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Abstract

Magnetic Resonance (MR)-guided percutaneous needle interventionso�er high precision and mini-
mally invasive techniques for procedures such as biopsies and thermal ablations. However, accurate
needle localization remains a challenge due to artifacts caused by theneedle. This thesis addresses this
challenge by developing a library-based approach for real-time needlelocalization using physics-driven
simulations of needle artifacts.

In this study, needle artifacts were simulated and validated against scans of the sequences GRE, SE,
bSSFP, and RAVE. The simulations were used in a library-based localization method that accurately
localizes needles using only 16 radial spokes, allowing real-time tracking with a refresh rate better
than the desired 1 Hz, which ensures accurate needle visualization during procedures.

This demonstrate the method's potential for real-time MRI-guided procedures, showing accurate
and quick updates on the needle position. With further enhancements in preprocessing and expan-
sion to 3D localization, this approach has the potential to improve procedural accuracy and patient
outcomes.
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1 Introduction

1.1 Clinical Background

In recent years, minimally invasive procedures have become the standard for surgical interventions
to replace invasive surgical procedures for various cancer types, including prostate, kidney and liver.
Many of these minimally invasive procedures are image-guided percutaneous needle interventions. Ex-
amples include biopsies and thermal ablations. These procedures consist of passing the needle through
the skin and navigating it to a location of interest under image-guidance, for which imaging modal-
ities such as computed tomography (CT), ultrasound (US) and magnetic resonance imaging (MRI)
are typically used. [1, 2]

Among these modalities, MRI holds key advantages over CT and US due to thelack of ionizing
radiation, imaging under arbitrary slice orientation and superior soft ti ssue contrast. This superior
contrast is speci�cally helpful for distinguishing between cancerous and healthy tissue, which is essen-
tial in biopsies for accurate targeting of small tumors. However, MRI-guided interventions also face
challenges such as long image acquisition times, limited access to thepatient due to the small MRI
bore and artifacts caused by metallic objects such as surgical instruments and implants. All in all,
these factors complicate precise and rapid needle adjustments during the procedure. The artifacts not
only hide the exact location of the metallic object, but can also obscurethe region of interest, which
impacts the procedure's accuracy. [1]

A clinical study by Schmidt et al. compared in-out MRI-guided and CT- guided real-time biopsies
of small focal liver lesions with a diameter smaller than 20 mm and found MR-guidance to result in
higher clinical success and lower complication rates [3]. Although the procedure time was also found
to be longer compared to CT-guidance, the overall bene�ts lower the total healthcare costs [4, 5]. If
MRI procedure times could be further reduced, these bene�ts would become even stronger, making
MRI an even more attractive for needle guidance during minimally invasive procedures.

1.2 State of the art

These MRI-guided interventions are performed in many di�erent ways. Two di�erent types are in-out
procedures and in-bore procedures. In both types of procedures,a diagnostic MRI scan is done to
de�ne the needle trajectory from the entry point on the patient ski n to the target point in the anatomy.
During in-out procedures, the needle is advanced outside of the scanner, sometimes under ultrasound
guidance. The patient is then moved inside the bore to verify the needle location. This is repeated
until the target is reached. The exact number of times depends on factors such as the location of
the lesion and the clinician's skill [6]. During in-bore procedures, the patient remains inside the bore
during the needle progression. This signi�cantly reduces operationtime compared to the in-out pro-
cedure. [2, 5]

To accurately visualize the needle during in-bore procedures, real-time imaging with a framerate of
approximately 1 Hz or more is desirable [2]. These framerates are desired to provide accurate and
real-time updates on the progression of the needle towards the target. To achieve these low scan
times, only two or three slices, parallel or orthogonal to each other can be scanned along the needle
trajectory [5, 7]. Furthermore, speci�c sequences are used, that are specialized in generating adequate
tissue contrast and su�cient image quality in terms of signal-to-noise ratio (SNR), while also main-
taining short imaging times. These sequences are used in combinationwith other techniques that
speed up the image acquisition such as parallel imaging and more e�cient k-space trajectories [8, 9].
Examples of the sequences used for real-time imaging are spin echo (SE), gradient echo (GRE), bal-
anced steady state free precession (bSSFP). The choice of the sequence also in
uences the appearance
of the artifacts caused by the needle. These artifacts result in a signal void, which is visible as a
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dark region. However, the artifacts can also a�ect the accuracy of needle positioning by altering the
perceived location of the needle within the MR image. These artifacts are more prominent in GRE
sequences compared to SE sequences. Additionally, banding artifacts are present around the signal
void in bSSFP sequences. [5]

The size and position of this 'needle artifact' around the needle is notonly dependent on the sequence
used, but is also a�ected by other factors. These factors include theneedle material, the orientation of
the needle relative to the main magnetic �eld, the main magnetic �eld strength and scan parameters
[1, 5]. It is therefore di�cult to determine the location of the need le and its tip from the MR-image
due to the artifacts. Because of this, the needle may fail to reach the target region during the procedure.

For this reason, a variety of tracking methods have been described to track the needle. In active
tracking, small RF coils are added to the needle that collect the MRI signal separately from the re-
ceiver coils. With this signal, the coil positions are determined andoverlaid onto previously acquired
anatomical MRI images. Although active tracking techniques are e�ective in accurate and fast local-
ization of the needle, they have the drawback that they require additional hardware and software. This
makes the procedure more complex and costly, and introduces RF safety concerns due to potential
heating [10, 11]. Passive tracking does not utilize additional hardware, but uses the artifacts caused
by the needle. The visibility of the needle can be enhanced by adding markers to the needle or �lling
or coating the needle with a contrast-enhancing material [5, 12, 13]. The signal void does, however,
not accurately represent the needle's position, and in particular its tip location. Therefore, passive
tracking methods lack the precision needed for targeting small structures. Furthermore, the accuracy
of the method and the achievable framerate are also limited by the SNR budget of the MRI scanner,
which a�ects the visibility of needle artifacts and the overall image quality. A limited SNR budget
can lead to challenges in estimating the needle's position based on theartifact. [10, 14].

1.3 Problem de�nition

Despite advances in real-time tracking methods for MRI-guided interventions, accurate needle lo-
calization remains a signi�cant challenge. Needle artifacts in MRI imagesdepend heavily on scan
acquisition parameters and the needle's orientation within the magnetic �eld. The dependencies
complicate �nding the exact needle tip during MRI-guided interv entions. This is especially true for
real-time sequences where the lower SNR and reduced visibilityof the needle artifact makes precise
localization even more di�cult. However, simulation driven by the u nderlying MRI physics has been
proven to be successful in accurately predicting artifacts caused by metallic objects [15]. By using
simulations of needle artifacts, it may be possible to determine the exact position of the needle based
on the artifact's appearance, even in real-time MRI scans, where image quality is lower.

In this research, the existing model for needle artifact simulations was extended to allow for real-time
imaging conditions. Therefore, the potential to accurately localize aneedle during an MRI-guided
intervention using model-based needle artifacts is investigated. This is done in two steps: �rst, the
simulations of needle artifacts are validated against scanned needle artifacts, and then the simulations
are used to localize the needle in real-time MRI scans.

Chapter 2 will provide the necessary background to understand how aneedle in
uences the MRI image,
chapter 3 will explain the model used to create simulations and validate the simulations by comparing
them to scanned MRI images and chapter 4 will demonstrate the potentialof the simulations in a
proof of principle, in which a novel library-based method is usedfor real-time needle localization during
MRI-guided interventions using model-based needle artifacts. The report ends with a discussion on
the results, limitations of the research and future recommendations.
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2 Theory

This chapter will describe the theoretical basis of this thesis, starting with an introduction to MRI,
followed by an explanation of the MRI sequences that are used in the simulation of the needle artifacts
and concluding with an analysis of the o�-resonance e�ects responsiblefor the needle artifacts.

2.1 The MRI signal

MRI relies on the principles of nuclear magnetic resonance (NMR), where nuclei with spins possess
magnetic moments. The nuclei that are the most abundant in the human body are hydrogen nuclei.
Without the presence of an external magnetic �eld (B 0), the nuclei have randomly orientated mag-
netic moments which results in no net magnetization. WhenB 0 is applied, these magnetic moments
align with the �eld, precessing at their Larmor frequency (f 0) and resulting in a net magnetization
(M ) along the z-axis. This frequency is determined by the strength ofthe magnetic �eld and the
gyromagnetic ratio of the nuclei (
 ) with unit Hz/T: f 0 = 
B 0.

After application of a radiofrequency (RF) pulse with a frequency equal to the Larmor frequency of
the nuclei, M is tipped away from the direction of the B 0-�eld. This RF pulse is an external magnetic
�eld B 1 that is perpendicular to B 0 and generated by RF coils. The duration and strength of the
RF pulse determine the 
ip angle (� ), which indicates how much M is tipped away. Due to this RF
excitation, M now not only consists of longitudinal magnetization (M z ), which is the magnetic �eld
component that is oriented along the axis de�ned by B 0 , but also transverse magnetization (M xy ),
the magnetic �eld component in a plane perpendicular toB 0 .

After excitation, two processes occur that are responsible for the signal recorded in MRI. Transverse or
T2-relaxation describes the decay ofM xy , which is caused by dephasing of the spins due to interactions
between spins. However, the actual decay ofM xy is faster and described by the e�ective or T �

2 -
relaxation. This also takes local perturbations in B 0 into account. These local perturbations are for
example caused by the presence of a metallic object such as a needle.Longitudinal or T1-relaxation
describes the regrowth ofM z . An overview of these two processes is given in Figure 1, which visualizes
the T1- and T �

2 -relaxation.

Figure 1: T1- and T �
2 -relaxation after excitation. Adapted from [16].

When the spins return to their equilibrium state along B 0 , weak RF �elds are emitted which can be
detected by nearby receiver coils. These time-varying RF �eldsinduce an electric current in nearby
receiver coils. Finally, the induced voltage in the receiver coilsis detected in the MRI system. This
signal, known as the free induction decay (FID), represents the basic response of the system after RF
excitation. Most MRI sequences, however, use more advanced echo generation techniques such as spin
echo or gradient echo, allowing for additional contrast variations in the images. [17]
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Spatial localization

To reconstruct spatially localized images from the detected signal, magnetic �eld gradients are applied.
These gradients are crucial for determining the spatial origin of the MRI signal within the body. By
superimposing spatially varying magnetic �elds on B 0 , gradients cause spins to precess at di�erent
Larmor frequencies depending on their location. This variation allowsthe MRI system to di�erenti-
ate between signals from di�erent parts of the body based on their Larmor frequencies and phase shifts.

These gradients are applied along three dimensions x, y and z, and can be divided into slice selection,
frequency encoding and phase encoding gradients. Slice selection gradients are applied during RF
excitation to select a speci�c slice. The frequency of the RF pulse is then matched to the Larmor
frequency within this slice to ensure that only the protons within this slice are excited. Frequency
encoding gradients are then used along one of the axes within the sliceduring the readout of the
signal. This introduces a spatially varying Larmor frequency that encodes the signal's spatial lo-
cation based on the frequency of the received signal. Finally, phase encoding gradients are applied
before the signal acquisition to introduce a position-dependent phase shift in the spins, which pro-
vides spatial encoding in the remaining direction. For each MRI sequence in Chapter 2.2 the gradients
are visualized in pulse sequence diagrams and the role of the gradients in the sequence is discussed. [18]

K-space sampling

But �rst the k-space needs to be explained. This is the matrix in which the measured data is stored.
Each point in k-space represents a combination of spatial frequenciesthat are the result of the applied
gradients. One method to sample the k-space is Cartesian sampling. Ituses the described combina-
tion of gradients to create a grid-like pattern with the data points uni formly arranged along rows and
columns. The columns of the k-space are �lled through the application of afrequency-encoding gradi-
ent during readout, while the rows are incrementally acquired by applying a phase-encoding gradient.
This route through k-space is also called a linear or Cartesian trajectory. Once the k-space is fully
sampled, an inverse (Fast) Fourier transform (iFFT) is applied to the k-space data to reconstruct the
MRI image. An example of this described Cartesian trajectory is shownin Figure 2.

Figure 2: An example of a Cartesian and radial k-space trajectory. Taken from[19].

Another method to sample k-space is radial sampling. This uses a radial trajectory, which can also
be seen in Figure 2, to traverse k-space by acquiring data along spokesthrough the center of k-space.
Radial sampling uses frequency-encoding gradients in multiple directions while phase encoding is not
typically done. Each new spoke represents data acquired from another angle and each spoke in k-
space is �lled by changing the strengths of the frequency-encoding gradients. This results in a k-space
with denser sampling near the center and sparser sampling at the periphery of k-space. Since the
data points in k-space for radial sampling are not uniformly spaced like for Cartesian sampling, the
reconstruction of the MRI image is done using a Non-Uniform (Fast) Fourier Transform (NUFFT).
An advantage of radial sampling is its higher 
exibility towards undersampling, which allows for faster
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imaging. Undersampling-induced artifacts look like added noise, whilemost information of interest is
still acquired, since the center of the k-space is still su�ciently sampled. [17, 20, 21]

2.2 MRI sequences

Various MRI sequences, such as SE, GRE, bSSFP and RAVE are designed tomanipulate how the FID
signal is acquired and emphasize speci�c tissue properties. Crucial components in MRI sequences are
RF pulses, gradients and the timing parameters repetition time (TR) and echo time (TE). TR and
TE are critical for determining the image contrast, whether the image is T1- or T2-weighted. TR is
the time between successive RF pulses, which controls how muchM z has recovered before the next
excitation. TE is the time between the RF pulse and the acquisitionof the echo, which determines the
amount of M xy -decay. To understand the impact of these sequence parameters on image acquisition,
sequence diagrams are shown for the sequences, which illustrate the timing and interaction of RF
pulses, gradients and signal acquisition during an MRI scan.

Spin echo

Figure 3: Pulse sequence diagram for spin
echo. Taken from [22].

Spin echo is an MR sequence that starts with a 90� RF
pulse, producing a FID signal that decreases according
to T �

2 -e�ects. This 90� RF pulse is followed by a 180�

refocusing pulse at half of TE that generates an echo at
TE. This echo corrects for dephasing due toT �

2 -e�ects,
making SE robust against o�-resonance artifacts. These
RF pulses, pulse timings and resulting echoes are shown
in the pulse sequence diagram for SE in Figure 3. This
also shows the applied slice selection, phase encoding
and frequency encoding (or readout) gradients. Slice
selection gradients are turned on during RF excitation,
altering the frequency of the RF pulses to match the
Larmor frequency at the desired slice position. Phase-
encoding gradients are shortly turned on before readout
to generate phase shifts. Finally, frequency encoding
gradients are turned on during the signal readout to alter
the precession frequencies when the signal is measured. [22]

Gradient echo

Figure 4: Pulse sequence diagram for gradi-
ent echo. The spoiling gradient at the end
of TR is not shown. Taken from [22].

Gradient echo sequences use gradients to generate the
echo, instead of secondary RF-pulses like spin echo se-
quences. This approach allows for controlled refocusing
of dephased spins using a gradient, instead of a 180� RF
pulse. The 
ip angle � is typically less than 90� . The
choice of� a�ects the amount of M z that is 
ipped into
the xy-plane. A smaller � therefore has the advantage of
preserving moreM z . This results in a better signal-to-
noise ratio (SNR), but at the cost of reducedT1-contrast
in the image. As is shown in Figure 4, a readout gradient
is applied that causes dephasing of the spins and speeds
up the T �

2 -decay. Then, the gradient is reversed, which
refocuses the spins that were dephased by the gradient.
This creates a gradient echo. Finally, a strong spoiling
gradient is used at the end of TR to completely dephase
any residual M xy , to ensure that this does not alter the
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image contrast. GRE sequences are faster compared to
SE, as they don't require the 180� refocusing pulse, which allows for a shorter TE. Moreover, the TR
is typically shorter, since GRE sequences use a lower 
ip angle toexcite the spins, which leads to a
faster recovery ofM z between pulses. Since the sequence is dependent onT �

2 -e�ects, the sequence is
sensitive to o�-resonance artifacts. [22]

Balanced steady-state free precession

Figure 5: Pulse sequence diagram for bSSFP.
Taken from [22].

Balanced steady state free precession is a particular
gradient-echo sequence that preservesM xy at the
end of each TR. As is visualized in Figure 5, the
gradients and RF-pulses are used to form a gradient
echo, and then reverse gradients are used to balance
out any dephasing caused by the original gradients
during each repetition. Additionally, the 
ip angle
alternates between positive and negative values in
successive repetitions. This fully compensates for
all gradient dephasing from one repetition to the
next, which, in combination with a short TR, re-
sults in a steady-state signal. The short TR makes
bSSFP e�cient for fast imaging applications. How-
ever, bSSFP is very sensitive to o�-resonance ar-
tifacts, which lead to the appearance of banding
artifacts in the MRI image. [22, 23]

Radial Volumetric Encoding

The last sequence that is discussed is RAVE, a variant of GRE that usesradial sampling for �lling
the k-space. Speci�cally, RAVE uses partition-in-line stack-of-stars golden angle radial sampling
[24]. Stack of stars indicates that there is radial sampling in two directions and Cartesian sampling
in the remaining (slice) direction. Then, a partition-in-line or dering scheme means that spokes for
di�erent slices are sampled �rst for a certain rotation angle before moving to the next rotation angle.
Finally, golden angle refers to this rotation angle, the angle between twosubsequent spokes. The pulse
sequence diagram for RAVE is almost the same as the pulse sequence diagram given in Figure 4 with
the exception that the phase encoding gradient is replaced by a second frequency encoding gradient.
As RAVE is a variant of GRE, it is also sensitive to o�-resonance artifacts. Another type of artifact
that appears primarily around areas with high signal, is streaking artifacts. These are more common
when the image is undersampled. [25]

2.3 Needle artifacts

The 'needle artifacts' that appear on the MRI images are susceptibility-induced o�-resonance artifacts.
These artifacts are caused by variations in the local magnetic �eld due to the di�erence in magnetic
susceptibility between the needle and surrounding tissue. They include geometric distortion and in-
travoxel dephasing, while banding artifacts are also present in bSSFP-images. Geometric distortion is
the result of the local variations in the magnetic �eld. These variations cause the voxels around the
needle to precess with di�erent frequencies, which cause a shift in k-space for these voxels. This results
in a larger and shifted artifact at the location of the needle. The di�erent frequencies around the needle
also lead to rapid dephasing of the spins in these voxels. This is known as intravoxel dephasing which
results in signal loss in the region around the needle. Finally, banding artifacts are speci�c for bSSFP
and appear as alternating bright and dark bands around the dark region of the signal void. [27, 28, 29]
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(a) (b)

Figure 6: (a) adapted from [22] and (b) taken from [26]

The appearance of these artifacts during a MRI-guided needle intervention depends on many factors,
such as the size and material of the needle, the strength ofB 0 , the orientation of the needle with respect
to B 0 and the used pulse sequence. Then, there are also sequence-speci�c parameters, for example

ip angle, bandwidth, readout direction and echo time for GRE [30]. However, all these factors are
known beforehand, except for the orientation of the needle with respect to B 0 , which varies during
the procedure. The artifacts can therefore be predicted based on these factors with Bloch simulations
[31], which model the MRI signal as described by the Bloch equations.This method can accurately
simulate o�-resonance e�ects, but has a high computation time due to its high complexity. A faster
alternative is Fourier-based o�-resonance artifact simulation in the steady state (FORECAST). This
model assumes that the signal is in a steady state, which allows for an alternative computation that
has a lower complexity. This leads to simulation times around 200 timeslower compared to regular
Bloch simulations [15].
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3 Simulations

The simulations of the needle artifacts are �rst validated before theycan be used to localize the needle
in an MRI scan. First, the model that is utilized to generate the simulations is explained, with a solid
titanium cylinder used instead of a needle for simpli�cation. After this, the scan conditions are given
for the reference MRI scans and �nally these simulations and scans are compared to each other to �nd
the similarity between them.

3.1 Methods

The following section will detail the di�erent aspects needed tovalidate the accuracy of the simulations.
It will explain the model used for simulations and the phantom and experimental setup that were
used as reference for the simulations. Then, an overview of the parameters used to generate the MRI
simulations and scans as shown in Chapter 3.2 is given, and �nally the lastpostprocessing steps are
explained that ensure a valid comparison between the simulations and scans.

3.1.1 Needle simulations

The method used to generate simulations of needle artifacts is FORECAST. An explanation of the
di�erent steps and parameters within FORECAST that lead to the simu lation is given here. Further-
more, the modi�cations to FORECAST to enable simulation of needle artifacts under real-time MRI
conditions are discussed.

GRE, SE and bSSFP

The needle artifact simulations are done in Matlab with FORECAST, based on the work of Zijlstra
et al. [15]. The work
ow to perform these simulations is given in Figure 7 for the Cartesian MRI
sequences GRE, SE and bSSFP. The work
ow is mostly the same for the three sequences except for
three di�erences that are indicated with asterisks in Figure 7.

To generate needle artifact simulations, FORECAST requires certaintypes of parameters:

ˆ General acquisition parameters: Field of View (FOV) of the scan, the acquisition resolution and
the MRI �eld strength.

ˆ Sequence-speci�c acquisition parameters: repetition time (TR), echo time (TE), 
ip angle ( � ),
bandwidth (BW), readout direction or slice direction and number of spokes in case of a RAVE
sequence.

ˆ Phantom parameters: the radius (r cyl ) and length of the titanium cylinder ( lcyl ), magnetic
susceptibility of the aqueous solution (� agar ) and titanium ( � T i ), the T1- and T2-value of the
aqueous solution.

ˆ Simulation parameters: the location of the center of the cylinder in the coordinate system
(xc; yc; zc), the rotation angles around the three principal axes (� pitch ; � yaw ; � roll ) and the scaling
factor between the model and acquisition.

Three properties are needed to be able to perform the simulation: the proton density � , the susceptibility-
induced �eld-shift � B0 and k-space sampling times. The �rst two are found by modeling a titanium
needle as a cylindrical object within a voxel grid de�ned by the resolution and FOV of the MRI
scan. The de�ned scaling factor increases the resolution of the modelvoxel grid to create a more
detailed model that is more precise in simulating small structures. The cylinder is de�ned by its
radius r cyl and length lcyl , and is positioned within the FOV with its center location also de�n ed
within the voxel grid. The cylinder's orientation is adjusted by ap plying rotations around the x, y,
and z axes with rotation angles� pitch , � yaw and � roll . Here, � yaw serves as the angle between the
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Figure 7: Overview of the work
ow to create Cartesian simulations. The parameters needed for
each function are given and the output products of the functions are denoted in bold. The asterisks
represent di�erences between the three Cartesian sequences.

main magnetic �eld and the titanium cylinder, which is also referenced to as the intervention angle (� ).

A mask is created to represent the needle within the simulated space, and this mask is used to de�ne
the magnetic susceptibility values � T i and � Agar , distinguishing the needle from the background. To
prevent boundary artifacts within the simulation, the susceptibi lity relative to the background suscep-
tibility � = � T i � � Agar is used to calculate the susceptibility-induced �eld-shift (� B0). This is done
with the function calculateFieldShift , a Fourier-based procedure to calculate this susceptibility-
induced �eld-shift for an object with known susceptibility dis tribution that is placed within a strong
homogeneous magnetic �eld [32].

Additionally, this needle mask is used to de�ne the proton density in the needle model. Voxels inside
the titanium cylinder are set to � = 0, while voxels outside the titanium cylinder are set to � = 1. For
Gradient echo, however, the in
uence of the 
ip angle � on the signal strength should be taken into
account, which is described as

� 0 = �sin (� )
1 � e� T R=T1

1 � cos(� )e� T R=T1
(1)

with � 0 the corrected value for the proton density and� the original value for the proton density [15].
For spin echo, the 
ip angle is not varied, and this step is not done. The in
uence of the 
ip angle on
bSSFP simulations will be explained after the formation of the signal.
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Next to the �eld-shift and the proton density, FORECAST needs the sampling times at which each k-
space location is sampled. These sampling times are de�ned as the period starting from the RF-pulse
to the time at which the k-space data is collected. These are calculated with the function
calculateCartesianSamplingTimes . This function creates another voxel grid de�ned by the reso-
lution and FOV of the MRI scan that represents the k-space of the simulation. For each location
in the k-space the sampling time is calculated and, only for spin echo,the refocused sampling time
as well, which is the time period between the 180� refocusing pulse and the k-space data collection.
These sampling times are the same in the two phase encoding directions and vary in the readout
direction from � 1

2�BW + T E to 1
2�BW + T E. For spin echo, the refocused sampling times are equal to

the sampling times minus the echo time.

Finally, the k-space can be simulated with FORECAST and the simulated MRI image is obtained
through an inverse Fourier transform. For bSSFP, the sensitivity to o�-resonance e�ects is added to
the simulated MRI image by modeling the behavior of the bSSFP sequence. The signal is in
uenced
by the parameters 
ip angle, � B0, T1 and T2, where o�-resonance e�ects cause phase shifts that lead
to constructive or destructive interference, resulting in banding artifacts [33, 34].

RAVE simulations

The work
ow for the radial MRI sequence RAVE is similar to the work
ow for the Cartesian MRI
sequence GRE, and is given in Figure 8. The di�erence, however, isthat the k-space sampling times
are calculated in such a way to take the radial sampling pattern in the RAVE sequence into account,
while calculation of the proton density and � B0-�eld stays the same.

The size of the k-space for RAVE sequences is not equal to the size of the MRI image, as is the case
for Cartesian sequences, but equal to the number of readout points perradial spoke � number of
spokes� number of slices. The k-space sampling times vary from� 1

2�BW + T E to 1
2�BW + T E over

the readout points per radial spoke.

Then, the radial k-space trajectory for the chosen number of spokes isgenerated for the k-space
simulation. This trajectory is used in the modi�ed FORECAST-fun ction for radial sequences, FORE-
CAST radial to spatially encode the transverse magnetization in all directions, except for the slice
direction, using a non-uniform fast Fourier transform (nu�t) [35]. For the slice direction, a fast Fourier
transform is used to obtain the radial k-space.

At last, the simulated MRI scan is reconstructed by using an inverse fast Fourier transform in the slice
direction and an inverse nu�t on each slice. In this nu�t, density c ompensation factors are used to
correct the k-space data for its varying sampling density, as the center of the k-space is oversampled
and the outer regions are undersampled when using radial sequences.

3.1.2 Measurements

Phantom

For the MRI scans used for the validation of the simulations, a phantom was created that consists of
a titanium cylinder placed in an Agar solution. The cylinder has a length of 58.46 mm, diameter 1.96
mm, and consists of grade 2 titanium. The used Agar solution is an aqueous solution that contains
1% Agar agar, 0.1% benzoic acid [36] and 0.07% Dotarem 0.5 mmol/mL, which is a gadolinium-based
contrast agent. Benzoic acid is added as a preservative to inhibit growth of bacteria, yeasts or molds
in the phantom [37], while Dotarem is added to the phantom as a contrast agent to shorten the
T1-time of the Agar phantom. The concentration of Dotarem has been chosen so thatthe T1-value
of the phantom corresponds to theT1-value of liver tissue. The cylinder has been placed in the
middle of the Agar solution by �lling half of a box with the Agar solution, let ting the Agar solution
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Figure 8: Overview of the work
ow to create Radial simulations. The parameters needed for each
function are given and the output products of the functions are denotedin bold.

cool down for a few minutes until it is solidi�ed, placing the cyli nder and �lling the remaining Agar
solution in the box. A schematic overview of this phantom can be seen in Figure 9, which shows a 3D
drawing of the phantom and the appearance of the titanium cylinder in the three anatomical planes.
A second phantom composed of only Agar solution was created for background measurements for the
simulations.

Figure 9: Schematic overview of the phantom used for the simulations andscans including the ap-
pearance of the needle in the three anatomical planes when the needle is parallel to B0.
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(a) (b)

Figure 10: The experimental setup for scans with (1) the phantom, (2) therotating holder, (3) the
3D-printed platform and (4) the head coil in (a) and a close-up of the experimental setup with the
MRI coordinate system.

Experimental setup

During the measurements, the setup as shown in Figure 10a was used. Here, the Agar phantom is
placed on a rotating holder on a 3D-printed platform in a head coil.

Measurements have been done for di�erent values of the intervention angle� . Each time � is changed,
an interactive BEAT sequence is used to rotate the phantom and align thetitanium cylinder with
the new � . The rotation of the phantom is around the y-axis, which means that the � is, in this
experiment, equal to � yaw . This rotation around the y-axis is visualized in Figure 10b for a close-
up of the experimental setup. Measurements have been done for the 4sequences GRE, SE, bSSFP
and RAVE with the standard sequence parameters, a series of intervention angles between 0 and 90
degrees, and a variation of other parameters that in
uence the artifact.

3.1.3 Overview parameters

The phantom was scanned on a 1.5 T Siemens scanner (Aera, Siemens Healthineers, Erlangen) with
a FOV of 192� 80� 192 mm3 and a resolution of 1� 1� 1 mm3. The sequence-speci�c parameters are
given in Table 1 for GRE, SE, bSSFP and RAVE.

Table 1: Standard sequence-speci�c parameters for GRE, SE, bSSFP andRAVE.

Acquisition parameters
for each sequence

GRE SE bSSFP RAVE

TR 90 ms 10000 ms 6.52 ms 90 ms
TE 3.54 ms 60 ms 3.26 ms 2.5 ms
� 14� 90� /180� 60� 8�

BW 300 Hz/pix 303 Hz/pix 299 Hz/pix 390 Hz/pix
No. spokes - - - 192

The phantom parameters required for the simulations can be deduced as well. The titanium cylinder
consists of grade 2 titanium, which is a titanium alloy containing over98% titanium and small percent-
ages of other elements such as oxygen and iron. It is assumed that the contribution of these elements
to the magnetic susceptibility is negligible, resulting in a a magnetic susceptibility of � T i = 151 ppm,
which is the value for pure titanium [38]. The magnetic susceptibility of the agar solution has been
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chosen as� Agar = -13 ppm, the value for liquid water at room temperature [38]. The contribution
of agar agar, benzoic acid and Dotarem is assumed to be negligible to the magneticsusceptibility.
Although gadolinium in metal or pure salt form is known to have a high molar magnetic susceptibility
[38], the e�ect of a small quantity of Dotarem is minimal. The solution consists of 0.07% Dotarem
0.5 mmol/mL, so the total molarity is 0.35 mM. The molar magnetic susceptibility of Dotarem, which
is dependent on the concentration, is 0.319 ppm/mM [39], so the presenceof Dotarem results in a
0:35� 0:319 = 0:112 ppm di�erence in magnetic susceptibility.

Inversion recovery was used to estimate theT1-value and multi-echo spin echo was used to estimate
the T2-value of the Agar phantom after the addition of Dotarem [40]. The values found were T1 =
522 ms andT2 = 94 ms.

During the experiments, the phantom is in the middle of the MRI scan and the titanium cylinder
was placed in the middle of the phantom. Therefore, the center location of the titanium cylinder in
the coordinate system is ideally (0,0,0)mm. However, the phantom appeared to have moved slightly
when � was changed between measurements. To create the di�erence images shown in section 3.2, the
coordinates for the center location are found through trial and error basedon what coordinates result
in the best overlap between the simulated and experimental MRI image. The same calibration has
been done for the rotation angles, which leads to a slightly di�erent value for � yaw in the simulation
than the desired value of � . These values for the center location coordinates and rotation angles of
the simulations can be seen in Table 2 for the experiments for each intervention angle.

Table 2: Coordinates for the center locations of the titanium cylinder and rotation angles for mea-
surements with di�erent intervention angles.

�
Center location (mm) Rotation angles (� )
x y z � pitch � yaw � roll

0� -0.5 0.25 2 0 -1 0
30� 0.5 0.75 1 0 30 0
60� 1 0.5 1 0 60 0
90� (Cartesian) -1 1 1 0 89 0
90� (RAVE) 1 1 1 0 90 0

3.1.4 Postprocessing

To represent the scan conditions even more, element-wise multiplication of the needle simulation and
background measurements are done. These background measurements are done on the Agar phantom
without needle with the same scan parameters as the measurements on the needle phantom. Before
the element-wise multiplication, rigid registration is performed in 3D Slicer on the background mea-
surement based on the needle phantom measurement to align both measurements perfectly.

For the MRI-scans with RAVE, raw scanner data was extracted from the MRI scanner instead of
using the already reconstructed and postprocessed data. This raw data is radial k-space data and is
reconstructed in Matlab using an inverse nu�t after choosing the number of spokes for reconstruction.
Finally, N4ITK MRI Bias correction is performed on the reconstruction i n 3D Slicer to correct the
nonuniform intensity in the images caused by �eld inhomogeneities [41].

3.1.5 Scaling factor

Finally, the simulation parameter 'scaling factor' needs to be chosen. This scaling factor determines
how accurate the cylinder is modeled. It is always a power of 2 and acts as a factor how much
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better the resolution in the needle model is compared to the acquisition resolution. For example,
a scaling factor of 4 and an acquisition resolution of 1� 1� 1 mm3 results in a model resolution of
0.25� 0.25� 0.25 mm3. Since the diameter of the titanium cylinder is only 1.96 mm, a good model
resolution is preferred to accurately model the titanium cylinder. The downside of a high scaling factor
and good resolution is the increase of the model matrix size. This requires large computer memory
and results in high computation times.

To show the e�ect of the scaling factor on the simulation and computation time, 4 needle artifact GRE
simulations have been done using the aforementioned parameters for a scaling factor of 1, 2, 4 and
8. Cross-sections of the artifacts resulting from the titanium cylinder in the coronal plane are shown
in Figure 11. Within the needle artifacts, a red contour is visible. This is represents the titanium
cylinder that was used to simulate the needle artifacts. The simulation created with scaling factor 1
and to a lesser extent scaling factor 2 show shaky lines in the cylinder contour, resulting in increased
noise in the simulated MRI image of the titanium cylinder compared to the other simulations. These
simulations, created with scaling factor 4 and 8, look quite similar. The main di�erence between the
two is the computation time, which is 307.2 s for scaling factor 4 and 2488 s for scaling factor 8 for
a FOV of 192� 80� 192 mm3 and a resolution of 1� 1� 1 mm3. Therefore, the simulations shown in
chapter 3.2 have been simulated with a scaling factor 4.

(a) (b)

(c) (d)

Figure 11: GRE simulations of a titanium cylinder with � = 30 � for increasing scaling factor. The red
line indicates the contour of the cylinder model.
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3.2 Results

The simulations and scans are done for multiple sequences and varying parameters. First, the simula-
tions and scans are compared for the sequences GRE, SE, bSSFP and RAVE. Then, a more in-depth
comparison is done for GRE with a varying needle angle. Additionally, somescan parameters in GRE
are varied and their e�ect on the simulations and scans is studied. Finally, the number of spokes
in RAVE simulations and scans is varied to validate the potential of undersampled simulations for
real-time imaging.

MRI sequences

Figure 12 shows the simulations and MRI scans of the titanium cylinderwith � = 90 � . Cross sections
taken at the middle of the titanium cylinder in all anatomical planes are shown for each sequence.
The small black spots in the background are air bubbles in Agar.

The GRE simulation and scan in Figure 12a show similar needle artifacts.In the sagittal plane, the
artifact is visible as a heart-shaped dark area. Three areas with a higherintensity are around this
signal void. These areas seem to be repeated in experimental image nextto the artifact, which is
probably an artifact. The simulation shows Gibbs ringing artifacts in t he coronal plane, which are the
lines parallel to the needle artifact. These are also present in a lesser extent in the scanned image.

The needle artifact in the SE simulation and scan can be seen in Figure 12b. The needle artifact is
similar to that of GRE. However, the signal void is smaller and the high intensity areas around the
signal void are larger when looking at the sagittal plane. The high intensity areas are now visible in
the coronal plane as well. Furthermore, these areas are also present at the needle tip. Gibbs ringing
artifacts are also present in the SE simulation and scan, in the coronal plane and in the sagittal plane.

Figure 12c shows the needle artifact from the bSSFP simulation and scan.The artifact consists of
a signal void surrounded by banding artifacts along the needle and smaller banding artifacts at the
needle tips. Gibbs ringing artifact is present, but barely visible in the coronal plane. When looking at
the sagittal plane, the signal void in the scan has a similar heart-shape, which was also present in the
GRE scan. The signal void in the simulation represents a more uniform circle-shape. The banding
artifacts di�er slightly between the experimental image and the simulation.

The RAVE simulations in Figure 12d have been performed for a slightly smaller FOV of 192� 80� 192
mm3 to work around out of memory issues. The needle artifact results in a hexagram-shaped signal
void in the simulation. The appearance of the scanned and simulated artifact is very similar. No
hyperintense areas can be seen around the signal void and no Gibbs ringing artifacts are visible. Some
lines are visible next to the signal void for the scanned artifact, which are streaking artifacts caused
by the radial sampling. The background is noisier than is seen for other sequence, which is likely the
result of some missing postprocessing steps that are normally done bythe MRI scanner.
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(a) (b)

(c) (d)

Figure 12: Magnitude images in the sagittal, coronal and transversal anatomical planes for needle
artifact simulations and scans. The sequences used for the images are GRE (a), SE (b), bSSFP (c)
and RAVE (d), with the scan and simulation parameters speci�ed in section 3.1.3 and Table 1 and 2.
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Intervention angles

For the intervention angles � = 0 � (Figure 13a), 30� (Figure 13b) and 60� (Figure 13c), the similarity
between the gradient echo simulation and experimental image is investigated further. To do this,
the magnitude and phase images are shown in the coronal plane and directly compared in di�erence
images. The location of the simulated titanium cylinder is also indicated by the red contour in the
simulation images.

The diameter of the signal void in the magnitude image is equal to the cylinder diameter in Figure
13a. At the tips of the needle, the signal void ends in a ball-like tip artifact that makes the length of
the signal void larger than that of the simulated cylinder. When � increases, the diameter of the signal
void is increased. The cylinder is now slightly shifted towards one side of the signal void. Finally,
the tip artifacts are not as clearly distinguishable, but the signal void still extends beyond the cylinder.

Similar observations can be made in the phase images. However, the diameter of the needle artifacts
increases more with� and the tip artifact looks like a dipole with a positive phase towards and negative
phase away from the titanium cylinder.

Di�erences between the magnitude images in Figure 13b and 13c are barely visible, which is con�rmed
by the di�erence image that shows very little signal compared to the background. Figure 13a shows
some small di�erences in the di�erence magnitude image. This may becaused by a slight di�erence
in angle between the titanium cylinder and the main magnetic �eld. These small di�erences are also
present in the phase di�erence image. The phase images for larger intervention angles are more similar.
In the phase di�erence images lighter pixels are present at the boundary of the needle artifact, which
means that the needle artifact in the scanned phase image is slightly larger than that in the simulated
phase image.

(a)
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(b)

(c)

Figure 13: Magnitude and phase images in the coronal plane for GRE needle artifact simulations
and scans for� = 0 � (a), 30� (b) and 60� (c). In the simulated images, the contour of the simulated
titanium cylinder is shown in red. Additionally, the di�erence i mages in magnitude and phase is
shown. The scan and simulation parameters speci�ed in section 3.1.3 andTable 1 and 2 were used.
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Sequence parameters

As described in Chapter 2.3, some scan parameters in
uence the needle
artifact in GRE scans. In Figure 14, these scan parameters are varied
and their e�ect on the needle artifact is studied compared to the needle
artifact acquired with the standard parameters. The Figure shows the
simulated and experimental magnitude image in the coronal (xz-) plane
to investigate if the artifacts are still similar if the scan parameters are varied.

The shape of the signal void in Figure 14a resembles a trapezoid with the
signal void predominantly extending in the positive z-direction. Increasing
the bandwidth (Figure 14b) results in a more symmetrical signal void
with the simulated titanium cylinder more in the middle of the sign al
void. This is similar to increasing the echo time (Figure 14c), although
the size of the signal void has increased considerably. When changing the
readout direction from the z-direction to the x-direction (Figure 14d) the
shape of the needle artifact changes. The simulated titanium cylinder is
located in the middle of the signal void, which seems to end in a tip in
the positive x-direction. Finally, an increased 
ip angle does not seem to
impact the needle artifact. However, the noise in the images is slightly higher.

(a)

(b) (c) (d) (e)

Figure 14: Magnitude images in the coronal plane for GRE simulations and scans.In the simulations,
the contour of the simulated titanium cylinder is shown in red. For (a), a GRE sequence was used
with the scan and simulation parameters speci�ed in section 3.1.3 and Table 1 and 2. For (b-e), 1
scan parameter was varied from the aforementioned parameters: for (b) increased bandwidth of 1000
Hz/pix, for (c) increased TE of 6.45 ms, for (d) the readout direction changed to the x-direction and
for (e) increased� of 60�

21



Number of spokes

Finally, the number of spokes is varied from 5 to 64 spokes in RAVE
scans and simulations. The needle artifact is slightly larger in the scans
compared to the simulations, but the needle artifacts have the same
appearance. For 5 spokes, only the tip artifacts can hardly be recognized
as two dark circular regions, while the shape of the needle is recognizable
in the needle artifacts for 8 or more spokes. Streaking artifacts are
visible in both the simulations and the scans, primarily as high and low
intensity lines coming from the tip artifacts. These are more visible for
a smaller number of spokes.

(a)

(b) (c) (d) (e)

Figure 15: Magnitude images in the coronal plane for RAVE simulations and scans with 5 (a), 8 (b),
16 (c), 32 (d) and 64 (e) spokes,� = 30 � and simulation parameters speci�ed in section 3.1.3 and
Tables 1 and 2. In the simulated images, the contour of the simulated titanium cylinder is shown in
red.
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4 Object localization: Library search

Now that the simulations have been validated, the next step is to demonstrate the clinical relevance of
the simulations in a practical application, acting as a proof of principle. The demonstration represents
the situation in which a needle is inserted in the body. Then, the needle is localized in the MRI image
by comparing the needle artifact in the MRI scan to simulated needleartifacts obtained with di�erent
parameters. The needle is approximated here by a titanium cylinder. The simulation code is used to
generate a library of needle artifact simulations of the titanium cylinder. The library elements vary in
the angle of the needle with respect to the main magnetic �eld and in needle depth. Each simulation is
matched to an MRI scan using the metric Phase-Only Cross Correlation (POCC). This metric returns
the highest correlation for the position that corresponds to the estimated position of the needle. The
needle angle and needle depth is then known from the parameters usedto simulate the image with
the best metric.

The 'library search' is done not only on fully sampled MRI images of the needle artifacts, but also on
undersampled MRI images. This will indicate if there is potential for simulations for object localization
in real-time imaging.

4.1 Methods

The Agar phantom containing the titanium cylinder described in chapter 3.1.2 was scanned with a
RAVE scan with the sequence parameters described in Table 1. By rotating the phantom with respect
to the main magnetic �eld prior to the scan the needle angle� could be changed. The scan was done
with � = � 30� . The raw RAVE data was retrieved from the scanner and reconstructionswith 5, 8,
16, 32 and 64, 256 spokes of the scanned needle artifact were made. Then, a FOV of[60 1 60] mm3

is chosen completely inside the agar with the titanium cylinder partially in the FOV. This resembles
the clinical situation during the procedure, in which a part of the needle has been inserted into the
body. The needle depthd is here de�ned by the length of the cylinder within the FOV, which is 37.4
mm. This value is determined with the ground truth of the scanned needle artifact. This ground
truth was found by overlaying the needle artifacts in the entire scanned FOV from the RAVE scan,
reconstructed with 256 spokes and the simulated needle artifacts, also generated with 256 spokes. The
simulated needle artifact was then shifted over the scan until thebest overlap between the artifacts
was found. The simulated titanium cylinder with this shift is the n used as the ground truth.

The simulations are done using the RAVE sequence with the sequenceparameters described in Table
1. The number of spokes for the simulation depends on the number of spokes that were used for the
reconstruction of the MRI scan. The simulation grids have a FOV of 80� 10� 80 mm3 and resolution
1� 1� 1 mm3, resulting in 80 readout points per spoke and 10 slices. However, the simulation is cropped
afterwards to have a FOV of 60� 1� 60 mm3. This step removes tip artifacts caused by the end of the
titanium cylinder at the boundary of the FOV. Due to this, there is onl y one tip artifact visible in the
simulated needle artifact, as is also the case for the scanned needle artifact. The simulations in the
library are done for the parameter needle depthd (range 10-50 mm with depth resolution 2 mm) and
needle angle� (range -60� - 0� with angular resolution 2� ) with respect to the main magnetic �eld. In
all simulations, the needle is parallel to the coronal (xz) plane. The total library consists of 21 · 31 =
651 simulations. For each library element the metric POCC is then calculated to determine the best
estimate for � and d.

To explain POCC, let's say I (x; y) is the scanned MRI image of a needle with the needle tip located
at (x0; y0). M (x; y) is an MRI image generated through simulation of the same needle with the needle
tip at the origin. For this explanation, assume the scan and simulation have the same values for� and
d, making them contain very similar needle artifacts, but with a spatial shift ( x0; y0). I (kx ; ky) and
M (kx ; ky) are then their Fourier transforms. The POCC is the normalized convolution of I (x; y) and
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M (x; y), which can be computed as the multiplication of I (kx ; ky) and M (kx ; ky):

POCC(kx ; ky) =
I (kx ; ky)

jj I (kx ; ky)jj
�

M (kx ; ky) �

jjM (kx ; ky)jj
(2)

Ideally, the experimental image is equal to the simulated image with aspatial shift ( x0; y0). In Fourier
space, this means thatM and I are only di�erent in phase:

I (kx ; ky) = M (kx ; ky) � e� i (kx x0+ ky y0 ) : (3)

Inserting this in Eq. 2 yields:

POCC(kx ; ky) =
M (kx ; ky) � e� i (kx x0+ ky y0 )

jjM (kx ; ky) � e� i (kx x0+ ky y0 ) jj
�

M (kx ; ky) �

jjM (kx ; ky)jj

=
jjM (kx ; ky)2jj
jjM (kx ; ky)2jj

� e� i (kx x0+ ky y0 )

= e� i (kx x0+ ky y0 ) ;

(4)

from which the spatial shift information can be found after taking the inverse Fourier transform. If no
noise was present, the inverse Fourier transform would result in a delta-function centered at (x0; y0).
In practice, the POCC image contains a broader distribution with the highest intensities at and around
(x0; y0). The maximum intensity in the POCC image depends on the similarity between I (x; y) and
M (x; y) [42][43].

Before computing the POCC, some preprocessing steps are done toI (x; y) and M (x; y) to minimize
the contribution of background noise. First, the background intensity I background is found through the
mode intensity in a histogram of the intensities. This is used for inversion of I (x; y) and M (x; y),
meaning the background intensity is close to zero and the needle artifacts have a high intensity. Ad-
ditionally, a threshold is used to set the background to zero. The threshold is 0.1 for scans and
simulations with 32 or more spokes and 0.05 for scans and simulations with 16 or fewer spokes. Fi-
nally, the images are rescaled to have their intensities between 0and 1.

All the aforementioned steps are visualized in Figure 16. It shows an example of a library of simulations
before preprocessing, containing simulations with parameter combinations of � = -60, -30 and 0� and
d = 10, 30 and 50 mm. In this example, 64 spokes were used to measure the scan and generate the
simulation. After preprocessing, the background noise has mostly disappeared and the dark region
corresponding to the needle artifact has become a bright area. Comparingeach preprocessed simulation
(M (x; y)) to the preprocessed scan (I (x; y)) then results in the POCC-distributions. From that, the
maximum correlation over all simulations is found which leads to the best match. The outlines of the
titanium cylinders that result in the needle artifacts in the sim ulations are indicated in red. The best
match contains two types of contours: one is the ground truth of the scanned titanium cylinder and
the second is the estimated titanium cylinder, found through the library search.
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Figure 16: Work
ow of library search for object localization.
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4.2 Results

The library search has been performed for scans and simulations with 256, 64,32, 16, 8 and 5 spokes.
To test the precision of the library search, the best three matchesare evaluated.

Figure 17 shows the best match for the scan measured with 64 spokes and the simulations generated
with 64 spokes. From left to right, the scan magnitude, simulation magnitude and POCC-inputs
I (x; y) and M (x; y) can be seen. For the scan and simulation, similar needle artifacts are visible.
Additionally, streaking artifacts appear from the needle tip. After pr eprocessing, these streaking
artifacts still remain visible in I (x; y) and M (x; y). The green contour in the scan magnitude and
M (x; y) shows the ground truth for the scanned titanium cylinder. The red contour indicates the
simulated titanium cylinder in the simulation magnitude and I (x; y), while it represents the estimated
titanium cylinder in the scan magnitude and M (x; y). For this library search, there is a good overlap
between the scanned and estimated cylinder.

Figure 17: The best match for 64 spokes using a library of simulations The scan, the simulation
resulting to the highest correlation in the library, I (x; y) and M (x; y) are shown with the estimated
cylinder and ground truth.

To analyze the accuracy of the library search, a visual inspection of thematch is done. The corre-
spondence between the ground truth and estimated cylinder is marked as -1 (no overlap), 0 (partial
overlap) or 1 (good overlap). This visual inspection can be found for the best three matches for each
number of spokes in Table 3. This table also includes the parameters� and d that resulted in the
simulated artifact are found, along with the maximum correlation for the l ibrary element.

Figure 18 shows the best three matches of the needle localization for scans and simulations with vary-
ing number of spokes, ranging from 256 to 5. The ground truth for the titanium cylinder is indicated
in green and the estimated cylinder in red. For each number of spokes the best match shows good
correspondence between the estimated cylinder and the ground truth. The needle artifacts are clearly
visible for most scans, but for 5 spokes (Figure 18p) only the tip artifactis distinguishable from the
background. A lower number of spokes results in a more prominent presence of streaking artifacts.

These results would indicate that the library search is capable of accurately localizing the titanium
cylinder, even in undersampled scans with very little needle artifact information. Therefore, the sec-
ond and third best match are evaluated as well to test if this localization method is precise as well.
For each match shown in Figure 18, the scan, simulation,I (x; y) and M (x; y) are given in Figure 19
in Appendix A, along with the ground truth and estimated cylinder.

The highest value among the maximum correlations is 0.3411 for the best matchwith 64 spokes. The
library search shows good overlap for all matches for 256, 64, 32 and 16 spokes. The three best matches
for 8 and 5 spokes have small di�erences in maximum correlation, whilesome of these matches do not
show any overlap between the ground truth and estimated cylinder.

It is seen that the noise in the scan and simulations increases when the number of spokes decreases.
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This results in more noise appearing inI (x; y) and M (x; y) and a larger contribution of noise to the
needle localization.

Table 3: Values for � , d, maximum correlation and overlap for the best 3 matches of the library search
for di�erent numbers of spokes.

Number
of spokes

Match
Maximum
correlation

� d Overlap

256
1 0.2904 -30 36 1
2 0.2548 -32 38 0
3 0.2503 -28 36 1

64
1 0.3411 -30 36 1
2 0.3183 -32 36 1
3 0.2808 -36 36 0

32
1 0.3258 -30 36 1
2 0.2882 -28 36 1
3 0.2459 -32 36 1

16
1 0.2481 -30 36 1
2 0.2276 -28 36 1
3 0.1992 -32 36 1

8
1 0.1714 -30 36 1
2 0.1652 -30 48 -1
3 0.1540 -30 40 -1

5
1 0.1395 -30 36 1
2 0.1236 -30 48 -1
3 0.1222 -26 34 0
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(j) (k) (l)

(m) (n) (o)

(p) (q) (r)

Figure 18: The results of needle localization in MRI RAVE scans of a titanium cylinder reconstructed
with 256 (a), 64 (b), 32 (c), 16 (d), 8 (e) and 5 (f) spokes using a library ofsimulations reconstructed
with the same number of spokes. Each sub�gure shows the MRI scan withthe ground truth for the
scanned cylinder in green and the estimated cylinder in red.
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5 Discussion

In this thesis, a novel object localization method was proposed to accurately determine the position
of a needle during MRI-guided interventions by using model-based needle artifacts. The simulated
needle artifacts were �rst validated against scanned needle artifactsfor multiple sequences and varying
scan parameters, ensuring their reliability across di�erent conditions. Then these simulations were
integrated into a library search to estimate the needle location in real-time MRI scans. This chapter
will review the results, discuss the impact of the simpli�cations in the model and object localiza-
tion method, and �nally provide recommendations for future improvements to enhance the method's
robustness and accuracy.

Model-based simulations

The simulated artifacts generally showed strong agreement with scanned needle artifacts for the Carte-
sian sequences GRE, SE and bSSFP. For GRE and SE, the simulations accurately predicted the needle
artifacts. Small di�erences were observed for bSSFP, which are likely related to the phase di�erences
between the simulations and scans, as is visible in Figure 13. The bSSFP sequence is sensitive to
phase variations, which results in banding artifacts [23]. The phase di�erences seen in the GRE phase
images were also slightly larger for higher angles, which could explain these di�erences. These small
phases di�erences were also reported in the FORECAST paper [15], which attributes these di�erences
to factors that were not included in the simulation such as accurate simulation of RF excitation and
spoiling gradients. The limited resolution of the cylinder model and resulting small imperfections may
be another factor.

In the simulations, Gibbs ringing was more evident compared to the scans. Gibbs ringing is a type of
artifact that is visible as a series of bright and dark lines parallel to the needle caused by the sharp
transitions between the titanium cylinder and the surrounding Agar [44]. However, it is not known if
this is suppressed in the scan because of any post-processing done by the MRI scanner, or if there is
a stronger Gibbs e�ect in the simulations.

Despite these minor variations, the overall reliability of the simulations was validated through the
behavior of the artifacts under varying scan parameters, as shown in Figure 14. The changes in needle
artifacts were predicted well in the simulations. The only exception was the 
ip angle, which did not
a�ect the appearance of the needle artifact in both the simulation and the scan. This was expected
based on the �ndings by Schmidt et al. [30]. They found that larger 
ip angles negatively impacted
the artifact visibility, but in this research only the background noi se increased.

RAVE simulations

With the modi�cations made to FORECAST to account for radial sampling it was possible to predict
the needle artifacts for a RAVE sequence. Not only the needle artifactsare similar, but also the
streaking artifacts at the needle ends, which are visible as high and low intensity lines. Despite that
noise becomes more prominent for lower numbers of spokes, the needleartifact was recognizable in
almost all simulations and scans, with 5 spokes being the exception. The edges in the scanned artifacts
appear slightly sharper and the noise seems to be higher in the scans. These di�erences could be due
to the fact that, for the simulation, the needle artifact was generated separately from the background
and later combined with a background measurement through element-wise multiplication. For the
scan the needle and background are measured simultaneously, which mayhighlight subtle variations
in signal intensity around the needle more, particularly in undersampled data.
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FORECAST simpli�cation

FORECAST uses a simpli�cation of the Bloch equations, assuming steady-state conditions, where the
transverse and longitudinal mangetizations are predictable between excitations. Although there were
small di�erences found between the simulations and scans, the steady-state assumption did not seem
to be the cause of these di�erences, and thus did not appear to impact the accuracy of the simulations.

Needle simpli�cation

For the simulations and scans, a solid titanium cylinder was used instead of an actual needle. This
simpli�cation made the simulation process more straightforward and was ideal for the validating the
accuracy of the simulations. However, using needles would introduce some challenges. A needle's
shape is di�erent from a solid cylinder, particularly if the needle is hollow and may contain air. These
factors might create more complex artifacts, which cannot be fully approximated using a solid titanium
cylinder.

Library search

In this study, the library search for needle localization in real-time MRI-guided interventions demon-
strated promising results for varying numbers of spokes in the scans. For 256, 64, 32 and 16 spokes
the three highest correlation values within the library all resulted in an accurate match between the
estimated titanium cylinder and the ground truth. This indicates t hat accurate and precise estima-
tion of the titanium cylinder based on the simulated needle artifactswas possible for these numbers of
spokes. Although 8 and 5 spokes gave accurate matches for the highest correlation value, the second
and third highest correlation values did not result in an accurate match. Therefore, 8 and 5 spokes
do not have the precision required.

Surprisingly, the highest value of the maximum correlation among the varying number of spokes was
found for 64 spokes, and not for 256 spokes. For 64 spokes streaking artifacts arestill visible after
preprocessing in the POCC-inputsI (x; y) and M (x; y), while no streaking artifacts are visible for 256
spokes. This means that the streaking artifacts may have contributed positively to the results, as these
artifacts appeared to enhance localization accuracy. However, noise introduced by a lower number of
spokes negatively impacts the result.

Theoretical framerate

For the needle localization method using only 16 spokes, the theoretical framerate can be calculated.
RAVE can be used in combination with short TR such as 6.54 ms [45], meaning 6.54ms per spoke and
thus, after multiplying the TR with the number of spokes: 6.54�10� 3� 16 = 0.105 s per slice. During
the procedure, typically two or three parallel or orthogonal slices are measured along the needle tra-
jectory. This results in a refresh rate of 0.209 s for two slices or 0.314 s for three slices, corresponding
to framerates of 4.78 Hz or 3.19 Hz.

For the needle localization, the POCC calculation time must be taken into account as well. This
calculation time was 0.92 s for the entire library containing 651 simulations, or 1.4 ms per library
element. In practice, needle movement during procedures is typically controlled and gradual. By
assuming that the needle's position does not drastically change between scan updates, The POCC
calculation can be limited to a smaller subset of the library containing fewer values of� and d. This
can be based on prior knowledge of the needle's trajectory as well. This would signi�cantly reduce
the POCC calculation time and enable faster localization updates. If this smaller subset contains for
example 200 simulations, the POCC calculation time will be reduced to0.28 s. Combining this with
the refresh rates results in a total scan update time of 0.489 or 0.594 s, or framerates of 2.05 Hz or
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1.68 Hz for 2 or 3 slices, which is better than the desired framerate of 1 Hz. This nsures accurate
and real-time updates on the needle progression toward the target, making the method suitable for
MRI-guided interventions.

Future improvements

The preprocessing steps currently used are simple, but e�ective in reducing the in
uence of background
noise on the localization results. The preprocessing can still be improved by using more advanced de-
noising techniques, however, to further improve the localization results. This may even lead to a lower
number of spokes being su�cient for accurate and precise needle localization.

The POCC metric was used for comparing the scanned and simulated artifacts. While e�ective in
this study, other approaches such as deep learning could lead to better solutions. A limitation of deep
learning, however, is that it would require training a new model for each set of scan parameters. The
library search has more 
exibility in choosing the scan parameters forsimulations. Also, simulated
artifacts could be used as training data for future deep learning models.

The POCC is currently calculated in 2D. However, to further improve the utility and accuracy of
the library search, it should be expanded to 3D. By extending the POCC metric to work in three
dimensions instead of two, the method can also account for translations inthe slice direction and
include � pitch , which is helpful in situations where the needle is partially out of the scanned slice.
This will improve the robustness of the needle localization method by taking more complex cases
into account too, where the needle is not only visible in a single imaging plane. Combined with
improvements in noise reduction and processing speed, these improvements bring the method towards
implementation in clinical applications.
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6 Conclusion

This thesis presented a novel library-based method for real-time needle localization during MRI-guided
interventions using model-based needle artifacts. The resultsdemonstrated that simulated needle ar-
tifacts, after validation against scans, provide an accurate representation for the sequences GRE, SE,
bSSFP and RAVE, and varying scan parameters. Despite small di�erences, particularly for the bSSFP
sequence, the simulations have been found to successfully predict the needle artifact. Additionally,
modi�cations to the model allow simulations for radial sampling. The RAVE simulations show a close
similarity to the RAVE scans, even when undersampled.

The simulations were used in the library-based needle localizationmethod. This method is able to
accurately estimate the needle location using only 16 spokes, which would allow for real-time tracking
of the needle during procedures. Moreover, framerates better than the desired 1 Hz are achieved.

Future adaptations to the library search include expanding the POCC metric to 3D and improving
preprocessing techniques, which can further enhance the precision and e�ciency of the method. The
approach has the potential to advance the �eld of MRI-guided interventions by contributing to better
procedural accuracy, and in doing so, better patient outcomes.
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7 Appendix

Appendix A: Best matches library search

The best 3 matches for the library search for 5, 8, 16, 32, 64 and 256 spokes can be seen in Figure 19.
For each match the scan magnitude, simulation magnitude,I and M are shown. For each match the
number of spokes for the simulation and scan is denoted with the maximumcorrelation within the
match and the estimated intervention angle and needle depth.
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Figure 19: The best three matches resulting from needle localizationin MRI RAVE images of a
titanium cylinder reconstructed with 256 (a, b and c), 64 (d, e and f), 32 (g, h and i) 16 (j, k and l),
8 (m, n and o) and 5 (p, q and r) spokes using a library of simulations reconstructed with the same
number of spokes. In each sub�gure the scan, the simulation resulting to the highest, second highest
or third highest correlation in the entire library, I (x; y) and M (x; y) are shown. The outline of the
simulated titanium cylinder is indicated in red in the simulated images. This outline is also shown
in the experimental images at the estimated position of the titanium cylinder. The ground truth is
indicated in the scans in green.
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