as well as for the coronal and sagittal slices of the investigated angula-
tions (examples in figures 3.4b-3.4e). These results demonstrated the ability to determine the
source position using MR artifact simulation in combination with the described localization
algorithm.

Figure 3.5 demonstrates the offsets measured when the FOV was shifted in either the AP
direction (Figure 3.5a) or the FH direction (Figure 3.5b). The measured offsets corresponded
closely to the actual shifts of the FOV that were applied in the scan parameters, for both the
AP and FH directions (R2 = 0.997 and R2 = 0.998 respectively). Accordingly, this proved the
ability to determine the source position on a subpixel scale.

3.3.3 Dynamic scan time optimization

The study with the purpose to increase the temporal resolution demonstrated that the source
position could be determined on a subpixel scale, independent of the spatial resolutions of
1×1 mm2, 2×2 mm2, 2.5×2.5 mm2 and 3×3 mm2, see figure 3.6. Moreover, a SENSE fac-
tor of 2 could be applied without decreasing the ability to localize the source on a subpixel
scale, shown in the bottom row of figure 3.6. Accordingly, the dynamic scan time could be
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Figure 3.6 The magnitude (left) and phase (right) representations of the susceptibility artifact induced
by the HDR source, where the spatial resolution was varied: (a) 1×1 mm2, (b) 2×2 mm2,
(c) 2.5×2.5 mm2 and (d) 3×3 mm2. The top row shows the simulations, the middle row
the acquired MR artifact without SENSE and the bottom row shows the acquired MR artifact
with SENSE=2. The simulated source position is overlaid in green and the detected source
positions are overlaid in red on the images.

highly decreased without substantially affecting the accuracy of the HDR source localization
procedure. For example, a dynamic scan time of 0.54 s (0.27 s per image) for 2 mm resolution
and SENSE=2, and a dynamic scan time of 0.39 s (0.19 s per image) for 2.5 mm resolution
and SENSE=2, were obtained. When the resolution was further decreased to 3×3 mm2 (and
SENSE=2), the dynamic scan time was even decreased to only 0.32 s (0.16 s per image).
These outcomes are favorable for the perspective of proceeding towards a real-time applica-
tion.

3.3.4 Validation

Accuracy

The mean distances between the HDR source positions found on MR and CT, calculated
to validate the described method, are provided in table 3.2. Each value represents the mean
distance for the specific combination of resolution, SENSE factor and source angulation (over
10 dynamics). For the 1 mm and 2 mm resolution images, all distances were below or equal
to 0.5 mm for angulations up to 45◦ and below or equal to 0.8 mm for the higher angulations.
The distances increased as the image resolution decreased. Besides, larger distances were
found with an increasing source angulation. However, up to the 3×3 mm2 resolution images
and a SENSE factor of 2, the distance never exceeded 1.0 mm, which is always smaller than
the pixel resolution and which is clinically acceptable. Overall, the validation resulted in
mean accuracies of 0.4-0.6 mm.
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Table 3.2 The mean distances (in mm) between the HDR source positions from MRI and CT, for the
different combinations of spatial resolution, SENSE factor and angulation (calculated over 10
dynamic images). All standard deviations were ≤0.1 mm.

Angle
Resolution SENSE
(mm) factor 0◦ 5◦ 10◦ 15◦ 20◦ 30◦ 45◦ 60◦ 75◦ 90◦ Mean

1 - 0.4 0.3 0.3 0.3 0.3 0.4 0.4 0.7 0.7 0.7 0.4
1 2 0.4 0.3 0.3 0.3 0.3 0.4 0.4 0.7 0.7 0.7 0.4
2 - 0.5 0.4 0.3 0.5 0.5 0.4 0.5 0.5 0.7 0.7 0.5
2 2 0.5 0.4 0.3 0.4 0.4 0.4 0.5 0.5 0.8 0.8 0.5
2.5 - 0.6 0.5 0.5 0.7 0.5 0.5 0.7 0.6 0.7 0.8 0.6
2.5 2 0.7 0.5 0.5 0.7 0.4 0.5 0.7 0.6 0.8 0.8 0.6
3 - 0.7 0.5 0.5 0.6 0.5 0.5 0.5 0.6 0.8 0.9 0.6
3 2 0.7 0.5 0.5 0.5 0.5 0.4 0.5 0.5 1.0 1.0 0.6

Precision

Almost no variations were found between the source positions that were obtained for the
10 dynamic images of each series (i.e. each combination of resolution, SENSE factor and
angulation). This resulted in standard deviations very close to 0, namely below or equal to
0.1 mm. The low standard deviations, together with the high correlations between the applied
and the measured FOV shifts (shown in figure 3.5), proved a particularly high precision of
the method (≤0.1 mm).

3.4 Discussion

The goal of this paper was the development of a method for MR-based tracking of an HDR
brachytherapy source with high spatial and temporal resolutions. This has been the first study
to our knowledge to approach a real-time treatment verification by MRI guidance. The usage
of MRI for HDR source tracking provides the significant benefit that one imaging modality
can be employed for both anatomical imaging as well as detection of the HDR source po-
sition, both in the same coordinate system. Furthermore, MR-guided source tracking might
fulfill two important aims during an HDR brachytherapy treatment. First, it enables real-time
treatment verification, which has not been applied in the current clinical treatments. Second,
when employing a dummy source, it provides an automatic detection of the source dwell
positions, to replace a manual catheter reconstruction. This last aspect would provide a sig-
nificant improvement over the current treatment workflow, as manual catheter reconstruction
introduces inaccuracies (catheter tip is often difficult to distinguish), and it is an extra manual
interaction as well as a time consuming operation.

The artifacts induced by the source were simulated. The simulated images have demonstrated
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that simulation of the artifact due to the HDR source was feasible, for the range of examined
angulations of the source and slices with respect to ~B0. This indicated that the simulations are
valid for all potential angulations of the source and slice. In this study, the MR acquisitions
were conducted with certain angulations of the source and slices and, based on these angles,
the simulations were carried out. When moving towards a clinical situation, a workflow can
be designed where a library of simulated images is built and where during the treatment,
for each acquired MR image, the best matching simulated image would be selected before
applying the localization algorithm.

Localization of the source was performed by a phase correlation algorithm. The HDR source
position could be determined with an accuracy higher than the voxel size. This position de-
termination on a subpixel basis, combined with lower spatial resolution images, has resulted
in reduced dynamic scan times. Parallel imaging (SENSE) was applied to further reduce
the scan times. While the scan time decreased, the processing of extensive matrices (cre-
ated after zeropadding with large factors) increased computational complexity and this may
compromise the gain in efficiency. A remedy for this could be to first determine the point
of maximum correlation of the phase correlation applied without zeropadding, and then se-
lect a smaller area around this point as an input for the phase correlation algorithm with
zeropadding to determine the subpixel source position.

The HDR source localization method was validated by comparison with CT, serving as the
gold standard, and has proven to be highly accurate (0.4-0.6 mm) and precise (≤0.1 mm).
The case most plausible for practical application (2 mm resolution and SENSE=2) resulted
in an accuracy of 0.5 mm, which is slightly higher than the accuracy of 0.7 mm for the
current catheter reconstruction tools for HDR prostate brachytherapy [130]. Furthermore, the
results proved a high precision of ≤0.1 mm, meaning a high repeatability of the determined
source positions for the consecutive dynamics of each series of MR images. This was also
confirmed by the high correlation between the measured offsets and the actual shifts applied
when the FOV was shifted on a subpixel scale, shown in figure 3.5. The high accuracy
and precision make the described HDR source localization method highly valuable for both
treatment verification and reconstruction of the source dwell positions.

Regarding the future goal of real-time treatment verification, fast acquisition/reconstruction
and processing with a low latency are required to be able to verify the source dwell positions
in real time. A reduction of the dynamic scan time was obtained by subvoxel source local-
ization in combination with lower spatial resolution imaging and the application of SENSE.
MR images could be acquired with the short dynamic scan time of, for example, 0.27 s per
image for a spatial resolution of 2 mm and SENSE=2. Additionally, reconstruction can be
performed fast, since it concerns a basic 2D SENSE reconstruction, which is feasible in real
time employing dedicated hardware [131, 132]. Also the post-processing is a fast procedure,
as the phase correlation is calculated as a multiplication in k-space. Besides, as already men-
tioned above, the post-processing time could be decreased by applying phase correlation with
zeropadding to a smaller section of the image. Altogether, a high temporal resolution and a
low latency (on the order of a few hundred milliseconds) might be expected, indicating that
the time scales are on the order of a real-time process, which would enable to verify the HDR
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source position in real time.

For now, this work has showed the ability to determine the HDR source position in a phantom
study. Future investigations will focus on applying the described method in vivo (using a
dummy source). Furthermore, ideally, the HDR source tracking procedure would be applied
in combination with anatomy tracking to simultaneously track the organs and determine the
HDR source position with respect to the positions of the organs and the tumor. This would
enable an even more valuable treatment verification.

The current limitation for a clinical application of the described method for real-time HDR
source tracking is concerned with MR safety of the equipment used in HDR brachytherapy.
HDR source tracking during the treatment requires the afterloader to be positioned in the
MRI scanner room at the moment of MR acquisition. However, with the current afterloading
system, MR acquisition is not possible when the afterloader is positioned inside the scanner
room due to RF noise. This demands for an MR-conditional afterloader, which is currently
in development [133].

Regarding the aim of automatic detection of the source dwell positions in the treatment plan-
ning process, the first steps towards applying the described method in a clinical situation can
already be made. We are planning to test our method for an automatic determination of the
dwell positions using an adjusted dummy source (MR conditional) or marker. This could re-
place a manual catheter reconstruction, leading to a more straightforward and faster workflow
with less manual operations and a higher accuracy. Accordingly, reconstruction errors could
be avoided.

The two main requirements imposed on real-time HDR source tracking using MRI are (I) an
accurate automatic source position determination in 3D, and (II) fast image acquisition/recon-
struction and a low latency. These requirements have been met as described above. For the
HDR brachytherapy treatment, this means that treatment verification would become possible
and that source dwell positions could be determined automatically after catheter insertion.
For both the current HDR brachytherapy treatment as well as future robotic treatments, the
accuracy and practical workflow of the treatment could be considerably improved by imple-
mentation of real-time HDR source tracking.

3.5 Conclusion

This paper has demonstrated the development of a method for MR-based localization of an
HDR brachytherapy source. We have described the simulation of the MR artifact induced
around an Ir-192 HDR brachytherapy source, applied to a phase correlation localization al-
gorithm to find the HDR source position. This resulted in determination of the source position
with a high, subvoxel accuracy (0.4-0.6 mm) and a high precision (≤0.1 mm) at high tem-
poral resolutions (0.15-1.2 s per slice). Accordingly, the described method enables real-time
treatment verification for HDR brachytherapy as well as an automatic detection of the source
dwell positions, which could replace a manual catheter reconstruction. This shows that the
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proposed method is highly valuable for clinical application for MR-guided HDR brachyther-
apy.
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Abstract
For the purpose of magnetic resonance imaging (MRI)-guided high-dose-rate
(HDR) brachytherapy, a prototype magnetic resonance (MR) conditional after-
loader was developed. This study demonstrates the development and testing of
the prototype, while operating simultaneously with MRI. In combination with
an MR-based method for HDR source localization, this development enables
treatment verification of HDR brachytherapy. Additionally, this allows a direct
reconstruction of the source dwell positions after catheter insertion (when us-
ing a dummy source) and introduction of a clinical workflow where the patient
remains in the same position during dwell position reconstruction, treatment
planning and irradiation. A prototype MR conditional afterloader was devel-
oped by providing radiofrequency (RF) shielding and a plastic source cable
containing a dummy source. Simultaneous functioning of the afterloader and
MRI acquisition was tested in an experimental setting where the afterloader
was placed next to the scanner and programmed to send the source to pre-
defined positions within a phantom, while acquiring MR images. The HDR
source positions were determined using MR artifact simulation and matching
of the MR images to the simulated artifact. Additionally, the impact of the
presence and use of the afterloader on the MRI performance was investigated
by assessment of RF interference, signal-to-noise ratio (SNR), and B0 field ho-
mogeneity. The experiments demonstrated that the prototype MR conditional
afterloader and the MRI scanner fully functioned while operating simultane-
ously, without influencing the other system. The step sizes between the source
positions obtained from the MR images corresponded with the afterloader set-
tings. Besides, the MRI performance tests demonstrated no deterioration due
to the presence or functioning of the afterloader next to the scanner. This re-
search has demonstrated the feasibility of simultaneous MR acquisition and
employment of an MR conditional afterloader. This development enables real-
time HDR source localization for treatment verification of MRI-guided HDR
brachytherapy using an MR conditional afterloader.
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4.1 Introduction

In high-dose-rate (HDR) brachytherapy, image guidance is crucial for accurate and safe dose
delivery. Magnetic resonance imaging (MRI) is the imaging modality preferred for guidance
of the treatment, as it provides high soft tissue contrasts as well as the ability of guidance
of interventional procedures and detection of interventional devices [20, 22, 134]. Accord-
ingly, we have been working on the development of magnetic resonance (MR)-guided HDR
brachytherapy in recent years. We have demonstrated that MRI can be applied to localize
an HDR brachytherapy source for the purpose of treatment verification [135], which would
highly improve treatment safety and accuracy. Additionally, MR-based source localization
allows a direct reconstruction of the source dwell positions after catheter reconstruction when
employing a dummy source. This might enable the realization of an improved clinical work-
flow where the patient stays in the same position during dwell position reconstruction, treat-
ment planning, and the irradiation process. However, a practical application of this MR-based
source localization method involves employment of the brachytherapy afterloader in the MRI
room near the patient, and thus near the MR bore, simultaneously with MRI acquisition. This
demands for an MR conditional afterloader.

Real-time treatment verification of HDR brachytherapy would lead to a large improvement of
the current clinical practice. High doses are delivered in short periods of time, especially in
single fraction treatments, and errors in source positioning during the treatment can have an
enormous impact on the delivered dose because of the steep dose gradients. Due to the large
number of manual operations, HDR brachytherapy is involved with relatively high chances on
errors/incidents (eg, reconstruction errors, wrong catheter/indexer length, catheter mislabel-
ing, or incorrect afterloader connection [36, 37]. Other sources of errors, not related to human
errors, include afterloader malfunction and applicator displacements. Several MRI studies of
HDR brachytherapy have demonstrated the occurrence of substantial catheter displacements
and anatomical changes during one to three hours following catheter insertion [39, 42]. To
prevent or detect these errors or changes, treatment verification is highly valuable.

Various techniques for HDR brachytherapy treatment verification have been investigated, for
example, in vivo dosimetry with detectors [51, 124, 125], electromagnetic tracking [52, 57,
136, 137], fluoroscopy [126], source tracking with a flat panel detector [138], and fiber Bragg
gratings-based sensing [59]. However, none of these techniques has actually been applied in
current clinical practice[55]. MRI has been applied for guidance during catheter insertion or
catheter reconstruction [19, 34, 35, 139]. However, this requires movements of the patient
in and out of the MR bore, leading to possible catheter displacements or anatomy changes
between the catheter reconstruction and the actual dose delivery. In a treatment set-up where
MRI is employed for treatment verification in combination with an MR conditional after-
loader, MR-based source localization can be applied for a direct reconstruction of the source
positions using a dummy source [135] and after treatment planning the dose can be deliv-
ered, while the patient stays in the MR bore during all consecutive steps. Additionally, MRI
guidance is significantly beneficial as a single imaging modality is utilized for anatomical
imaging as well as detection of the HDR source position.
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Real-time treatment verification by MRI guidance is not possible with the current types of
afterloaders for several reasons. First, MR imaging is impossible when the afterloader is po-
sitioned in the MR room. The afterloader generates radiofrequency (RF) signals that might
interfere with the RF signals emitted by the nuclear spins, hampering the signal encoding
process. Furthermore, the data cable that connects the afterloader with the treatment control
station is a source of RF leakage into the MRI room. Second, a correct functioning of the
afterloader might be affected by RF signals generated by the MRI scanner. These signals
should be prohibited from entering the afterloader to guarantee reliability and a correct func-
tioning of the afterloader. Furthermore, the afterloader’s electronic system contains parts that
are hampered by the strong magnetic field. Third, the current source cables made of steel
would act as an RF antenna from the inside of the afterloader into the MR bore. Addition-
ally, the steel cable poses safety risks of RF induced heating and torques. Accordingly, this
defines the need for an MR conditional afterloader to prevent interference of RF signals in
both directions and to ensure safety.

This paper focuses on the development and testing of a prototype MR conditional afterloader.
In combination with a recently developed method for MR-based HDR brachytherapy source
localization, the feasibility of real-time HDR source tracking for dwell position reconstruc-
tion and treatment verification was investigated. The paper describes the design of the proto-
type MR conditional afterloader and the tests conducted to evaluate simultaneous functioning
of the afterloader and MRI acquisition. Additionally, the impact on the MRI performance
was investigated by assessment of RF interference, signal-to-noise ratio (SNR) and B0 field
homogeneity.

4.2 Methods and Materials

4.2.1 MR conditional afterloader

A prototype MR conditional afterloader, type Flexitron (Elekta NL, Veenendaal, The Nether-
lands), was developed. All parts of the afterloader, including the cover, were provided with
a copper/aluminum coating for RF shielding. The data cable, that is the connection with
the treatment control station outside the MRI room, was shielded with a conductive hose and
brought in contact with the Faraday cage of the MRI room. Hence, transmission of RF signals
from the afterloader to the scanner was prevented. One condition of the prototype afterloader
that needs to be fulfilled is that it should stay outside the 20 mT line, to guarantee functioning
of certain magnetic switches. Furthermore, the steel source cable was replaced by a plastic
test cable containing a piece of steel at its tip that served as a dummy source. This test cable
was longer than the original cable (i.e., 2.65 m instead of 1.40 m), enabling to send the source
to the scanner’s isocenter while the afterloader stays at a sufficient distance.
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Figure 4.1 The prototype MR conditional afterloader, provided with RF shielding, positioned next to
the MRI scanner at 2.1 m from the isocenter. The afterloader was connected to a plastic
catheter that was inserted into a phantom.

4.2.2 Simultaneous MRI acquisition and afterloader employment

Experimental set-up

Measurements were conducted using a 1.5 T MRI scanner inside an MRI brachytherapy suite,
where the current HDR brachytherapy treatments of our institute take place. This bunker is
suitable for a future treatment set-up where MRI guidance is applied during the actual dose
delivery for treatment verification. The prototype afterloader was placed next to the MRI
scanner at 2.1 m from the isocenter (see Fig. 1). The measurements were performed utilizing
a cylindrical Agar phantom (doped with MnCl2), that contained a plastic catheter to which
the afterloader was connected via a prototype plastic transfer tube. Two tests with different
programmed source positions and dwell times were performed:

1. 10 source positions, 10 mm step size and 10 s per position;

2. 20 source positions, 5 mm step size and 0.5 s per position.

MRI acquisition

MR imaging was conducted on a 1.5 T Ingenia MRI system (Philips Healthcare, Best, The
Netherlands). A 2D dynamic spoiled gradient echo sequence was applied, with interleaved
scanning of two intersecting slices (coronal and sagittal). The imaging parameters were as
follows: TR/TE: 2.2/1.03 ms, FOV: 192×192 mm2, matrix size: 96×96, slice thickness:
10 mm, flip angle: 20◦, readout bandwidth: 1915 Hz/pixel and SENSE = 2.
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Figure 4.2 Workflow diagram that demonstrates the actions performed in the artifact simulation and the
source localization. The input data consists of the MR image, a 3D source geometry model,
the magnetic susceptibility values of the materials, and the MR sequence parameters. The
output is the source position in the MR image.

HDR source localization

Localization of the dummy source was performed by the authors’ method proposed for MR-
based HDR source localization using MR artifact simulation and a phase correlation local-
ization algorithm. A detailed description of the source localization method can be found
elsewhere [135]. The dummy source was modeled as a cylinder (0.3 mm diameter and 4 mm
length), and a magnetic susceptibility value (∆χ) of 0.57 was assigned based on an optimiza-
tion of the correspondence between the simulated artifact and the measured MR artifact. By
adapting this geometry model to the applied source type (Ir-192 or dummy source), the simu-
lations could be adapted to any desired type of source with known dimensions and materials.
This model was employed for simulation of the MR artifact (complex-valued) induced by
the dummy source. The simulated artifact was applied in a subpixel phase correlation algo-
rithm, where the MR artifact was matched to the simulated artifact, to find the position of the
dummy source in the MR image. Figure 2 presents the actions performed in the simulation
and localization. The localization was carried out for the coronal and sagittal MR images.
The two 2D positions were combined into a 3D position of the dummy source.

Analysis

The simultaneous functioning of the afterloader and MRI scanner was analyzed by local-
ization of the dummy source (as described in the section HDR source localization) in the
acquired MR images. The distances of the determined source positions with respect to the
first position were calculated. Additionally, the step sizes were calculated as the distance
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between each successive pair of source positions. The mean step sizes (±standard deviation)
were compared to the step sizes of the afterloader settings.

4.2.3 MRI performance tests

The influence of the afterloader on the MR image quality was investigated, by the assessment
of possible RF interference, SNR and B0 homogeneity. The MRI performance tests described
in this section were conducted for four different situations:

(i) Baseline measurement: no afterloader inside MRI room;

(ii) Afterloader present and powered, but not connected to the treatment control system;

(iii) Afterloader present, powered, and connected to the treatment control system;

(iv) Afterloader active (i.e., sending source to source positions).

As an exception, the B0 homogeneity measurements were performed solely for situations (i)
and (ii).

RF interference

A spurious signals test was conducted to check for possible RF signals generated by the af-
terloader and received by the MRI scanner. The MRI bore was empty (i.e., no phantom)
except for a 1.75 m mains cable to receive and conduct possible signals. Scanning was per-
formed using a pre-installed protocol (provided by the vendor) which applied five consecutive
TSE sequences with shifted center frequencies and a bandwidth of 180 Hz/pixel (∆f0 = 0,
±170 kHz, ±340 kHz, where f0 = 63.87 MHz), with disabled gradients and RF power re-
duced to a minimum. Basically, the MRI system was used as a receiver only. The sequence
parameters were: TR/TE: 581/256 ms, TSE factor: 32, acq. matrix: 1024×1024, flip angle:
1◦. The resulting images represented the data with frequency along the x-axis and time along
the y-axis. In the analysis, the signal intensities along the y-axis were averaged to obtain a
mean signal intensity for each frequency. For each situation, the ratio of the mean signal to
the baseline signal was calculated to assess the presence of signals of certain frequencies.

SNR

SNR measurements were conducted using a water bottle phantom to investigate the influence
of the presence and use of the afterloader on the MRI signals. The SNR was defined as the
ratio of the mean value to the standard deviation of the signal intensity of a single voxel over
time in repeated identical acquisitions [140]. A 2D dynamic spoiled gradient echo sequence
(similar to the sequence for the source localization) was applied with the following parame-
ters: TR/TE: 2.5/1.3 ms, FOV: 192×192 mm2, acq. matrix: 96×96, slice thickness: 10 mm,
flip angle: 30◦, readout bandwidth: 1573 Hz/pixel, 100 dynamics.
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The SNR of each pixel was calculated as [140]:

SNR(~r) =

mean(SN (~r, k))
k=1...K

stddev(SN (~r, k))
k=1...K

, (4.1)

where mean() and stddev() denote the mean and standard deviation of the signal SN (~r, k) of
a single pixel at position ~r = (x, y) over time in repetition k = 1...K.

To compute an average SNR for comparison of the SNRs in the different situations, an ROI
of 11×11 pixels was drawn. The average SNR of the region of interest (ROI) was calculated
as:

SNRROI = mean(SNR(~r)),
~r∈ROI

(4.2)

with a standard deviation equal to stddev(SNR(~r)), assuming a negligible spatial signal vari-
ation within the ROI.

B0 homogeneity

The influence of the presence of the afterloader on the main magnetic field was investigated
by assessment of the B0 homogeneity in a water bottle phantom. B0 field maps were cal-
culated using the phase images of a dual-echo 3D spoiled gradient echo sequence, with
parameters equal to: TR/TE1/TE2: 40/10/15 ms, FOV: 192×192×64 mm3, acq. matrix:
128×128×64, flip angle: 30◦, readout bandwidth: 434 Hz/pixel, automatic shimming. The
phase difference, ∆ϕ(~r), between the two images acquired at two different echo times was
defined as [60, 141]:

∆ϕ(~r) = γ∆B0(~r)TE2 − γ∆B0(~r)TE1 = γ∆B0(~r)∆TE, (4.3)

where γ is the gyromagnetic ratio and ∆B0(~r) the field perturbation at position ~r = (x, y, z).
To avoid the introduction of extra phase wraps, the phase difference maps were obtained from
the product between the complex valued first image and the complex conjugate of the second
image [142, 143]. The B0 field maps, ∆B0(~r), were obtained from the phase difference
maps, via:

∆B0(~r) =
∆ϕ(ϕ)

γ∆TE
. (4.4)

The homogeneity in the B0 field maps (in ppm) was assessed and B0 difference maps were
calculated as the subtraction of the B0 field of situation (i) from the B0 field of situation (ii).
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4.3 Results

4.3.1 Simultaneous MRI acquisition and afterloader employment

MRI acquisition was possible simultaneously with functioning of the prototype MR condi-
tional afterloader. MR images were obtained, demonstrating no signs of detriment by visual
inspection. Figure 3 demonstrates examples of both acquired slices for the two test cases of
the afterloader. The figures present the MR artifact induced by the dummy source as well as
the determined source position (overlaid in red). The other source positions found are also
indicated in the presented images (overlaid in yellow), showing all detected source positions
at regularly spaced distances along a straight line, in both cases. The distances of the source
positions with respect to the first position are plotted in Figures 3c and 3f, also demonstrating
that the determined source positions were found at regularly spaced distances. The aver-
age step sizes between the detected 3D positions for cases I and II were 9.9±0.2 mm and
4.9±0.2 mm respectively. These values corresponded with the applied step size settings of
10.0 mm and 5.0 mm. This confirmed that the afterloader was able to send the dummy source
to the predefined dwell positions through the catheter with a fixed step size, simultaneously
with MRI acquisition.

4.3.2 MRI performance

RF interference

The signals measured in the spurious signals tests are plotted in Figure 4 as the ratio of the
average signal to the average baseline signal for all frequency ranges measured. Little differ-
ences were observed between the average signal and the baseline signal for the case where
the afterloader was present and powered, but not connected to the treatment control system
(blue in Fig. 4). When the afterloader was present and connected and when the afterloader
was active, several peaks of increased signals were observed (red and yellow respectively
in Fig. 4). However, maximum ratios of 1.2, 1.5 and 1.9 were obtained for situations (ii),
(iii) and (iv) respectively. Accordingly, all peaks were below a ratio of 2, demonstrating
maximum increases of received signals of less than twofold. This would not disturb the MR
signal encoding process when a subject would be positioned in the scanner, since these sig-
nals received due to the afterloader are negligible (around noise level) compared to typical
MRI signals (typical SNR values in MRI scans are around 30-100 depending on sequence
parameters, field strength and tissue properties).

SNR

The images representing the SNR values for the four investigated situations are presented
in Figure 5. The average SNR values (±standard deviation) of the ROIs were: Baseline:
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Figure 4.3 Examples of a sagittal slice in (a) and (d) and a coronal slice in (b) and (e) displaying the
MR artifacts induced by the source for the case where the afterloader sent the source to 10
dwell positions with a 10 mm step size (a-c), and to 20 dwell positions with a 5 mm step
size (d-f). The determined source positions for the depicted situations (position 5 in a-b and
position 10 in d-e) are overlaid in red and the other positions found are overlaid in yellow.
Figures (c) and (f) present the distances between the found positions and the first position
(average step sizes of 9.9±0.2 mm and 4.9±0.2 mm respectively).
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Figure 4.4 The ratio of the mean signal to the baseline signal versus frequency, for the five consec-
utive scans with different center frequencies: (a) f0 = 63.53 MHz, (b) f0 = 63.70 MHz, (c)
f0 = 63.87 MHz, (d) f0 = 64.04 MHz, and (e) f0 = 64.21 MHz. The graphs show the signals
of the three investigated situations compared to the baseline signal without afterloader.
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Figure 4.5 The SNR values for four different situations: (a) Baseline (no afterloader); (b) Afterloader
powered, not connected; (c) Afterloader powered and connected to the treatment control
system; (d) Afterloader active. Additionally, the baseline image (a) shows the position of the
ROI (11×11 pixels) for calculation of average SNRs to compare the situations.

53.8 (±4.4); Afterloader powered, but not connected: 53.5 (±5.3); Afterloader powered
and connected: 54.4 (±4.7); Afterloader active: 53.4 (±5.6). The SNR values presented in
Figure 5 and the SNR values of the ROIs demonstrated that the SNR was not affected by the
presence or functioning of the afterloader.

B0 homogeneity

Figure 6 presents the B0 maps obtained for the baseline situation without afterloader and for
the situation where the afterloader was positioned next to the scanner. The images presented
here were representative for all acquired slices. The B0 maps showed no areas of distinct
B0 inhomogeneities. Furthermore, the B0 difference maps showed no distinctions between
the field maps with and without the afterloader (differences <0.1 ppm). Hence, the after-
loader induced no significant distortions of the B0 magnetic field that would disturb the MRI
performance.

4.4 Discussion

This paper describes the testing of a prototype MR conditional HDR brachytherapy after-
loader simultaneously with MR imaging. This has demonstrated the simultaneous function-
ing of both systems. MR imaging was possible while the afterloader sent the source to the
dwell positions. Vice versa, the afterloader functioned correctly while acquiring MR images.
The MRI performance tests proved that the MRI performance was not degraded by the af-
terloader. Accordingly, no deterioration of either system was discovered. These results have
provided the evidence of a successful RF shielding in both directions.

This development of MR-guided HDR brachytherapy using an MR conditional afterloader
enables large improvements of the clinical workflow. In current MR-guided HDR brachyther-
apy workflows, MRI has been incorporated into the processes of diagnosis, treatment plan-
ning, and/or pre- and post-irradiation imaging [19, 20, 22, 34, 35, 144, 145]. However, these
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Figure 4.6 B0 maps acquired in the center part of the phantom (left: transverse orientation, middle:
coronal orientation, right: sagittal orientation) for two different situations: (a) Baseline (no
afterloader); (b) Afterloader present. (c) Difference maps representing the subtraction of
the B0 field of the baseline situation from the B0 field of the situation where the afterloader
was present next to the scanner.
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workflows necessarily require displacements of the patient between imaging/treatment plan-
ning and radiation delivery. On the other hand, when employing an MR conditional after-
loader, the patient can stay inside the MR bore for the entire duration of anatomical imaging,
reconstruction of the source positions, treatment planning and the actual dose delivery in-
cluding treatment verification. No extra movements of the patient are necessary between
reconstruction of the source positions and the irradiation process. Furthermore, reconstruc-
tion of the source positions can be automated employing a dummy source and an automatic
source localization method as described here. The source positions found can then directly
be used for treatment planning. These elements lead to an easier and faster workflow with
less human interactions and a higher accuracy. Additionally, possible anatomy changes or
errors can be detected such that the treatment can be interrupted if necessary.

In this study, the feasibility of an MR conditional afterloader has been tested. This afterloader
is a prototype that needs adaptations before application in a clinical setting. A dummy source
on a plastic cable, specifically made for testing purposes, was employed in this prototype.
The current limitation to clinical introduction and the next step in the development process is
to develop an MR conditional source cable. The requirements for an MR conditional source
cable are that the material should be MR compatible, it should be flexible, strong, and stiff to
send the source out to the correct position with a reliability at least equal to that of the steel
cable, and the material should be resistant to the radiation emitted by the source. Furthermore,
additional MR safety tests should be conducted to definitely exclude any possible safety risks.

This has been the first study to our knowledge that has focused on MR-based treatment ver-
ification of HDR brachytherapy and the consequential development of an MR conditional
afterloader. This paper has demonstrated the feasibility of an MR conditional afterloader,
facilitating the equipment to perform MR-based source localization. MR-based source local-
ization using an MR conditional afterloader would highly improve the clinical workflow of
HDR brachytherapy and it enables treatment verification, which currently has not been per-
formed in clinical practice. Accordingly, this development might have an enormous impact
on clinical practice.

4.5 Conclusion

The prototype MR conditional afterloader developed in this study and a commercial 1.5 T
MRI scanner have been demonstrated to fully function while operating simultaneously. Nei-
ther system deteriorated functioning of the other system. In combination with a recently
developed MR-based HDR source localization method, this enables real-time HDR source
position verification for MR-guided HDR brachytherapy. This has shown the proof of con-
cept of MR-based treatment verification of HDR brachytherapy.
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Abstract
For the purpose of magnetic resonance imaging (MRI) guidance of prostate
high-dose-rate (HDR) brachytherapy, this paper presents a study on the poten-
tial of clinically relevant MRI sequences to facilitate tracking or localization
of brachytherapy devices (HDR source/titanium needle), and which could si-
multaneously be used to visualize the anatomy. The tracking or localization in-
volves simulation of the MRI artifact in combination with a template matching
algorithm. Simulations of the MRI artifacts induced by an HDR brachytherapy
source and a titanium needle were implemented for four types of sequences:
spoiled gradient echo, spin echo, balanced steady-state free precession (bSSFP)
and bSSFP with spectral attenuated inversion recovery (SPAIR) fat suppres-
sion. A phantom study was conducted in which mentioned sequences (in 2D)
as well as the volumetric MRI sequences of the current clinical scan protocol
were applied to obtain the induced MRI artifacts for an HDR source and a tita-
nium needle. Localization of the objects was performed by a phase correlation
based template matching algorithm. The simulated images demonstrated high
correspondences with the acquired MR images, and allowed localization of the
objects. A comparison between the object positions obtained for all applied
MRI sequences showed deviations (from the average position) of 0.2-0.3 mm,
proving that all MRI sequences were suitable for localization of the objects,
irrespective of their 2D or volumetric nature. This study demonstrated that the
MRI artifact induced by an HDR source or a titanium needle could be simu-
lated for the four investigated types of MRI sequences (spoiled gradient echo,
spin echo, bSSFP and bSSFP-SPAIR), valuable for real-time object localiza-
tion in clinical practice. This leads to more flexibility in the choice of MRI
sequences for guidance of HDR brachytherapy and allows simultaneous object
localization and visualization of the anatomy using a single MRI sequence.



5

MRI artifact simulation for clinically relevant MRI sequences ||| 77

5.1 Introduction

High-dose-rate (HDR) brachytherapy has developed into an effective treatment for prostate
cancer [3–5]. Single-fraction HDR brachytherapy might become the treatment of choice for
low and intermediate-risk disease [16] and has shown favorable results for salvage treatment
of radiorecurrent prostate cancer [17, 18]. Magnetic resonance imaging (MRI) is the pre-
ferred and recommended imaging modality for guidance of high-dose-rate (HDR) brachyther-
apy [19–22]. MRI guidance is especially important because of the high dose delivered in a
single fraction. MRI can be employed for either visualization or localization of interventional
devices and brachytherapy tools as well as for providing good imaging contrasts of the pa-
tient’s anatomy [25, 83, 134, 146]. Localization of an HDR source (or other paramagnetic
devices) is possible by applying a method based on MRI artifact simulation combined with
template matching between the simulated artifact and the MR image, where the location of
the HDR source follows from the point of highest correlation [135]. However, the paper de-
scribing this method focused solely on detection of the source position and not on imaging
of the surrounding structures. For clinical relevance, localization of the HDR source or an
interventional needle should be possible simultaneously with providing good contrasts of the
anatomy, ideally in a single MRI scan such that the HDR source and the anatomy are both im-
aged in the same frame of reference and without motion between imaging of both. Therefore,
this paper focuses on the simulation of MRI artifacts for clinically relevant MRI sequences,
intended for a template matching based object localization.

In the past years, considerable research has been conducted on MRI guidance for HDR
brachytherapy or other interventions, e.g. the application of MRI-guided catheter inser-
tion [19, 34]. Several groups investigated passive tracking techniques depending on signal
intensity variations (either positive or negative contrasts) created by the interventional de-
vice [80–82, 84–86]. However, these techniques predominantly provide visualization of the
objects in the MR images, but lack accurate localization of the object. Other groups have
been working on active tracking techniques [90–92], but these techniques require substantial
hardware adaptations and cause additional safety concerns.

To be able to perform automatic localization leading to an accurate position of the HDR
brachytherapy source, we have been working on MR-based source localization using MRI
artifact simulation combined with a template matching algorithm. The MRI sequence that
has been applied for MR-based HDR source localization was a spoiled gradient echo se-
quence [135]. Gradient echo sequences are generally fast and therefore suitable for source
or needle tracking. Furthermore, the simulation of the MRI artifact was known for this type
of sequences. However, the T1-weighted contrast of a spoiled gradient echo sequence with
a short echo time (TE) and a short repetition time (TR) provides no sufficient contrast for
a detailed visualization and delineation of the prostate. In current clinical practice, a multi-
parametric MRI exam is utilized for delineation of the volumes for pre-treatment planning.
During the interventional procedure, after catheter insertion, a T2-weighted scan is made
using a turbo spin echo sequence for delineation of the anatomy at that moment, see Fig-
ure 5.1a for an example image. This type of sequence provides a good contrast to distinguish
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Figure 5.1 MR images of the prostate acquired after catheter insertion using the MRI sequences
currently provided in the clinical scan protocol: (a) a T2-weighted turbo spin echo se-
quence, (b) a bSSFP-SPAIR sequence and (c) a T1-weighted turbo spin echo sequence.
The brachytherapy catheters are visible as signal voids, and the delineations indicate the
prostate (red), the gross tumor volume (GTV, light blue), the clinical target volume (CTV,
orange), the urethra (yellow), the rectum (dark blue), and the bladder (pink). The yellow
arrow in c points at an example of a catheter tip outside the prostate tissue, generally better
visible on the T1-weighted scan than with the contrast of a bSSFP sequence.

the prostate with its different zonal areas, and frequently the tumor and critical structures can
be visualized as well [25]. On the contrary, T2-weighted spin echo sequences are less valu-
able for visualization of the brachytherapy catheters. Accordingly, an additional balanced
steady state free precession sequence with fat suppression (spectral attenuated inversion re-
covery, SPAIR) is applied during the treatment, to provide sufficient contrast to visualize the
prostate as well as the positions of the brachytherapy catheters inserted into the prostate, see
Figure 5.1b. Lastly, a T1-weighted turbo spin echo sequence is applied to visualize and check
the tips of catheters that end in the tissue outside the prostate, see Figure 5.1c. These catheter
tips are generally more difficult to reconstruct accurately with the contrast of a bSSFP scan.
The T1-weighted scan provides a better contrast between the catheter and tissue, while the
contrast between different tissue types is rather low.

In this paper, the potential of simulation of the MRI artifacts induced by an HDR brachyther-
apy source or needle was investigated for several types of clinically relevant MRI sequences.
The simulated MRI artifacts serve to be applied in a template matching algorithm for local-
ization of the source or needle. The aim is to obtain MRI sequences which facilitate both
real-time tracking or localization of brachytherapy devices as well as visualization of the
anatomy, for application during the interventional procedure of HDR brachytherapy. This
generates flexibility in the choice of an MRI sequence for guidance of HDR brachytherapy.
A spoiled gradient echo sequence, a spin echo sequence, and a balanced steady-state free
precession (bSSFP) sequence were taken into account, as well as the effect of including a
fat suppression technique in the bSSFP sequence. The paper describes the simulation of the
MRI artifacts for these four types of sequences for two objects used in HDR brachytherapy:
an HDR brachytherapy source and a titanium needle. A phantom study was performed to
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acquire the MRI artifacts for the HDR source and the needle. Next, the simulated images
are evaluated qualitatively by visual comparison with the MR images. For a quantitative
evaluation, the simulated images are exploited in the template matching algorithm for object
localization and the results are evaluated by a comparison of the obtained object positions for
all applied MRI sequences.

5.2 Methods

5.2.1 Simulations

All simulations were performed in Matlab (The Mathworks, Natick, Massachusetts, United
States). The simulations were performed as also explained in Beld et al [135]. The steps
in this simulation involve simulation of the object geometry, definition of the susceptibility
distribution, calculation of the induced magnetic field perturbation and, lastly, the inclusion
of the MRI sequence (with its corresponding MRI signal equation) and k-space sampling.
More details on the separate steps are given in the paragraphs below.

Object simulation

Two objects used in HDR brachytherapy were simulated: an HDR brachytherapy source and
a titanium needle (more information is given below). 3D geometry models of the objects
were generated on a cubic grid with 0.1 mm isotropic resolution. Each part of the object was
assigned the susceptibility value corresponding with the material. The borders of the objects
were smoothed, to take into account partial volume voxels. The objects were simulated inside
an environment of water, which was assigned a susceptibility value of χwater = -9.1 ppm [62].

HDR source A 3D model of a Flexisource Ir-192 HDR source (Elekta NL, Veenendaal,
The Netherlands) was constructed. The source was modeled as a cylinder of iridium (radius
= 0.30 mm, length = 3.55 mm), surrounded by a steel capsule (radius = 0.45 mm, length
= 4.4 mm), connected to a steel cable (radius = 0.25 mm, infinite length), schematically de-
picted in figures 5.2a and 5.2b. The susceptibility values assigned were: χsteel = 1.2·104 ppm
for steel (empirically derived), and χiridium = 36.6 ppm for iridium [63].

Needle A simplified model of the needle (a 1.9 mm diameter trocar needle; Elekta NL,
Veenendaal, The Netherlands) was generated, see figures 5.2c and 5.2d. In this model, the
tip was simplified as a cone shape instead of the three flattened surfaces of the actual needle
geometry. Between the cone-shaped tip and the hollow tube, the needle contains a solid part
of titanium, which is important to note as this affects the shape of the MRI artifact. The
needle had an outer radius of 0.95 mm and an inner radius of 0.75 mm. The susceptibility
values assigned were: χtitanium = 182 ppm for titanium and χair = 0.36 ppm for air [62].
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a b

c d

Figure 5.2 (a) Drawing (cross-section) of the Flexisource Ir-192 HDR source (dimensions in mm), and
(b) the geometry model (cross-section) of the HDR source as implemented in the MR artifact
simulations. (c) Drawing (dimensions in mm) and (d) geometry model (cross-section) of the
tip of the titanium needle.
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Magnetic field perturbation

The magnetic field perturbation (∆B0) was calculated based on the susceptibility distribution
obtained by assigning the susceptibility values to the parts of the modeled object. This cal-
culation was accomplished by a forward calculation of the susceptibility induced field shift,
applying a Fourier-based convolution method in combination with virtual zero-padding [69].
This involves a convolution between the 3D susceptibility distribution and a dipole kernel
(defined as the Green’s function), followed by a subtraction of the aliasing field disturbance.

MRI sequence

The last step of the simulations involves the inclusion of the MRI sequence and k-space
sampling. Four types of MRI sequences were taken into account: a spoiled gradient echo se-
quence, a spin echo sequence, a bSSFP sequence and a bSSFP sequence including SPAIR fat
suppression. Simulation of a spoiled gradient echo sequence was performed as also described
earlier [78, 135]. Here, the equation for the simulation of a gradient echo type of sequence
was regarded as the basic equation, and modifications to this equation were made to simulate
the other types of sequences.

Spoiled gradient echo sequence Simulation of a spoiled gradient echo sequence in-
volves the simulation of the off-resonance effects inducing the susceptibility artifact in the
MR image, related to differences in phase evolution of the individual spins. Two main com-
ponents contribute to the differences in phase evolution of the spins: the local field inhomo-
geneity and the frequency encoding gradient. In the presence of a strong field inhomogeneity,
the phase of the individual spins changes considerably over time during the sampling time as
well as spatially within a voxel. These effects induce signal shifts along the readout direction
and intravoxel dephasing respectively.

To simulate the MRI artifact, the spin distribution, ρ(x, y, z), the magnetic field perturbation,
∆B0(x, y, z), and the following scan parameters of the MR sequence were taken into ac-
count: the echo time, TE, the field of view, FOV , and the sampling interval, ∆t. Multiple
isochromats per voxel were simulated, e.g. 10·10·100=104 isochromats per voxel for an im-
age with 1 mm in-plane resolution and a slice thickness of 10 mm. The effect of T2 decay
was neglected since this has no spatially varying impact. For a readout direction along x, the
signal for each kx (at a certain time point during sampling), S(kx, y, z), was calculated as the
sum over all spin isochromats along x, all representing the signal of the spin at that point in
time [71, 78, 135]:

S(kx, y, z) =

Nx∑
j=1

ρ(xj , y, z) · ei2πγ∆B0(xj ,y,z)·(TE+n∆t) · e−i2πkxxj , (5.1)

where kx = γGRn∆t, γ is the gyromagnetic ratio, GR is the readout gradient strength
defined as GR = 1

γFOVx∆t , and n = −Nx/2...Nx/2 − 1 with Nx the number of spin
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isochromats along the x direction (readout direction). The complex-valued MR signal in
image domain, S(x, y, z), was calculated as the 1D inverse Fourier transform along the x-
direction:

S(x, y, z) = F−1(S(kx, y, z)). (5.2)

The final step was the complex summation of multiple isochromats to resample S(x, y, z) to
a 2D image or 3D volume with a larger voxel size matching with the voxel size of the MRI
acquisition, and to take into account intravoxel phase dispersion.

Equation 5.1 consists of three main terms: the magnetization/spin distribution, ρ(xj , y, z),
a field inhomogeneity term, ei2πγ∆B0(xj ,y,z)·(TE+n∆t), and a term for spatial encoding,
e−i2πkxxj . The field inhomogeneity term in its turn contains two effects: spatial dephas-
ing due to off-resonance effects in a gradient echo sequence, ei2πγ∆B0(xj ,y,z)·TE , and phase
evolution over time during sampling in the readout process, ei2πγ∆B0(xj ,y,z)·n∆t. The other
types of sequences were simulated by modifying parts of equation 5.1 as described in the
paragraphs below.

Spin echo sequence To simulate the MRI artifact for a spin echo sequence, a modi-
fication to the field inhomogeneity term of equation 5.1 was made to account for the basic
difference between a gradient echo type of sequence and a spin echo type of sequence. This
basic difference is the fact that a spin echo sequence applies a 180◦ refocusing pulse that
will rephase the spins dephased due to off-resonance effects, while a gradient echo sequence
shows severe dephasing effects due to off-resonance spins. In the field inhomogeneity term,
the dephasing effect of a gradient echo sequence was removed such that the field inhomo-
geneity term only accounted for the phase evolution over time during the sampling process:
ei2πγ∆B0(xj ,y,z)·n∆t [71]. Then, the signal for each kx, S(kx, y, z), for a spin echo sequence
is equal to:

S(kx, y, z) =

Nx∑
j=1

ρ(xj , y, z) · ei2πγ∆B0(xj ,y,z)n∆t · e−i2πkxxj . (5.3)

Balanced steady-state free precession For the simulation of a bSSFP sequence,
the first term of equation 5.1 was modified, i.e. the magnetization/spin distribution term,
ρ(x, y, z). While the transverse magnetization gets spoiled in a spoiled gradient echo se-
quence, no spoiling is applied in a bSSFP sequence and each RF pulse acts on both the
remaining transverse and longitudinal magnetization. In a multi-pulse sequence, the magne-
tization approaches a steady state after sufficient RF pulses. The steady state magnetization
in a bSSFP sequence is spatially dependent on ∆B0 due to off-resonance effects and, there-
fore, the steady state magnetization should be included in the signal equation for simulation
of the MRI artifact. The steady state magnetization at each TR of a balanced sequence has
been described by a series of equations [147], starting by decomposing the equation for the
transverse magnetization Mxy into its x and y components (Mx and My):

Mxy(x, y, z) = Mx(x, y, z) + iMy(x, y, z). (5.4)
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These x and y components of the magnetization are described by:

Mx(x, y, z) = M0(1− E1)
sinα(1− E2 cosβ)

d
, (5.5)

and

My(x, y, z) = M0(1− E1)
E2 sinα sinβ

d
, (5.6)

where the following definitions hold:

E1 = e−TR/T1 , (5.7)

E2 = e−TR/T2 , (5.8)

d = (1− E1 cosα)(1− E2 cosβ)− E2(E1 − cosα)(E2 − cosβ), (5.9)

whereM0 is the equilibrium magnetization, α is the flip angle (in radians), β is the resonance
offset angle (in radians), and TR is the repetition time. The resonance offset angle β is
described as:

β = 2π(δCS + γ∆B0(x, y, z)) · TR− φRF , (5.10)

where δCS is the chemical shift (in hertz) which is equal to zero for water/tissue, γ∆B0 is the
off-resonance (in hertz), and φRF is the RF phase increment (in radians) in successive TRs
(φRF = π was the default setting for a bSSFP sequence as applied in this study). Thus, ∆B0

has an impact in the β term (the resonance offset angle) of the steady state signal equation of
a bSSFP sequence.

To simulate the MRI artifact for the bSSFP sequence, the spin distribution ρ(x, y, z) was
replaced by the bSSFP steady state signal, Mxy(x, y, z), described above (equation 5.4):

S(kx, y, z) =

Nx∑
j=1

Mxy(xj , y, z) · ei2πγ∆B0(xj ,y,z)·(TE+n∆t) · e−i2πkxxj . (5.11)

Balanced steady-state free precession with SPAIR For a bSSFP sequence that in-
cludes SPAIR fat suppression, equation 5.11 for the simulation of the MRI artifact of a bSSFP
sequence was implemented and the effect of an inversion recovery pulse at the fat frequency
was taken into account. This was accomplished by selecting the spins with a frequency within
the bandwidth of the adiabatic inversion pulse, and setting these spins to zero in the matrix
representing the steady-state signal, Mxy(x, y, z). This meant that the spins between -1.8
and -5.2 ppm (i.e. -3.5±1.7 ppm) were set to zero in case of a SPAIR pulse with a frequency
offset of 110 Hz as applied in this study.
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Table 5.1 The scan parameters for the spoiled gradient echo sequence, the spin echo sequence, the
bSSFP sequence and the bSSFP-SPAIR sequence that were applied (all 2D sequences).

Spoiled gradient echo Spin echo bSSFP bSSFP-SPAIR

TE/TR (ms) 2.26/4.60 10.0/100.0 2.3/4.5 1.9/3.8
FOV (mm2) 256×256 256×256 256×256 256×256
Slice thickness (mm) 10.0 10.0 10.0 10.0
Acquisition matrix 256×256 256×256 256×256 256×256
Flip angle 30◦ 90◦ 20◦ 30◦

Readout bandwidth (Hz/pixel) 434 158.8 434 775

5.2.2 MRI acquisition

Phantom measurements

A non-active Ir Flexisource (Elketa NL, Veenendaal, The Netherlands) and a 1.9 mm diameter
titanium trocar needle (Elekta NL, Veenendaal, The Netherlands) were used in a phantom
experiment, see figures 5.2a and 5.2c for schematic depictions of both objects. Phantom
measurements were conducted using a water phantom (doped with MnCl2) in which the
object to be scanned (either the HDR source or the needle) was affixed on a platform, where
the tip of the object was positioned in the center of a circular gap in the platform such that
the object was surrounded by signal generating molecules. In the case of the HDR source, a
plastic tube was affixed on the platform in which the HDR source was inserted.

MR imaging was performed on a 1.5 T Ingenia MRI system (Philips Healthcare, Best, The
Netherlands), using a 28-channel anterior/posterior coil. Two imaging approaches were dis-
tinguished: (I) fast 2D imaging sequences for (real-time) tracking, and (II) clinically applied
3D/volumetric imaging sequences for robust object localization and position verification. The
following types of 2D MRI sequences were applied: a spoiled gradient echo sequence, a spin
echo sequence, a bSSFP sequence, and a bSSFP sequence including SPAIR fat suppression,
see Table 5.1 for the sequence parameters. In each case, two intersecting 2D slices were
scanned to be able to obtain the 3D object position. Regarding the 3D/volumetric imag-
ing, the MRI sequences currently provided in the clinical scan protocol of the prostate HDR
brachytherapy intervention were applied. These sequences involve a 3D bSSFP-SPAIR se-
quence, a T2-weighted and a T1-weighted turbo spin echo sequence (both multi-slice 2D),
see Table 5.2 for the sequence parameters.

During MRI acquisition, the phantom was subsequently positioned at two different angula-
tions in the MRI scanner such that the long axis of HDR source or needle was oriented in two
different orientations, as follows:

(i) Parallel with the main magnetic field ~B0, i.e. at an angle of 0◦,

(ii) At an angle of 20◦ with respect to ~B0.
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Table 5.2 The scan parameters for the 3D bSSFP-SPAIR sequence, the multi-slice 2D T2-weighted
turbo spin echo (T2w spin echo) sequence and the multi-slice 2D T1-weighted turbo spin
echo (T1w spin echo) sequence that were applied (as provided in the current clinical scan
protocol for prostate HDR brachytherapy).

bSSFP-SPAIR T2w spin echo T1w spin echo

TE/TR (ms) 1.76/3.52 110.0/7126.5 37.4/2000.0
FOV (mm3) 256×256×120 200×200×119 224×224×70
Reconstructed resolution (mm3) 1.0×1.0 ×1.0 0.5×0.5×3.0 1.0×1.0×2.0
Flip angle 30◦ 90◦ 90◦

Readout bandwidth (Hz/pixel) 935.9 194.5 539.1

5.2.3 Evaluation

For a qualitative evaluation of the simulations, the simulated MRI artifacts were compared
with the acquired MR images by visual inspection. The similarity between the simulated
and the acquired MRI artifacts was assessed by visual inspection. This was conducted for all
applied sequences, for both objects and object orientations.

For a quantitative evaluation of the simulations and their value for object localization, a
template matching procedure [127] was performed to determine the object position. This
template matching was based on a subpixel phase correlation algorithm as previously de-
scribed [135] for the 2D MRI acquisitions. For the 3D data sets (either 3D or multi-slice 2D),
the subpixel phase correlation algorithm was extended to a 3D algorithm. Due to the large
memory required for the 3D subpixel template matching (large matrices), a smaller volume
within the full 3D data set (the central area of the phantom) was selected before applying the
phase correlation algorithm.

The simulated and the obtained object positions were overlaid on the simulated and acquired
MR images respectively to visually evaluate the quality of the template matching. To obtain
absolute object positions (with respect to the MRI scanner’s isocenter), the positions were
corrected for the offcenter position of the FOV of the MRI acquisition, allowing a comparison
between the positions obtained from different MRI sequences. Additionally, the average
object position (of seven obtained positions) and the mean deviation from this average were
calculated to quantify the variation between the object positions found. The comparison of
the obtained object positions was utilized as a means to evaluate the value of each applied
MRI sequence for localization of the object.
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5.3 Results

5.3.1 Simulations

The simulated MRI artifacts (magnitude and phase images) obtained by simulating a gra-
dient echo sequence, a spin echo sequence, a bSSFP sequence and a bSSFP sequence with
SPAIR fat suppression are presented in figures 5.3, 5.4, 5.5 and 5.6 respectively for an HDR
brachytherapy source and a titanium needle (with the object positions overlaid on the im-
ages). Besides the simulations, these figures also present the acquired MR images. A qual-
itative comparison (i.e. visual inspection) demonstrated that the simulated images highly
corresponded with the acquired MR images for the investigated sequences, except for a few
small variations in the phase images. These variations were observed mainly for the bSSFP
and the bSSFP-SPAIR sequence, and might be caused by either B0 variations or the fact that
the simulation of the fat suppression was implemented as an ideal situation. However, these
variations were not considered as a severe hurdle that would prevent or deteriorate localiza-
tion of the objects. This demonstrated that the MRI artifacts for the different types of MR
sequences could be simulated as described in this paper for both the HDR brachytherapy
source and the titanium needle.

5.3.2 Object localization

Besides the simulation results, figures 5.3, 5.4, 5.5 and 5.6 also present the determined object
positions obtained by the phase correlation algorithm (object contours overlaid in red on
the MR images). Visual inspection indicated that the obtained object positions within the
artifacts corresponded to the simulated object positions (object contours overlaid in yellow
on the simulated images).

Table 5.3 provides the object positions in the MRI scanner coordinate system (in mm) ob-
tained for the four different cases (two objects and two angulations) for all seven MRI se-
quences applied (four types of 2D MRI acquisitions, one 3D acquired volume and two volu-
metric multi-slice 2D acquired volumes). This showed that object localization in all assessed
MRI sequences led to nearly identical object positions in all cases. Additionally, Table 5.3
reports the mean deviation of the object positions from the average position. The mean devi-
ations of 0.2-0.3 mm confirmed that small subvoxel variations were found between the object
positions for the varying MRI sequences. This proved that the artifacts of the source and
needle could be simulated for all investigated MRI sequences and applied for determination
of the object position using a phase correlation template matching algorithm. Accordingly,
these results demonstrated that all investigated MRI sequences were suitable for localization
of the objects.
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Table 5.3 The obtained object positions for the HDR brachytherapy source (top part) and the titanium
needle (bottom part) at angulations of 0◦ and 20◦. The positions are provided as coordinates
in right-left (RL), feet-head (FH) and anterior-posterior (AP) directions (in mm). In each case,
a position is provided for the four 2D MRI sequences applied, the 3D bSSFP-SPAIR sequence
and the multi-slice 2D T2 weighted (T2w) and T1 weighted (T1w) spin echo sequences. The
bottom row of each part shows the mean deviation (and range) in mm from the average
position.

HDR source 0◦ 20◦

Matching Sequence RL FH AP RL FH AP
type type (mm) (mm) (mm) (mm) (mm) (mm)

2D Gradient echo 1.2 -1.3 25.2 0.9 -0.9 25.2
Spin echo 1.1 -1.4 25.3 0.8 -0.7 25.3
bSSFP 1.1 -1.5 25.2 0.9 -1.0 25.2
bSSFP-SPAIR 1.2 -1.4 25.2 0.9 -1.0 25.2

3D bSSFP-SPAIR 1.0 -1.3 25.2 0.7 -1.0 25.2
T2w spin echo 1.1 -1.1 25.3 0.7 -1.1 25.4
T1w spin echo 1.2 -1.1 25.1 0.6 -0.6 25.1

Mean deviation 0.2 (0.1-0.2) 0.2 (0.1-0.4)

Needle 0◦ 20◦

Matching Sequence RL FH AP RL FH AP
type type (mm) (mm) (mm) (mm) (mm) (mm)

2D Gradient echo 4.1 -14.9 20.8 3.3 -15.3 20.6
Spin echo 4.1 -14.6 20.6 3.1 -15.1 20.7
bSSFP 4.2 -14.8 20.7 3.3 -15.1 20.5
bSSFP-SPAIR 4.1 -14.9 20.5 3.2 -15.3 20.6

3D bSSFP-SPAIR 4.3 -14.8 20.6 3.4 -15.2 20.7
T2w spin echo 3.9 -15.2 20.2 3.3 -15.1 20.2
T1w spin echo 4.2 -15.1 20.9 3.3 -15.1 20.7

Mean deviation 0.3 (0.1-0.6) 0.2 (0.1-0.4)
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Figure 5.3 The simulated images (top rows) and the acquired MR images (bottom rows) of a spoiled
gradient echo sequence for (a) the HDR brachytherapy source and (b) the titanium needle.
The images present the magnitude (left) and phase (right) representations. The left column
shows an angulation of 0◦, and the middle and right column show the coronal and sagittal
slices respectively for an angulation of 20◦. The contours of the simulated and acquired
object positions are overlaid in yellow and red respectively.

5.4 Discussion

This paper has demonstrated the feasibility of localization of an HDR source or needle for
fast 2D MRI sequences as well as for clinically applied volumetric MRI sequences. The
simulation of the MRI artifacts induced by an HDR source or needle was proposed for a
gradient echo sequence, a spin echo sequence and a bSSFP sequence (either with or without
SPAIR fat suppression). These simulations are valuable for localization of the object using
a phase correlation based template matching. The results have demonstrated that all investi-
gated MRI sequences were suitable for object localization in this phantom study, where mean
deviations from the average object position of 0.2-0.3 mm were found. Additionally, current
clinical practice has shown that bSSFP-SPAIR and T2-weighted spin echo sequences provide
detailed images visualizing the prostate and its surrounding anatomy, on which the radia-
tion oncologist is able to delineate the target and organs at risk. Therefore, this research has
proven the feasibility of localization of an HDR source or needle using MRI sequences for
which clinical results have shown that the prostate and the organs at risk can be visualized.
The next step required is to confirm these results in a patient study by investigating both aims
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Figure 5.4 The simulated images (top rows) and the acquired MR images (bottom rows) of a spin echo
sequence for (a) the HDR brachytherapy source and (b) the titanium needle. The images
present the magnitude (left) and phase (right) representations. The left column shows an
angulation of 0◦, and the middle and right column show the coronal and sagittal slices
respectively for an angulation of 20◦. The contours of the simulated and acquired object
positions are overlaid in yellow and red respectively.

simultaneously in one scan: localization of an HDR source or needle as well as visualization
of the prostate.

The inclusion of different types of MRI sequences in the simulation of the MRI artifacts is
of high importance for a clinical application of localization/tracking of HDR brachytherapy
interventional objects by a template matching approach. In previous studies, the simulation
of the MRI artifacts was described for a spoiled gradient echo sequence [78, 135]. However,
a spoiled gradient echo sequence provides no sufficient contrasts for a clear visualization of
the anatomy and for delineation of the tumor and organs at risk. This would mean that two
separate scans would be required: one scan for visualization of the anatomy and one scan for
localization of the interventional object. When determining the object position in a separate
scan from the scan on which the delineations are being made, motion could lead to changes of
the prostate and object positions in the time between the acquisitions of the two scans. This
motion corrupts the treatment planning or dose calculations for treatment verification. The
major advantage of the results presented here is the ability to simulate the MRI artifacts for
clinically relevant MRI sequences, which enables localization of an HDR source or needle
as well as visualization of the anatomy (for delineation or tracking) in a single MRI scan.
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Figure 5.5 The simulated images (top rows) and the acquired MR images (bottom rows) of a bSSFP
sequence for (a) the HDR brachytherapy source and (b) the titanium needle. The images
present the magnitude (left) and phase (right) representations. The left column shows an
angulation of 0◦, and the middle and right column show the coronal and sagittal slices
respectively for an angulation of 20◦. The contours of the simulated and acquired object
positions are overlaid in yellow and red respectively.

Accordingly, the object position can be determined with respect to the position of the prostate
and the tumor, which is necessary to achieve a clinical impact.

The simulations demonstrated in this paper are valuable for the development of (real-time)
MRI guidance of HDR brachytherapy. Two important applications are source position recon-
struction for treatment planning and source localization for real-time treatment verification.
This can be realized when combined with an MR compatible afterloader allowing simultane-
ous dose delivery and MR imaging [148]. Additionally, a robot for robotic MRI-guided nee-
dle insertion is in development in our department [95]. Also this is an important application
where the simulations described here might play an essential role in real-time tracking of the
needle during insertion. Lastly, a potential application outside the scope of HDR brachyther-
apy is to use the proposed simulations in combination with the phase correlation algorithm for
the localization of gold fiducial markers for an accurate patient positioning in external beam
radiotherapy, as has also been described for spoiled gradient echo sequences solely [149].
For these applications, the ability to simulate different types of MRI sequences facilitates an
easier practice of object localization by not being restricted to the use of a spoiled gradient
echo sequence. Hence, this work provides flexibility in the choice of MRI sequences during
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Figure 5.6 The simulated images (top rows) and the acquired MR images (bottom rows) of a bSSFP
sequence with SPAIR fat suppression for (a) the HDR brachytherapy source and (b) the
titanium needle. The images present the magnitude (left) and phase (right) representations.
The left column shows an angulation of 0◦, and the middle and right column show the coro-
nal and sagittal slices respectively for an angulation of 20◦. The contours of the simulated
and acquired object positions are overlaid in yellow and red respectively.

an MRI-guided HDR brachytherapy procedure where tracking of an HDR source or needle
is desired.

5.5 Conclusion

This paper has demonstrated the simulation of the MRI artifacts induced by an HDR brachyther-
apy source as well as a titanium needle for a spoiled gradient echo sequence, a spin echo
sequence, a bSSFP sequence and a bSSFP sequence including SPAIR fat suppression. These
simulations, in combination with a template matching algorithm, enable localization of an
HDR source and a titanium needle for fast 2D MRI sequences as well as for clinically applied
volumetric MRI sequences. This shows the feasibility of localization of HDR brachytherapy
interventional devices for clinically relevant MRI sequences, enabling object localization and
visualization the prostate and organs at risk (for delineation or tracking) on a single MRI
scan. Hence, this paper has paved the way towards: (1) real-time device tracking (2) for a
range of clinically relevant MRI sequences, and (3) simultaneously visualizing the target and
critical structures.
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Summary & general discussion
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6.1 Summary

MR imaging provides superior tissue contrast and is therefore applied in HDR brachytherapy.
MRI is currently applied for manual catheter reconstruction and treatment planning. How-
ever, techniques for real-time treatment verification are not clinically available. MRI may be
an ideal imaging modality for real-time guidance and verification of the treatment, as it allows
visualization of the anatomy as well as visualization/detection of interventional devices. We
have proposed an MR-guided HDR brachytherapy workflow in which we apply MR-based
source localization for reconstruction of the source dwell positions and for real-time treatment
verification. This required an investigation of the impact of the magnetic field on the dose
distribution, the development of an MR conditional afterloader and a method for MR-based
source tracking/object localization and simultaneous visualization of the anatomy. This the-
sis has described the main technical developments necessary for real-time MRI guided HDR
brachytherapy.

In a situation where real-time treatment verification is applied, the patient needs to be po-
sitioned inside the MRI scanner at the moment of irradiation. In Chapter 2, the impact
of the MRI scanner’s magnetic field on the dose distribution was investigated. A magnetic
field causes deflection of electrons in the plane perpendicular to the magnetic field, and leads
to less lateral scattering along the direction parallel with the magnetic field. Monte Carlo
simulations were conducted to investigate the influence of the magnetic field on the dose dis-
tribution around an HDR brachytherapy source (Ir-192) for magnetic field strengths of 1.5 T,
3 T and 7 T. The results demonstrated that the dose distribution was nearly unaffected by the
magnetic field for all considered field strengths, with differences below or around the level of
the statistical error (i.e. around 1.7% at 10 mm from the source). However, careful attention
should be paid to dose perturbation in the case of air pockets near the source. In conclusion,
from a dose perspective, HDR brachytherapy can be performed safely inside an MRI scanner,
with no need to take into account the magnetic field for dose calculations.

Chapter 3 has described a method for real-time MR-based source localization with high
spatial and temporal resolution as required in HDR brachytherapy. The main aim of MR-
based localization of an HDR brachytherapy source is twofold. First, it enables determination
of the source dwell positions during irradiation for real-time treatment verification. Second,
when employing a dummy source, it allows automatic source dwell position reconstruction
after catheter insertion, necessary for treatment planning. The method involves simulation
of the MRI artifact induced by the HDR source, followed by a phase correlation localization
algorithm applied to the simulated and the acquired MRI artifact to determine the position of
the HDR source in the MR image. To increase the temporal resolution during MR imaging,
the spatial resolution was decreased and a subpixel localization operation was introduced.
To additionally decrease the dynamic scan time, parallel imaging (sensitivity encoding) was
applied. A validation study was performed by a comparison with CT, and the accuracy and
precision of the method were assessed. This resulted in localization of the HDR source with
a high accuracy (0.4-0.6 mm) and a high precision (≤0.1 mm), at high temporal resolutions
(0.15-1.2 s per slice). The proposed method for MR-based source localization would enable
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real-time treatment verification as well as automatic detection of the source dwell positions.

Real-time treatment verification using MR-based source localization demands for the devel-
opment of an MR conditional afterloader, which has been presented in Chapter 4. Putting
MR-based source localization into practice requires the patient to be positioned inside the
MRI scanner during irradiation. Hence, the afterloader should be positioned directly next to
the MRI scanner, and both systems should allow functioning simultaneously. A prototype
MR conditional afterloader was developed and simultaneous functioning of this prototype
and a 1.5 T MRI system was tested in an experimental setting. The afterloader was posi-
tioned next to the scanner and the source was sent to predefined source positions in a catheter
inside a phantom, while acquiring MR images. The method for MR-based source localiza-
tion was applied to evaluate functioning of both systems. Furthermore, the influence of the
presence and use of the afterloader on the MRI performance was studied by assessment of RF
interference, signal-to-noise (SNR) ratio and B0 field homogeneity. Both systems have been
demonstrated to function adequately while operating simultaneously, and the step sizes be-
tween the obtained source positions corresponded with the afterloader settings. Furthermore,
the MRI performance tests demonstrated no deterioration due to the presence or functioning
of the afterloader next to the scanner. This has demonstrated the feasibility of simultaneous
MRI acquisition and employment of an MR conditional afterloader.

Chapter 5 has provided more flexibility for putting MR-based object localization in prac-
tice, by simulating the MRI artifacts induced by an HDR brachytherapy source as well as a
titanium needle for clinically relevant MRI sequences. The purpose was to investigate the
potential of several clinically relevant MRI sequences to facilitate tracking/localization of
brachytherapy devices, which could simultaneously be used for visualization of the anatomy.
Four types of MRI sequences were included in the simulations: spoiled gradient echo, spin
echo, balanced steady state free precession (bSSFP) and bSSFP with a spectral attenuated
inversion recovery (SPAIR) fat suppression. A phantom study was performed to acquire the
MR images, using two imaging approaches: (I) four fast 2D MRI sequences for real-time
tracking, and (II) clinically applied 3D/volumetric MRI sequences for robust object local-
ization and position verification. The results have demonstrated that the simulated MRI ar-
tifacts corresponded with the acquired MRI artifacts, and allowed object localization for all
considered MRI sequences. The mean deviations from the average object position were 0.2-
0.3 mm for all applied sequences. Accordingly, this has demonstrated that the MRI artifact
simulations are valuable for real-time device tracking for a range of clinically relevant MRI
sequences, which allow simultaneous visualization of the anatomy.

6.2 General discussion

The work presented in this thesis has demonstrated the feasibility and the main advances in
the development of a fully MRI-guided HDR brachytherapy workflow. We proposed an MR-
guided HDR brachytherapy workflow where an MR-based source localization method is ap-
plied for reconstruction of the source dwell positions and for treatment verification, employ-
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ing an MR conditional afterloader. While MRI has been applied for catheter reconstruction
and treatment planning, many steps may be taken in the near future towards the employment
of MRI in all processes of the treatment improving the quality and workflow efficiency.

6.2.1 Clinical workflow

The work presented in this thesis may considerably contribute to an improved clinical work-
flow of the prostate HDR brachytherapy treatment. All parts have contributed in a different
manner. From a dose perspective, the HDR brachytherapy treatment can safely be performed
while the patient is being positioned inside the MRI scanner bore, as has been proven in
Chapter 2. Treatment planning can remain unchanged, as the Monte Carlo simulations have
proven no need to account for the magnetic field. Next, we presented a method for MR-
based HDR source (or needle) localization, based on MRI artifact simulation and template
matching between the MR image and the simulated artifact (Chapters 3 and 5). Furthermore,
the development of the MR conditional afterloader (Chapter 4) has shown the practical fea-
sibility of MR-based source tracking by simultaneous application of the afterloader to send
the source to the planned dwell positions and the MRI scanner to acquire the MR images.
Lastly, our institution possesses an HDR brachytherapy MRI suite: a bunker that contains
a 1.5 T MRI system, suitable for a future treatment set-up with MRI guidance during dose
delivery. When combining all aspects mentioned above, this demonstrates the feasibility of
performing an HDR brachytherapy treatment while the patient is positioned inside the MR
bore. Consequently, we propose an MR-guided HDR brachytherapy treatment set-up where
the patient remains in the MR bore (and thus in the same position) during the complete pro-
cess of source dwell position reconstruction, treatment planning and irradiation while MR
images are acquired to guide the process.

Figure 6.1a presents a workflow diagram of the actions performed clinically in our depart-
ment. Next, Figure 6.1b presents a newly proposed workflow of an MR-guided treatment
based on the work in this thesis, where HDR source localization is applied for automatic
dwell position reconstruction and real-time treatment verification. This workflow eliminates
most manual interactions (manual catheter reconstruction and visual catheter positions check)
and eliminates repeated movements of the patient table in/out of the MR bore. The proposed
treatment set-up offers expected advantages important for the treatment quality and the prac-
tical clinical workflow. The patient remains in the same position during MR imaging/source
position reconstruction, treatment planning and irradiation. The treatment is more accurate
(direct source position reconstruction, less motion) and less time-consuming (more auto-
mated steps). A decreased number of manual interactions leads to a decreased chance of
errors and a more straightforward workflow. Lastly, possible errors could be detected, such
that the treatment can be interrupted when necessary.
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Figure 6.1 (a) The actions performed in current clinical practice of the HDR brachytherapy treatment in
our department. (b) The proposed workflow diagram of the MR-guided HDR brachytherapy
treatment, where MR-based HDR source localization is applied for an automatic determina-
tion of the source dwell positions and for real-time HDR source localization during irradiation.

6.2.2 Object localization

In this thesis, object localization has been demonstrated for an HDR brachytherapy source
and a titanium needle by MRI artifact simulation in combination with template matching be-
tween the MR images and the simulated artifacts. The proposed method has shown excellent
results (Chapter 3). However, all experiments were conducted solely in phantom studies.
Before introducing the method into clinical applications, the ability and correctness of the
object localization algorithm needs to be confirmed for in vivo cases for an HDR source and
a needle. We need to investigate if the artifacts will look identically in in vivo situations
where conditions might vary, for example a B0 offset or gradient. Other studies have demon-
strated the feasibility of a similar object localization in vivo for gold fiducial markers in the
prostate [149] and for low-dose-rate (LDR) brachytherapy seeds [32]. However, in case of
HDR brachytherapy, an additional challenge is posed by bleedings due to the needle inser-
tion, as the localization method is applied during an intraoperative procedure. Additionally,
in case of the titanium needle, a study should be performed to explore if the artifacts induced
by the tip of the titanium needle are sufficiently large and characteristic to be localized in an
in vivo situation instead of in a homogeneous phantom. Therefore, the next phase will be to
apply the object localization algorithm in a patient study where a marker or dummy source
will be brought into a catheter implanted into the prostate, to test localization of this marker
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in an in vivo situation.

Besides application of the object localization method for HDR brachytherapy purposes, the
object localization might also be a valuable tool for marker detection for position verification
in external beam therapy. In external beam therapy of prostate cancer, generally three or
four gold fiducial markers are implanted into the prostate, and their positions are determined
and used for accurate patient positioning. Since gold has a magnetic susceptibility value of
χ = -34 ppm, these markers also induce susceptibility artifacts, which we can simulate as
described in chapter 5 and exploit for localization. This has been demonstrated for spoiled
gradient echo sequences [149], but also for this purpose, bSSFP (SPAIR) sequences may be
highly valuable for a simultaneous visualization of the anatomy and marker detection. This
might replace the currently manually performed marker detection by an automated marker
localization, important for an MR-only workflow.

6.2.3 Treatment verification

While other groups have been attempting to achieve treatment verification by methods such as
in vivo dosimetry, EM tracking or FBG-based sensing, MR-based source localization might
be a more direct manner of treatment verification. MR-based source localization allows a
direct and real-time detection of the source dwell positions during irradiation, while MRI si-
multaneously allows visualization and tracking of the anatomy. Hence, tracking of the source
as well as the anatomy takes place in one coordinate system, so the positions of both are in
a direct relation with each other; no additional registration and calibration steps are neces-
sary. The other techniques for treatment verification are hampered by challenges related to
coordinate systems and anatomy tracking. For example, during in vivo dosimetry, the dose
is measured in one or several points near the target area [124, 125]. This dose subsequently
should be reconstructed to the dose that was delivered to the tumor. Since the dosimeter
measures the dose in an area subjected to a steep dose gradient, a small deviation in the dose
measurement might lead to large errors of the dose reconstruction. Moreover, another chal-
lenge is posed by determining the position of the dosimeter with respect to the tumor position,
which may change due to patient motion. Techniques as EM tracking and FBG-based sensing
allow detection of a catheter, but include no real-time verification during irradiation [56–59].
Additionally, these techniques provide no anatomical information and, thus, always require
combination with a certain imaging modality followed by a registration step. Accordingly,
MR-based source localization might be a more direct manner of treatment verification as it
provides real-time tracking of the source, while simultaneously allowing visualization and
tracking of the anatomy directly in the same coordinate system.

In this thesis, source localization has been conducted offline in a post-processing step. When
implementing the subpixel source localization algorithm on the MRI scanner software or a
server in direct connection with the scanner, localization of the source may be performed
online in a real-time setting. Simultaneously, tracking of the anatomy may be included by
introducing an anatomy tracking algorithm, for example optical flow tracking [150], Evo-
lution [151] or online soft tissue tracking [152]. Furthermore, in HDR brachytherapy, the
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delivered dose can be obtained directly from the source dwell positions and dwell times (as
provided in the treatment plan) in combination with the anatomy. Hence, the combination
of real-time source tracking and anatomy tracking allows real-time treatment verification and
real-time dose-reconstruction.

A first step towards the application of real-time treatment verification may be to introduce a
means for interruption of the irradiation when an error is detected. During the interruption
time, an adaptation to the detected error and possibly a new resuming treatment plan may be
made, after which the treatment can continue. When moving further towards real-time dose
reconstruction, the source and anatomy tracking information may be combined with infor-
mation from the afterloader and from the treatment planning system. When also adding an
adaptive treatment planning strategy [153], a full feedback loop for adaptive HDR brachyther-
apy can be built. In such a feedback loop, changes due to motion might be taken into account
and acted upon by directly adapting the treatment plan and changing the dwell times and
dwell positions to be sent to the afterloader. This creates a real-time adaptive treatment under
MRI guidance. A practical implementation of such an adaptive feedback loop requires more
work to be carried out to combine all separate parts into one workflow and to implement the
necessary software in a planning system for continuous updates of the MR images, the HDR
source position and the dose distribution.

6.2.4 Source position reconstruction

While MR-based source localization for real-time treatment requires significant and com-
plex software solutions to combine all parts needed to create the full adaptive feedback loop,
MR-based source localization for automatic source position reconstruction in the treatment
planning process is closer in reach and an easier scenario to implement. As a first step, auto-
matic detection of the source dwell positions can be fulfilled by the use of markers brought
into the catheters during MR imaging and application of the subpixel localization algorithm
to determine the positions of the markers, and thus the catheters. This might also be applied
when using catheters, which contain markers secured into the catheter walls for localization
of the catheters instead of a marker inside the catheter. A more elaborate and accurate appli-
cation of the source position reconstruction method includes the use of the MR conditional
afterloader and a dummy source. This involves the afterloader to send the dummy source
to the dwell positions within the catheters, while also acquiring MR images, followed by a
determination of the source positions from the MR images using the source localization algo-
rithm. Accordingly, this scenario fulfills a fully automatic reconstruction of the source dwell
positions. Moreover, while most methods focus on reconstruction of the catheter tracks, the
proposed technique direcly provides the source dwell positions, which is most accurate for
treatment planning as it most closely resembles the situation during irradiation. For exam-
ple, a technique that reconstructs the catheter tracks requires an additional calculation step,
and more importantly another calibration, to determine the source dwell positions within the
catheter tracks.

Regarding the current clinical workflow, the proposed automatic source position reconstruc-
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tion may provide excellent solutions for the main challenges. In current clinical workflow, the
catheters are reconstructed based on a manual definition of the position of the catheter tip and
the entry point in a 3D MRI (bSSFP SPAIR) scan, based on the signal voids. One of the main
challenges is the catheter reconstruction in cases where the catheter tip is positioned in an
area outside the prostate, because of lower signal intensities, or in an area of calcifications or
a bleeding. In these cases, the signal void due to the catheter is hard to distinguish. Another
difficulty is posed by situations where catheters cross each other in the MR images, which
harms reconstruction of the separate catheter tracks. The proposed automatic source localiza-
tion solves these difficulties, since it reconstructs the source positions along the full track and
does not only depend on the tip of the catheter. Furthermore, an automated detection of the
source positions allows elimination of the manual catheter reconstruction, which might save
time and reduces the chances on human errors. Lastly, the method for source position local-
ization has demonstrated a high accuracy of 0.4-0.6 mm, presented in Chapter 3, which is
slightly higher than the accuracy of 0.7 mm for the currently available catheter reconstruction
tools for HDR prostate brachytherapy [130].

6.2.5 MR conditional afterloader

One of the main limitations that currently prevents the MR conditional afterloader from being
introduced in clinics is the source cable. The source cables in clinical HDR brachytherapy
afterloaders are made of steel. However, the steel cable poses safety risks, such as heating
and torques. Furthermore, the steel cable would serve as an antenna transferring RF signals
from the afterloader which deteriorate the MR images. Consequently, the steel cable can
not be used inside an MRI scanner and, therefore, an MR compatible source cable should be
developed. The requirements for an MR compatible source cable are that it should be flexible,
strong and stiff to send the source out to the correct position with a reliability at least equal
to that of the steel cable. Additionally, the material should be MR compatible and resistant to
the radiation emitted by the source, and a reliable connection between the source and source
cable is crucial.

Furthermore, the use of MRI for treatment verification using an MR conditional afterloader
demands for an adapted treatment room. The HDR brachytherapy MRI suite in our institution
is a unique treatment room: an HDR brachytherapy bunker that contains a 1.5 T MRI scanner.
Such a bunker is required when introducing an HDR brachytherapy workflow that applies
real-time MRI guided treatment verification. Few institutions have an MR scanner in the
brachytherapy suite, which might be a limitation for widespread introduction of MRI guided
HDR brachytherapy with an MR conditional afterloader. However, many centers will soon
have access to an MR-linac system, which needs to be positioned inside a treatment bunker
as well. The MR conditional afterloader might be used in combination with the MRI scanner
in an MR-linac treatment bunker.
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6.2.6 Real-time aspect

Chapter 3 has stressed the need for MR-based source localization with a high temporal reso-
lution. To be able to detect the HDR source positions for dose verification, fast imaging and
post-processing are needed. The dwell times in HDR brachytherapy are typically between 1
and 30 s, with minimum values of around 0.3 s. Consequently, we defined a temporal res-
olution of 0.3 s as the threshold for real-time determination of the source position. In other
words, the maximum latency allowed for real-time source localization is 0.3 s. We can define
the latency for source localization as the time between the moment the source has a certain
physical position and the time of detection of that position from the reconstructed MR image
and the localization algorithm. This latency has contributions due to the acquisition time,
data transfer and reconstruction time, and post processing time.

Chapter 3 has focused on decreasing the dynamic scan time in the MRI acquisition, obtained
by applying a fast 2D sequence with decreased spatial resolution combined with a subpixel
localization and the application of SENSE. Dynamic scan times between 0.3 and 2.4 s were
obtained, depending on the FOV and resolution. Whereas latency was not considered in
this thesis, a decreased latency may be obtained when a high-low phase encode ordering is
applied during the MR acquisition [154]. Additionally, reconstruction can be performed fast,
since it concerns a basic 2D SENSE reconstruction (when applying 2D imaging with two 2D
slices), which is feasible in real time employing dedicated hardware [131, 132]. Furthermore,
the phase correlation localization is a fast algorithm, since it consists of a multiplication
in k-space, followed by zeropadding and an inverse Fourier transform. In this thesis, the
processing was performed offline in Matlab in the order of a few hundreds of milliseconds.
We expect this might be accelerated by at least a factor 10 using dedicated programming
optimized for speed. Considering these processes contributing to the latency altogether, we
might expect a time scale on the order of real-time source localization.

To be able to perform the complete source localization in real time, a system is required to
implement the software for real-time processing. The future goal is to cooperate with the
developments for the MR-linac and to share the system architecture needed for real-time
applications.

6.2.7 Robotic MRI guided HDR brachytherapy

A device for robotic MRI guided prostate HDR brachytherapy has been in development in our
institution [95]. In current clinical practice, MRI guided needle insertion is not possible due
to space restrictions in the closed MR bore. The development of a robotic device might solve
this problem by robotically inserting a needle into the prostate under MRI guidance. The
device can be placed between the legs of the patient inside the MR bore. The robot contains
a single titanium needle which can be tapped into the tissue from a single rotation point just
beneath the perineal skin in a divergent pattern. During such a robotic procedure of needle
insertion, a method for real-time needle tracking is desired. Chapter 5 has demonstrated
that we are able to localize a titanium needle by MRI artifact simulation together with a
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phase correlation localization algorithm. The goal for the near future is to introduce the
robot in a patient study in a clinical setting, and to apply the method for object localization
presented in this thesis to track the titanium needle during the insertion. Once the needle is
inserted, the localization algorithm will provide the final needle position which can then be
used for treatment planning. After irradiation from the first needle position, the needle will be
retracted and inserted into the next position, and this will proceed until the planned dose has
been given from all planned needle positions. Certainly, the future goal will be to combine
this robotic treatment set-up with the MR-based source localization method for treatment
verification, such that the full HDR brachytherapy treatment will be under MRI guidance.
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Samenvatting

MRI levert superieur contrast tussen zachte weefsels en wordt daarom toegepast bij HDR
brachytherapie. Momenteel wordt MRI toegepast voor handmatige katheter reconstructie en
planning van de behandeling. Echter, technieken voor real-time verificatie van de behande-
ling zijn momenteel niet klinisch beschikbaar. MRI lijkt een ideale beeldvormingstechniek
voor real-time geleiding en verificatie van de behandeling, omdat het zowel visualisatie
van de anatomie als visualisatie/detectie van interventionele instrumenten mogelijk maakt.
Daarom hebben wij een MRI-geleide HDR brachytherapie workflow voorgesteld, waarin we
een MRI-gebaseerde lokalisatie van de bron toepassen voor reconstructie van de bron dwell
posities en voor real-time verificatie van de behandeling. Dit vroeg om de volgende studies:
een onderzoek van de impact van het magnetisch veld op de dosisverdeling, het ontwikkelen
van een MR-conditional afterloader en een methode voor MRI-gebaseerde tracking van de
bron en het tegelijkertijd visualiseren van de anatomie. Deze thesis beschrijft de belangrijkste
technische ontwikkelingen die nodig zijn voor real-time MRI-geleide HDR brachytherapie.

In een situatie waarin real-time verificatie van de behandeling wordt toegepast, moet de
patiënt in de MRI scanner gepositioneerd zijn op het moment van bestralen. In hoofstuk
2 werd de impact van het magnetisch veld van de MRI scanner op de dosisverdeling onder-
zocht. Een magnetisch veld veroorzaakt afbuiging van elektronen in het vlak loodrecht op
het magnetisch veld, en leidt tot een verminderde laterale scattering in de richting parallel
met het magnetisch veld. Monte Carlo simulaties werden uitgevoerd om de invloed van het
magnetisch veld op de dosisverdeling rondom een HDR brachytherapie bron (Ir-192) te on-
derzoeken voor magnetische veldsterktes van 1.5 T, 3 T en 7 T. De resultaten lieten zien
dat de dosisverdeling nauwelijks beïnvloed werd door het magnetisch veld voor alle onder-
zochte veldsterktes, waarbij de verschillen lager dan of rond het niveau van de statistische
fout lagen (dat wil zeggen rond 1.7% op 10 mm van de bron). Echter, er moet aandacht
besteed worden aan dosisafwijkingen in het geval dat er luchtbellen aanwezig zijn dichtbij
de bron. Concluderend, vanuit een dosis-perspectief gezien, kan HDR brachytherapie veilig
worden uitgevoerd in een MRI scanner, waarbij het magnetisch veld niet meegenomen hoeft
te worden in de dosisberekeningen.

In hoofdstuk 3 is een methode beschreven voor real-time MRI-gebaseerde bron lokalisatie
met hoge spatiële en temporele resolutie, zoals benodigd voor HDR brachytherapie. Het
doel van MRI-gebaseerde lokalisatie van een HDR brachytherapie bron bestaat uit twee as-
pecten. Ten eerste, het maakt het mogelijk om de bron dwell posities te bepalen tijdens het
bestralen, voor real-time verificatie van de behandeling. Ten tweede, wanneer een dummy
bron gebruikt wordt, maakt het automatische reconstructie van de bron dwell posities na het
inbrengen van de katheters mogelijk, benodigd voor de dosisplanning. De methode bestaat
uit simulatie van het MRI artefact veroorzaakt door de HDR bron, gevolgd door een fase-
correlatie lokalisatie algoritme toegepast op het gesimuleerde en het gescande artefact om de
positie van de HDR bron in het MRI beeld te bepalen. Om de temporele resolutie tijdens
scannen te vergroten werd de spatiële resolutie verkleind en werd een sub-pixel lokalisatie
algoritme geïntroduceerd. Om de dynamische scantijd nog verder te verkleinen werd paral-
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lel imaging (SENSE) toegepast. Een validatie studie werd uitgevoerd met behulp van een
vergelijking met CT, waarbij de nauwkeurigheid en precisie van de methode werden vast-
gesteld. Dit resulteerde in lokalisatie van de HDR bron met een grote nauwkeurigheid (0.4-
0.6 mm) en een grote precisie (≤0.1 mm), bij een hoge temporele resolutie (0.15-1.2 s per
slice). De voorgestelde methode voor MRI-gebaseerde bron lokalisatie maakt zowel real-time
verificatie van de behandeling als automatische detectie van de bron dwell posities mogelijk.

Real-time verificatie van de behandeling, waarbij gebruik wordt gemaakt van MRI-gebaseerde
bron lokalisatie, vraagt om de ontwikkeling van een MR-conditional afterloader, zoals be-
schreven in hoofdstuk 4. Het in de praktijk brengen van MRI-gebaseerde bron lokalisatie
vereist dat de patiënt in de MRI scanner gepositioneerd is tijdens het bestralen. Daarom
moet de afterloader direct naast de MRI scanner geplaatst worden, waarbij beide systemen
tege-lijkertijd correct moeten functioneren. Een prototype MR-conditional afterloader is ont-
wikkeld en het tegelijkertijd functioneren van dit prototype en een 1.5 T MRI scanner werd
getest in een experimentele opstelling. De afterloader werd naast de scanner geplaatst en de
bron werd naar vooraf bepaalde bronposities gestuurd in een katheter in een fantoom, ter-
wijl tegelijkertijd MRI beelden werden verkregen. De methode voor MRI-gebaseerde bron
lokalisatie werd toegepast om het functioneren van beide systemen te evalueren. Daarnaast
werd de invloed van het aanwezig zijn en het gebruik van de afterloader op de werking van
de MRI scanner onderzocht door het bepalen van radiofrequente (RF) interferentie, signal-to-
noise (SNR) ratio en B0 veld homogeniteit. Beide systemen functioneerden goed wanneer ze
tegelijkertijd in werking waren en de stapgroottes tussen de verkregen bronposities kwamen
overeen met de afterloader instellingen. Daarnaast lieten de testen zien dat de MRI beeld-
kwaliteit niet verminderd was door het aanwezig zijn en/of in werking zijn van de afterloader
naast de scanner. Dit heeft de mogelijkheid tot het tegelijkertijd verkrijgen van MRI beelden
en gebruik van een MR-conditional afterloader aangetoond.

Hoofdstuk 5 leidt tot meer flexibiliteit om MRI-gebaseerde object lokalisatie in de praktijk
te brengen, voor klinisch relevante MRI sequenties. Daarbij is gebruik gemaakt van simu-
latie van de MRI artefacten die veroorzaakt worden door een HDR brachytherapie bron en
een titanium naald. Het doel was om de mogelijkheden van verschillende klinisch relevante
MRI sequenties te onderzoeken voor het faciliteren van tracking/lokalisatie van brachyther-
apie instrumenten, waarbij tegelijkertijd ook de anatomie gevisualiseerd kan worden. Vier
typen MRI sequenties werden opgenomen in de simulaties: spoiled gradient echo, spin echo,
balanced steady state free precession (bSSFP) en bSSFP met spectral attenuated inversion
recovery (SPAIR) vet suppressie. Een fantoomstudie werd uitgevoerd om de MRI beelden
te verkrijgen, waarbij twee manieren van aanpak voor afbeelding werden gebruikt: (I) vier
snelle 2D MRI sequenties voor real-time tracking en (II) klinisch gebruikte 3D/volumetrische
MRI sequenties voor robuuste object lokalisatie en positie verificatie. De resultaten lieten
zien dat de gesimuleerde MRI artefacten overeen kwamen met de experimentele MRI arte-
facten, wat object lokalisatie mogelijk maakte voor alle onderzochte MRI sequenties. De
gemiddelde afwijkingen van de gemiddelde object positie waren 0.2-0.3 mm voor alle toege-
paste sequenties. Zodoende is aangetoond dat de simulaties van de MRI artefacten waardevol
zijn voor real-time tracking van brachytherapie instrumenten voor verschillende klinisch re-
levante MRI sequenties, die tegelijkertijd visualisatie van de anatomie mogelijk maken.
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