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Abstract

This thesis has as its central aim to demonstrate, develop, discuss and promote new methods
and technology for improving interventional low field magnetic resonance imaging. The work
addresses problems related to accurate localization of minimally invasive surgical tools by
describing novel devices and improvements to prior art techniques, such as optical tracking. In
addition to instrument guidance, ablative treatment of liver tumours is discussed in connection
with low field temperature measurement and the work describes suitable sequences for
qualitative temperature imaging.

For instrument localization, a method utilising ex vivo Overhauser enhancement of a catheter
like structure was demonstrated. An enhancement factor of 10 was achieved, proving that a
substantial signal gain is possible through the use of ex vivo-enhanced liquid. Similarly, a
method for biopsy needle tip tracking was developed; where the position of the tip was tracked
with a signal from a miniaturized electron spin resonance sample and gradient pulses. At an

update rate of 10 samples per second, the accuracy was measured to be better than £2 mm
within a homogeneous sphere of 300 mm.

Optical tracking methods concentrated on new indications of use for the developed optical
tracking system and associated software: The system was applied to guide the needle 35 times
into first sacral root foramina, with a success rate of 97%. It was also used in five bone
biopsies, all of which were performed successfully, the samples allowed for a pathologic
diagnosis, and the percutaneous procedures could be performed in less than 40 minutes. A
new patient tracker device was developed for staged neurosurgical procedures and
demonstrated with two patient cases.

In the temperature measurement study, spin echo, gradient echo and completely balanced
steady-state free precession sequences were optimized for maximal temperature sensitivity and
the optimized sequences compared. The steady-state sequence seemed the most promising for
the prediction of ablated volume in liver.

Keywords: Interventional MRI, Overhauser, Electron Spin Resonance, Optical Tracking,
Thermal Ablation.
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1 Introduction

Advancement in the field of Magnetic Resonance Imaging (MRI) has been considerable during
the last two decades. What was originally perceived as a method for diagnostic study of
cancerous tissue [1] is now a multidisciplinary tool; its applicability varying from the study of
the functionality of the brain [2] to the quasi real time guidance of surgical tools [3].

The main reasons for the wide-spread adaptation of MRI lie in its superior soft-tissue contrast
as compared to competing modalities, such as ultrasound or computed tomography (CT);
versatility of the underlying physical phenomena; and the lack of deleterious effects on patients
and operators alike [4, 5]. These advantages, together with the constantly improving
performance of MRI equipment and the introduction of open-configuration magnets with easy
patient access, have recently made MRI an eminent choice for conducting interventional
procedures—that is, the procedures where an imaging modality is used to facilitate invasive,
typically percutaneous operations.

To utilize the potential of interventional MRI, methods and paraphernalia, compatible with the
demanding environment an Magnetic Resonance (MR) scanner presents, are needed [6, 7]. A
rather obvious interventional method for an imaging modality is the guidance of tools when
direct visual contact to a target is lost or not applicable. For instance, the placement of biopsy
needles or catheters, or localizing contrast-enhancing tissue during a craniotomy benefits from
the additional information provided by MR images. Navigational devices for augmenting the
guidance, such as optical tracking systems or specialized magnet dependent instrument
trackers, have been described in literature.

In addition to guided imaging, MRI can also be used for extracting localized temporal
information about the temperature in tissue. This unique feature opens new vistas for
monitoring minimally invasive therapeutic operations where local tissue necrosis is
intentionally induced by heating [8, 9].

However, there are performance-limiting technical problems with interventional procedures
on open configuration magnets. The mechanical structure of such magnets does not allow as
strong magnetic fields to be used as with solenoid magnets, which results in relatively low
signal to noise ratio. This in turn hampers many of the operations, as the needed near real-time
imaging times are limited by noise. For example, the detection of Gadolinium filled catheter
requires high resolution, as the lumen can be only 1 mm in diameter, effectively ruling out fast



image acquisition. One way to circumvent the real-time requirements for the imager is to use
real-time tracking systems with rigid instruments. But one of the disadvantages in using
external trackers is the need for complex and time-consuming registration and calibration
routines. In addition, the rigidity of instruments, such as biopsy needles, cannot always be
guaranteed and the uncertainty in tip position can ruin otherwise good accuracy of the tracking
system.

1.1 Purpose of the Study

This thesis concerns the methodology in the nascent field of interventional MRI. The aim has
been to develop novel methods and technology for low field scanners that would ultimately
result in safer, faster and more accurate interventional procedures than presently available.

1. More specifically, novel localization and guiding methods are described that attempt to
tackle the problems associated with the limited accuracy of passive instrument tracking and
optical navigator systems:

a) One goal has been to demonstrate substantial enhancement in the signal to noise ratio
in liquid filled structures, such as catheters, which would eventually allow for faster and
more accurate localization of the said structures.

b) Also means for measuring the tip position of a thin semirigid needle have been sought
to combat the needle bending, the aim being a demonstration of tip tracking in vitro.

2. Improvements to optical navigation were to be devised—via the integration of a navigator
system with an MR scanner and development of new registration and calibration
procedures—and tested with both intraoperative use and neuronavigation in clinical
settings. The goal was to demonstrate in practice an ergonomic, accurate, fast and versatile
system for a range of interventional procedures.

3. Finally, the applicability of a low field scanner to the temperature monitoring of liver tissue
was examined and improvements to signal to noise in temperature images sought through
simulations and measurements on different sequence types and sequence parameters.

1.2 Organization

The text has been arranged into several sections, of which the first section (chapters 1.3-1.5)
introduces the theory, terminology and relevant concepts that are used in the subsequent
chapters. The second section outlines the actual methods and results (chapter 2), the third is a
discussion of the results (chapters3—4) and the fourth lists the publications arising from the
work (chapter 6).



1.3 MR Theory

The physical principles of magnetic resonance imaging have a profound effect on the
methodology and devices available for interventional MRI (IMRI). Not only does the
characteristic signal behaviour affect the procedures but also the interaction between magnet
and auxiliary equipment is a major factor. Therefore, it is necessary to understand the basic
physics governing an imaging event in order to be able to better appreciate the reasons behind
design choices in MR compatible equipment.

1.3.1  Nuclear Magnetic Resonance

A spin, or spin angular momentum, is a discretely quantized property that is associated with
quantum mechanical behaviour of nuclear particles. The magnetic dipole moment of a particle
is directly proportional to its spin, and placing the particle into an external magnetic field,
denoted by the magnetic flux density B,, results in Zeeman interaction and a Hamiltonian

operator, H, of the form H =—B,l, (B, chosen to be along an arbitrary z-axis). The

constant y is the gyromagnetic ratio characteristic for the type of the particle; 7 Planck's

constant h, ~6.63 x 10* Js, divided by 27 ; and |, the operator for the angular momentum
along the z-axis. Because the interaction energy is quantized, only integer difference steps
between eigenvalues of 1, are allowed, and gaps between energy levels are of constant value
[10]. Using the definition for a quantum of energy, & =hf , where f is the characteristic

frequency, a gap corresponds to f, = /B, [11], where x is the gyromagnetic ratio divided by

27 . The frequency f, is known as the Larmor frequency, and irradiation with an
electromagnetic field at that frequency can induce changes in the state the particle is in.

In the simplest non-trivial spin system, the eigenvalues are +%2 and —%2. Most notably, protons
form such a system. The system has two energy levels available and the population of the
levels in thermal equilibrium can be solved using Maxwell-Boltzmann distribution function.

For example, a,.,, the fraction of particles in the state corresponding to the eigenvalue of +%2,

IS:
1/.
exp(—i-/z ;/hBoj
kT
N VR 5. 4B £
expl ———2 |+exp ———2%
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Where k; is the Boltzmann’s constant, ~1.38 x 10% JK*, and T the temperature. It should be
noted that at room temperature, a proton system has a very slight (of order 10°, when B,
equals 0.23 T) imbalance in favour of the lower energy state. In semi-classical picture, the
difference creates a small but measurable net magnetization, M, for the system.

1.3.2  Magnetic Resonance Imaging

In MRI, the prevalent use of large, nearly independent proton ensembles as a signal source
makes it possible to use classical mechanics to describe proton behaviour under the effect of



B, and irradiation field B,. The rate of change of magnetization is then governed by Bloch
equations, presented here in matrix form [12]:

. T,* 0 0
d—'\t/'=;4v|><B— 0 T,* 0|M-M, [2]
o o0 T*

Here B denotes the combination of magnetic field components acting upon protons—
conventionally, with B, orthogonal to B, B=iB, +]B, +kB,. T, is the longitudinal

relaxation time constant effecting the restoration of magnetization along the longitudinal
magnetic field, B,. T, is the transverse relaxation time constant describing the restoration of
thermal equilibrium among the spins. M, is the initial equilibrium value for magnetization.

With a suitable strong irradiation pulse of duration At (At < T,), it is possible to temporarily
tilt the magnetization vector to x—y plane, where it keeps rotating at its Larmor frequency. The
rotation can be measured by detecting the induced electromotive force in a receiver coil.

Because of the relaxation effects, the signal diminishes with time, producing a characteristic
envelope on the oscillating voltage. This is called free induction decay (FID). In addition to
the net magnetization dependence (cf. ), the induced voltage also depends directly on B, as a
result of Faraday’s law of electromagnetic induction and the definition of Larmor frequency.
Therefore, strong B,-fields, 0.2-3 T, are used in commercial systems to produce images with
high enough signal-to-noise ratio (SNR) for clinical use.

Spatial magnetic field gradients can be used to encode the position information of a signal
sourcing spin system into the received signal [13]. With well-controlled monotonous gradients
in the volume of interest, it is possible to decode the positions of signal sources and
reconstruct images from the spin system.



1.3.2.1 Imaging Sequences

There is a multitude of different position encoding schemes for producing MR images [10].
Temporal gradient, measurement read-out, and B,-pulse events can be used to characterize
typical diagnostic encoding schemes into different categories, or sequence types. For example,
a field echo sequence (see Figure 1) comprises cycles of consecutive slice selection, gradient
encoding and gradient read-out events.

90°

|
Tx}
Rx}

ey

Gy

Gx

Figure 1. A single cycle from a field echo sequence. Tx/Rx line shows an
irridation pulse (ellipses) and a sampling window (rectangle). Gz denotes the
slice selection gradient, Gy the ‘phase’ direction gradient and Gx the ‘frequency’
direction gradient.

In the slice selection events, a slice of the target volume is excited by allowing only a part of
the target spins to be exposed to the magnetic field that matches the irradiation pulse
frequency. In the encoding events, orthogonal ‘phase’ (Gy) and ‘frequency’ (Gx) gradients are
momentarily turned on. In the read-out events, Gx is reversed to restore partly the coherence
lost during the encoding events. The restoration produces a measurable signal echo, which is
then sampled. Varying the strength of Gy and using Fourier transform reconstruction
techniques, an image can be readily constructed from the measured samples—For an elegant
illustration of the underlying encoding and decoding principles, see Ref. 14. A spin echo
sequence (see Figure 2) is another simple imaging sequence, where the main difference, as
compared to the field echo sequence, is the insertion of phase reversing irradiation pulse
events after the encoding events. The phase reversal has the advantage of balancing out the
static field inhomogeneities, but at the cost of a slightly longer repetition time (TR) of a cycle
and a requirement for a well-calibrated irradiation pulse.



Figure 2. A single cycle from a spin echo sequence.

The structure of the third example, a completely balanced steady-state free precession (SSFP)
sequence, is more convoluted than those of the above-mentioned basic sequences. It utilizes
magnetization fulfilling the steady-state free precession condition that is generated by a train of
event cycles. One such a cycle is depicted in Figure 3.

Next repetition

Figure 3. Timing diagram of a completely balanced stead-state free precession
sequence.



Each cycle generates a SSFP FID, that is, an echo signal produced by the irradiation pulse at
the beginning of the cycle. The gradient reversals at the end of the cycle refocus the FID:
Transverse magnetization components that have phase shifted 2rn radians (where n is an
integer value) with respect to the nominal Larmor frequency during the TR period regain the
phase values they had at the beginning of the cycle. The phase-inversed irradiation pulse of the
next cycle restores refocused transverse components along the longitudinal axis, boosting the
longitudinal magnetization that is regenerated during the next cycle. Because all three gradient
directions are used in refocusing, the sequence is known as ‘completely balanced'. In addition
to the SSFP FID, also SSFP echoes, or ‘time-reversed echoes’, are produced as coherent
magnetization is carried from one cycle to the next. In this particular case, the time-reversed
echo coincides with the FID, so that the signals add up. It is obvious that in order to carry the
magnetization from one cycle to another, the T, of the spin system should be longer than or
comparable to the TR of the sequence. Because of the steady-state magnetization, TR can be
made short while maintaining good SNR. The downside is the need for a very homogeneous
main field, as the phase shift conditions must be met within the volume of interest to
maximize the signal. [10, 15].

1.3.3  Electron Spin Resonance (ESR)

Some of the paramagnetic substances are suitable for electron spin resonance; That is, instead
of proton spins, electron spins can be irradiated and irradiation effects detected directly from
the signal emitted by electrons. In electron paramagnetic resonance spectroscopy, this is
known as pulse Electron Spin Resonance (pulse ESR), or FT-ESR (Fourier Transformed
ESR). Because of the high gyromagnetic ratio, ~658 times that of a proton, and short
relaxation time constants in microseconds range in room temperatures, the direct detection of
FID is difficult and requires sophisticated microwave electronics even on low-field magnets
[16, 17]; Alternatively, the altered susceptibility can be used to observe resonance with
specialized equipment [18, 19], bearing close resemblance to continuous-wave ESR [20].
Because of the high gyromagnetic ratio, the signal from a sample is very strong and the sample
can be made minuscule while still maintaining an acceptable signal-to-noise ratio.

1.3.4  Overhauser Effect

The obtainable proton signal is directly dependent of the transverse net magnetization;
therefore, one method to improve signal-to-noise ratio is to boost net magnetization from its
equilibrium value (cf. ). This is possible through dynamic nuclear polarization (DNP) of
Overhauser type [21]. In DNP, certain favourable paramagnetic agents can temporarily
enhance net magnetization by polarization transfer from pre-irradiated paramagnetic centres to
protons. Overhauser enhancing large in vivo volumes is technically difficult because of the
high gyromagnetic ratio of electrons: the skin depth effect limits the penetration of irradiation
field at the ESR frequency and unconventional methods such as field-cycling are needed [22].
However, Overhauser enhanced signal can be used for detecting very small structures and
markers using conventional MR imaging techniques [23, 24].



1.4 Instrument Tracking

The detection of interventional tools on MR images can be arranged either by passive means,
where the induced artefacts on acquired images indicate the instrument position, or by utilising
tools equipped with auxiliary tracking devices. The auxiliary devices can be independent
tracking systems, such as mechanical wands [25, 26], sonic or optical localizers [27-29], or
stereotaxic frames [30, 31, 32] that take preoperative MR images as input data, or more
integrated systems that allow intraoperative use [33] and even rely on the scanner hardware to
provide the position information [34-38].

1.4.1 Passive Detection

The advantages of passive detection lie in its simplicity and reliability—no extra hardware is
needed for tracking. On the other hand, because the detection relies on image acquisition, real-
time response is difficult to achieve, as is accurate image acquisition control: To minimize
image acquisition time, the number of slices should be small. This means that those few slices
must be optimally aligned to show only the instrument and pertinent parts of anatomy. The
imaging planes need to be manually re-aligned to account for changes in instrument position,
which is time consuming and error-prone. In addition, the susceptibility artefacts tend to be
unreliable in appearance and exhibit dependencies on the relative direction of the instrument
with the B, field and imaging sequence parameters [39]. Conspicuity problems are especially
severe on low field scanners, where SNR limits many of the operations. Typical uses of passive
detection include the detection of surface treated titanium needles [39-41], doped catheters
[42, 43] and MR-visible marker structures—such as fiducials [44], cylindrical pointers
(TrackPointer™, MRI Devices Daum GmbH, Schwerin, Germany) or catheters [45] filled with
contrast enhancing liquid. The first two of the aforementioned rely on the induced signal voids
in the images and require manufacturing processes that produce well-controlled, field-
dependent artefacts. Cf. Figure 4. Containers for MR-visible substances are generally limited
for image registration and initial alignment of tools and imaging planes; they required large
volumes to produce enough signal, which makes percutaneous operations difficult. Filled
catheters find more use in high field systems, where the quasi real time imaging is made
possible by the inherently high SNR.



Figure 4. A T,-weighted image showing a needle artefact on a recurrent desmoid
tumour of the leg.

1.4.2  Auxiliary Tracking Devices

Independent tracking devices have originally been developed in the 80’s for CT, where the
benefits of guidance without a scanner are obvious [46, 47]. The devices utilized mechanical
arm, ultrasound, electromagnetic and optical tracking systems [6, 48, 49]. Because of the
requirements for intraoperative MR compatibility, their adaptation to MR environment has
meant extensive modifications to the hardware. In practice, this has resulted in widespread use
of optical tracking systems, as the needed modifications have been the least drastic.

1.4.2.1 Optical Navigation

Optical navigation is based on the principle of optical triangulation, where either reflected
(passive marker systems) or emitted (active marker systems) optical signals are recorded with
rigidly fixed sensors. In the simplest case, the signal comes from a spot-like marker whose
location in three dimensions can then be solved. With three or more markers attached to an
instrument to be tracked, it is possible to calculate the position and rotation information of the
instrument from the tracked positions of the markers. In medical use, the passive marker
systems have advantage over active ones, as they can be made wireless and hence more
ergonomic to use and less difficult to keep sterile. Such instrument trackers are depicted in
Figure 5.
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Figure 5. Needle trackers for 18 G semirigid needles. The bodies are made out
of autoclavable plastic, and the single-use reflector spheres can be attached with
a snap-on mechanism onto them. A needle goes into a groove on the tracker
body and is fixed with a separate friction lock.

Because of the origins in CT, the first navigators to utilize MR were stand-alone units that
displayed the instrument position on preoperative images to guide neurosurgical tools outside
a scanner, much akin to neuronavigation with CT images [50]. The systems lacked interactive
scanning capabilities, which meant that the brain shift, i.e. the swelling of brain tissue after the
dura is opened, and tissue deformations during a procedure had adverse effects on the overall
accuracy of the navigation [51], and resection completeness could not be easily ascertained.
More integrated solutions were eventually developed; either by fixing the optical sensors to the
scanner, as was done with the 0.5 T open-configuration magnet at Brigham and Women'’s
Hospital in Boston [52, 53]; or by providing optical reference frames [54]. These allowed
intraoperative imaging and introduced new indications for use as instrument guided quasi real
time imaging became possible.

The registration of images with optical tracking system coordinates is typically done with
fiducials: three or more fiducials are imaged, identified on the images, and pointed at with an
optically tracked instrument that has been separately calibrated prior to registration [55, 56].
The formed coordinate pairs can then be used to calculate the transformation matrix [57].
With stand-alone systems, this procedure has to be repeated with every patient. The integrated
tracking systems require calibration less often, and the periodic registration checks act as
quality assurance for the system.

1.5 MR Thermometry for Thermal Treatment of Tumours

Rapid local temperature changes in tissue result in localized necrosis as the cells are either
coagulated (hyperthermia) or frozen (hypothermia). This forms the basis for thermosensitive
interstitial therapy, where a localized temperature change is generated inside a tumour so that
the necrotic volume is limited to consist mainly of cancerous tissue, without excessive damage
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to surrounding structures. The localized temperature change can also be utilized for other
forms of therapy, such as local drug delivery with thermosensitive carriers [58]. Two
commonly used cross-modal hyperthermic methods to induce localized tissue heating are
Laser-Induced Thermotherapy (LITT) and radio frequency ablation [59]. In addition,
microwave and focused ultrasound induced heating have been investigated for MR-guided
procedures [60—62] and cryoablators have been successfully demonstrated [63]. The detection
of frozen tissue can also be arranged with other modalities, and thermosensitive contrast
agents can be used for detecting threshold temperatures [64]—but MR appears to be
particularly well suited for measuring gradual temperature changes in tissue [65].

LITT is particularly suited for MR-guided interstitial therapy, as the applicator consists of non-
magnetic, non-conductive optical fibres. Also commercial radio frequency ablators have been
adapted for MR environment [66]. One of the promising application areas for the methods is
palliative treatment of inoperable liver tumours [67]. In such a procedure, a small applicator is
guided percutaneously into the tumour and a heat dose delivered. The requirements for the
dose amount are contradictory: All of the cancerous tissue should be destroyed; meanwhile the
destruction of healthy tissue or damage to sensitive areas around the tumour should be
avoided. To find the optimal size and shape for the treated volume, means for monitoring the
temperature distribution would be beneficial as the expanding thermal front is closely linked
with the resulting necrotic volume.

Among imaging modalities, MR possesses the unique benefit of having multiple measurable
parameters that present temperature dependence, albeit of varying degree. The equilibrium
magnetization M, is a function of temperature, cf. , but the effect is weak. The diffusion
constant D has an exponential relationship with temperature, D oc exp(-E, /k;T), where E,

is the apparent activation energy [68]. However, diffusion sensitive imaging is problematic
because it requires long imaging times and is very sensitive to motion. The longitudinal
relaxation time constant, T,, is affected by temperature through the changes in the rotational
correlation time, z, of the molecules. Temperature increase shortens z, as the molecules
tumble more vigorously, which, at clinical field strengths, results in increased T, [10]. The
molecular motion depends strongly on the molecule structure and the surrounding molecules;
hence the change in T, is tissue dependant. Also the Larmor frequency exhibits temperature
dependence: the chemical shift, that is, the magnetic screening caused by electron clouds in the
proton surroundings, is affected by temperature. In water, increasing the temperature
decreases hydrogen bonding, which distorts the electronic screening of the protons. This
results in an increased screening effect and a decrease in the Larmor frequency. Because of the
high water content in tissues, the effect is largely tissue independent and of the order of -0.01

ppm/°C in magnitude [69].

Larmor frequency and T, dependencies can be utilized in deducing tissue temperature in
practice. As for the temperature measurement methods, their availability for interventional
work depends on the scanner type used. With high field scanners, the temperature dependence
of the Larmor frequency of protons is practical, whereas with the low field scanners T,
dependency is more amenable [65]. There are several reasons for favouring frequency shift
over T, dependency in high field systems: the small changes in the frequency are directly
proportional to B,; the superconducting magnet of a high field scanner shields well against
external, slowly varying magnet fields; and the B, drift is less than that present in low field



12

electromagnets [70]. In both methods, the target volume is typically imaged before inducing
the temperature changes. Subsequent fast imaging during the heating provides data that can be
compared to the initial reference. In the T,-based method, the initial T, values are needed.
Because of the difficulties in measuring small frequency shifts directly, the frequency changes
are often measured as phase images, so an initial reference is also needed for the frequency
dependent method.
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2 Methods and Results

The methods described in this thesis were developed using a 0.23 T open configuration
magnet (Panorama 0.23 T, Philips Medical Systems, Best, The Netherlands). However, they
should be equally applicable on other low-field magnets of similar configuration.

2.1 Overhauser Enhanced Instrument Localization (1)

With low field scanners, the relatively low SNR prevents fast image acquisition and passive
instrument tracking as very small features, such as those of a catheter, become hard to discern.
Improving the contrast by flushing a catheter with a contrast agent bolus is only of limited
help. In this work, a method utilising Overhauser enhancement ex vivo is presented that
momentarily boosts the net magnetization of liquid that is then injected through the structure
to be highlighted. When a target containing the structure is imaged, the enhanced liquid stands
out against surrounding tissue where the signal level is lower, and the instrument can be
localized.

To be practical, the paramagnetic agent used in enhancement should be easy to saturate, that
is, have a narrow linewidth. It should be water-soluble, stable and non-toxic in diagnostic
doses. An experimental trityl agent (NC100135, Amersham Health AB, Sweden) filled these
requirements and was used in the experiments [71-73].

Overhauser enhancing requires irradiation of electron spins, which is technically challenging in
vivo as the needed Larmor frequency is 658 times that of the protons. Here the enhancement
was created ex vivo, with a separate resonator, so that the electronics could be made simple
and power requirements modest. The resonator was supplied with propulsion mechanics to
quickly (< 200 ms) deliver the enhanced 0.6 ml of 5 mM/I isotonic trityl solution into the
target via 0.5 m of plastic tubing. The triggering signal from the mechanics was also connected
to the scanner electronics, allowing a precise delay between the triggering event and image
acquisition. The achievable enhancement was measured by injecting a bolus into the tube, and,
after 0.5 s delay to reduce motion and flow artefacts, projection-imaging the tube with a single-
shot fast-spin-echo (FSE) sequence (repetition time divided by echo time, TR/TE, set to
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/219 ms). The signal was compared with an unirradiated sample juxtaposed with the tube.
An enhancement in excess of 10 was calculated and the concept demonstrated by acquiring
projection images from a rat overlaid with the plastic tube.

2.2 ESR Probe for Instrument Tracking (1)

Many of the instrument-tracking systems rely on the assumption that the instrument to be
tracked is rigid and position data can be extrapolated. However, with instruments like thin
needles, this assumption is no longer valid and needle bending can result in a position error of
several millimetres. One way to combat the error is to integrate a position-tracking element to
the tip of the mandril. The small dimensions of thin needles make this exceedingly difficult
with conventional means. In this work, a method is presented, where a sub-millimetre ESR
sample is used for locating the needle tip.

The signal from electrons is significantly stronger than that of protons, as the gyromagnetic
ratio, and hence the frequency, is higher. An ESR sample can therefore be very much smaller
than the corresponding proton sample and still maintain the same SNR. The high Larmor
frequency of the ESR sample requires somewhat complex receiving electronics, as microwave
techniques must be adapted. In the article Il, instead of receiving FIDs directly from the
sample, a continuous wave method was used: A small sample of N-methylpyridinium (TCNQ,
Amersham Health AB, Sweden), with approximate dimensions of 0.5 x 0.5 x 0.5 mm, was
glued with Epoxy into a small loop formed by the centre wire and the sheath at the
terminating end of a coaxial cable resonator. It was irradiated at the resonant frequency of 6.45
GHz and the reflected power measured in presence of a low intermediate frequency (80 kHz)
modulating magnetic field. The modulation was arranged with a separate coil. The change in
susceptibility of the sample at resonance manifests in reduced power being reflected, so that
after demodulation, the signal could be used as an input to a voltage controlled oscillator,
hence locking the electronics to follow the resonant frequency of the sample. The signal after
demodulation could also be used as an output, as it was directly related to the frequency in
question. Sampling and averaging for 8 ms vyielded values where the uncertainty was
approximately 50 nT,..

For testing, the coaxial resonator was inserted into a 14 G biopsy sheath (Somatex GmbH,
Germany) and a simple encoding gradient pulse scheme programmed to provide means for
calculating position information. Needed gradients were modest, 250 uT/m. To get
quantitative data about the accuracy, 24 evenly spaced position data samples within a 300 mm
isocentric sphere were measured with the ESR probe. The values were compared with the
corresponding values measured from MR images of fiducial markers attached to the tip of the

biopsy sheath. The error remained within +2 mm inside the sphere and was mainly influenced
by the inaccuracies in determining the positions of MR visible fiducials.

Quiasi real time tracking was demonstrated with a kiwi fruit: the needle was inserted into the
fruit and position information displayed as an overlay on periodically updated images that
showed the progress of the sheath as an artefact. The probe determined the centre positions of
images, but as only translation information was available, the image planes were fixed. After
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tracking the probe, the fruit was sectioned and photographed. The tracked path was overlaid
on the photograph to visualize the close match with the physical path.

2.3 Optical Tracking (I11-V)

In order to be able to better utilize the potential of optical tracking systems for MR guidance,
close integration with the scanner is needed [74]: in addition to displaying the position data as
an overlay or calculating multiplanar reconstruction images with it, the tracked instrument can
also be used to set the position and orientation of intraoperative slice sets in an interactive
manner. Periodically updated image sets help to reduce the risk of misaligning the instrument
in a case of tissue deformations or organ movement, and provide confirmatory information
about the instrument positions through the produced instrument artefact.

2.3.1  System Description

In this work, an optical tracking system was integrated with a scanner by modifying the user
interface and scan-control software, and by altering an industrial tracking system to fulfil the
requirements imposed on a medical device.

2.3.1.1 Hardware

The optical tracking system consisted of a commercial infrared camera with passive marker
tracking capabilities (Polaris, Northern Digital Inc., Canada). The camera was attached to an
adjustable and movable stand and linked to the controlling console with an armoured cable.
Four magnet reference frames were fixed to the facade of the scanner to provide means to
transform the coordinate system of the camera to that of the scanner. Each of the reference
frames had four passive markers in a unique geometrical configuration and the camera was
programmed to recognize each pattern. This way the camera could be moved around the
scanner while maintaining a line-of-sight to at least one of the frames. The instrument trackers
were similar to the reference frames: they consisted of three or four markers and mechanics
for attaching them to instruments of different sizes. Because of the sterility requirements, only
autoclavable materials such as Ultem® (General Electric Plastics, Massachusetts) and titanium
were used in trackers.

In-room control electronics consisted of a 36” large screen display and a control pedestal with
a mouse and a keyboard. In a typical use, the operator used the control pedestal under the
instructions of the operating doctor, both of them having a line-of-sight to the display.

To augment system calibration, a special autocalibration phantom was constructed. It
consisted of four paraffin oil-filled spheres placed in a slightly malformed tetrahedron. The
malformation served to define a uniquely determinable rotation matrix for the phantom. That
is, the known locations of the individual spheres in a physical coordinate space determined
unambiguously the transformation matrix of the phantom in the said space. The phantom also
had four passive markers for optical tracking and a titanium block with a small dimple for
needle length determination. See Figure 6.
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Figure 6. Autocalibration phantom. The phantom is made out of
polyvinylchloride (PVC) and contains four oil-filled spheres. The sides are here
shown as transparent for presentational clarity.

2.3.1.2  User Interface

The user interface had two main tasks. It had to provide simple and easily repeatable
procedures for calibrating and verifying the operation of the optical system, and means for
instrument visualization and intraoperative control of the scanner.

2.3.1.2.1 Calibration

The user interface provided means to calibrate the magnet reference frames automatically: the
autocalibration phantom could be projection-imaged in three orthogonal planes and the oil-
filled sphere locations calculated from the resulting images. With the sphere locations, the
position and rotation information of the phantom could be expressed in magnet coordinates.
The sphere locations could also be used in verification, as the relative physical positions of the
spheres were known a priori. If the camera was moved to a position where it had a line-of-
sight to both the phantom and one of the magnet reference frames, a transformation matrix
could be calculated to express the phantom position in magnet reference frame coordinates
and hence the link between magnet and reference frame coordinate systems found.

The instrument length, that is, the length from the origin of the attached instrument tracker to
the tip of the instrument, could also be determined using the autocalibration phantom. This
procedure is needed, because the needle-like instruments rarely are of a fixed length. In a
calibration procedure, the tip of the instrument was placed into the dimple, the position of
which was well defined on the phantom, and, providing the camera had a line-of-sight to both
the phantom and the instrument, the length of the instrument was expressed in the coordinate
system of the instrument tracker, yielding the needed offsets. See Figure 7.
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Figure 7. Calibration of the instrument length. The tip of the instrument is
placed into the dimple on the autocalibration phantom, the user interface
activated for a length calibration, and the tip held in place for two seconds while
the relative positions of the instrument and the phantom are being repeatedly
calculated to rule out spurious readings.

2.3.1.2.2 Intraoperative Use

A simple but intuitive method to give feedback on the instrument position is to use projected
overlays of the instrument on the already acquired images. Using colour coding, the
rudimentary depth information could be encoded into projected graphics, giving the user a
sense whether the display object is above, in, or below a slice. Defining a target point on the
image set allowed the use of aiming tools. See Figure 8. To be able to provide updated images
in a fluoroscopic manner, the image acquisition was streamlined to consist only of the
selection of a sequence type and imaging plane from pregenerated lists. The instrument tip and
an optional push-depth offset along the instrument axis dictated the position of the centre slice
to be acquired.

Another way of visualising the instrument was to use modest-size image sets and multiplanar
reconstruction, where the instrument dictated the position and orientation of the reconstructed
slice, see Figure 9.
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Figure 8. Intraoperative User Interface. A) A “bulls-eye” aiming tool for aligning
and guiding the instrument towards the target point. B) A projection of the
needle above a slice. C) The red target point. D) Sequence shortcuts for quickly
changing the sequence type during a procedure.

Figure 9. Multiplanar reconstruction. The upper left corner shows the surface
rendered image set of a head, pointed at by an optically tracked instrument; the
three remaining views display multiplanar reconstructed slices from the head.
The slice orientations are orthogonal to each other and are derived from the
instrument orientation.
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2.3.2  Clinical Applications

The integrated optical tracking system was tested with applications where accuracy, ergonomy
and intraoperative capabilities were required. The first two applications, nerve root infiltration
and bone biopsy, could be performed with the intraoperative system. Because of the different
nature of the third, a neurosurgical application, the system was augmented with task specific
hardware and software.

2.3.2.1 Nerve Root Infiltration

In article 111, the accuracy of the optical tracking system for the infiltration of the first sacral
root was evaluated. The optical tracking system was used to align the needle towards the neural
foramen using intraoperatively acquired images of different image planes. The needle was
inserted and en-route acquired images used to confirm that the needle was correctly aligned
and not bending. Instead of special contrast agents, the contrast, provided by injecting saline
solution and imaging with a 128-echo single-shot FSE (TR/TE «/274 ms, five 7 mm slices,
acquired in 9 s), was sufficient for highlighting the nerve root sheath, thus confirming the
correct final positioning of the instrument and allowing the injection of therapeutic agent.

Thirty-five infiltrations were performed on 34 patients with a success rate of 97% in
positioning the needle into the nerve root foramen.

2.3.2.2  Bone Biopsies

In article 1V, the optical tracking system was evaluated for guiding a bone biopsy set and
acquiring images en-route. The biopsy set was MR-compatible and designed for optical
navigation (BoneBiopsy, Daum GmbH, Germany) with a special adaptor piece. Biopsies were
taken from five different anatomical regions: two from spine, one from sacral bone, one from
femoral head and one from femoral diaphysis. The tracking system helped to determine the
puncture route and the lesion could be approached more freely than with CT. The
percutaneous procedures were performed in less than 40 minutes. All biopsies were
successfully completed, without complications.

2.3.2.3 Patient Tracking

Limiting guidance of neurosurgical instruments to staged procedures (i.e. to procedures where
the guiding and treatment is performed outside the scanner) degrades the usefulness of optical
instrument tracking: The opening of the skull to access the surgical site may cause
deformations of the brain. If only preoperative images were to be used, as is the case with
stand-alone tracking systems, position errors larger than 10 mm could occur [75, 76].
However, many of the neurosurgical procedures require either the use of instruments that are
not MR-compatible, or simply need too much space to be operated inside the scanner,
effectively ruling out the intraoperative approach. In literature, methods, where the patient is
transferred from operating room to the scanner in order to obtain intraoperative images, have
been presented [77]. In addition to the safe transfer being difficult to arrange, this also means
that possible optical tracking systems must be manually recalibrated after every transfer. In
article V, a method to overcome the latter weakness is discussed.
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In a neurosurgical operation, the head of the patient must be fixed. This is typically arranged
with a head frame that is firmly fixed to the skull of the patient with screws. Here the frame
was used as a mounting point for an additional optical reference frame, a ‘patient tracker’.
Every time the patient was brought into the scanner, the patient tracker was recalibrated: when
the camera had line-of-sight to both the patient tracker and one of the magnet trackers, the
calibration data of the magnet tracker could be automatically applied to the patient tracker.
When the patient was wheeled out of the magnet, the calibration data for the patient tracker
and the acquired image set was still valid, presupposing the patient’s head had not moved with
respect to the head frame—a safe assumption in this case. Because of the shutdown-
capabilities of the magnet used in the experiments, the patient could be operated just outside
the pole-pieces of the magnet. Were more images needed to rule out position errors due to
tissue movement and deformations, or to check for the completeness of a resection, the
magnet could be turned on in less than 10 minutes and patient rescanned.

The concept was demonstrated with two patient cases. Using updated images and the patient
tracker, remaining tumour residuals could be pinpointed and anatomical structures located
with clinically useful accuracy. The applicability to soft tissue biopsies was discussed [78, 79].

2.4 MR Thermometry of Liver Tissue (VI)

In the previous chapters, the emphasis has been on the instrument guidance. Article VI
concerns the subsequent therapeutic step; in this case a liver tumour ablation. Means for
predicting the necrotic volume through progressing temperature front were sought with a T,-
based method for the temperature measurement of liver tissue.

The temperature sensitive parameters used were the equilibrium magnetization M,
(approximately -0.3%/°C) and T, (~1%/°C) [80]. The very small effect the temperature has
on the Larmor frequency at 0.23 T was neglected. Because of sequence dependent T,
behaviour and inherent SNR, different sequences were compared for the task using pig liver
tissue samples. Spin echo, gradient echo and completely balanced SSFP sequences of clinically
meaningful acquisition times were optimized to provide images with maximally temperature
sensitive image intensity. The optimization parameters were TR for the spin echo sequence,
and flip angles for the other two sequences. The signals from the optimized sequences were
simulated for the liver tissue samples as a function of temperature. The simulations indicated
that the inaccuracy in the temperature measured by the SSFP sequence was 50% of that of the
spin echo sequence and 80% of that of the gradient echo sequence.

The temperature behaviour of the SSFP sequence was also determined experimentally.
Extracted pig liver samples were heated with a hot water bath. The samples were scanned at
37°C (the reference temperature) and at elevated temperatures. Thermocouples embedded into
the samples were used as a gold standard in determining the temperature, that is, the
temperature values calculated from the image sets were compared against the values from the
thermocouples. The optimization of the SSFP sequence was checked by measuring the noise
in temperature measurements as a function of the flip angle at two different temperatures of
45°C and 55°C. The temperature inaccuracy of the optimized SSFP sequence was measured

between 37°C and 60°C. The optimized flip angle was in agreement with the simulation
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results: 63 + 8°C versus the simulated 63°C. The temperature inaccuracy, 1.6°C, was twice the
estimated value based on the simulation results.
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3 Discussion

In article I, the ex vivo Overhauser enhancement and improved visibility of a catheter-like
structure was successfully demonstrated. An enhancement factor of 10 was achieved, which
corresponds to a proton signal at the field strength of 2.3 T, proving that a substantial signal
gain is possible through the use of ex vivo-enhanced liquid. The method seems promising,
considering that due to the oxygenation of the sample in the test set-up, a factor of two should
be readily available with more careful control of oxygen concentration in enhancing liquid.

In article 11, a miniaturized ESR Probe was designed into the tip of a needle-like structure. The
construction allowed the probe to be inserted into a 14 G biopsy needle sheath. The probe
was able to track the tip of the sheath at the rate of 10 samples per second with accuracy better
than £2 mm, within a homogeneous sphere of 300 mm. The sampling rate is sufficient for
quasi real time operation, especially when noting that typical bitmap refresh rates on the user
interface displays are of the same order. The accuracy within the volume of interest is better
than that of an optical tracking system: In addition to the insensitivity to the needle bending,
also some of the image distortions, namely those introduced by non-linear gradients, are
compensated. The tip tracking was successfully demonstrated with a kiwi fruit. Together with
article I, these two methods illustrate how electron spin resonance can be used to boost the
signal levels to achieve miniaturization needed for interventional tools. It should be noted that
direct electron spin resonance signal is particularly well suited for miniaturization of field
sensors: the fact that solid samples can be used makes the construction of the container for the
sample simpler than is the case with liquids [81], whereas proton signals from solid samples
can hardly be used at all: In the transition from a liquid to a solid, T, of proton spin system
typically becomes exceedingly short [12, 82], and dipole-dipole couplings complicate the
resonance spectra, together making position encoding with gradients almost impossible, not to
mention much smaller SNR. It is relatively straightforward to protect a tiny ESR sample from
tissue contact, which is a requirement for in vivo human experiments.

In article 111, a customized optical tracking system and an MR scanner were used in deep
neural tissue injections. The needle was placed, using the guidance system, 35 times into first
sacral root foramina, with a success rate of 97%. No complications occurred. Based on the
results, the combined use of the optical tracking system and 0.23 T magnet was considered
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accurate, fast and suitable for the first sacral root infiltration. The conventional guiding
methods in nerve root infiltrations have been fluoroscopy and CT. However, these methods
require the use of contrast agents, cause harmful ionising radiation, and, in the case of
fluoroscopy, leave room for improvement what comes to the depth resolution. Using the new
method, the risks of ionising radiation from CT or fluoroscopy guided procedures could be
eliminated, as well as the use of special contrast agents.

In article 1V, the guiding system of article 111 was utilized in bone biopsies. Five biopsies from
different anatomical areas were successfully obtained and the samples allowed for a pathologic
diagnosis. The percutaneous procedures could be performed in less than 40 minutes. The
method was deemed feasible, and had the benefits of superior bone and bone marrow lesion
contrast [83] and lack of ionising radiation as compared to the CT or fluoroscopy guided
procedures. Articles 111 and 1V demonstrate the practical feasibility of the concept where an
optical tracking system is integrated with an open configuration magnet, equipped with
automated registration tools, reference frames and integrated guiding software so as to provide
increased speed, accuracy and ergonomy.

In article V, the optical navigator system was equipped with an additional patient tracking
reference frame. The frame and the associated software provided the scanner with capabilities
for on-site neuronavigation that could be combined with confirmatory intraoperative scanning.
The concept was demonstrated with two patient cases. The patient tracker was used for
pinpointing anatomical structures and helped to localize tumour remnants. The accuracy was
improved, because images could be acquired after the dura was opened and tumour resected,
that is, after the brain shift. The method made the procedures also faster and more ergonomic
as there was no need for manual recalibration of the optical tracking system after the patient
was removed from the magnet. Perhaps most importantly, the automated registration of image
and tracking system coordinate spaces decreased the risk of human error: In methods where
fiducials are manually pointed and identified on images, the chances for a mishap are real,
especially when the registration procedure must be performed repeatedly. In the already
complex operating environment associated with neurosurgery, and considering the possibly
fatal consequences of large position errors, the accuracy, robustness and ergonomy of the
presented method should prove useful.

In article VI, a set of imaging sequences was discussed for temperature sensitive imaging of
liver tissue at 0.23 T. Because of the low magnetic field strength, diffusion and proton
frequency shift based methods were excluded, and the study concentrated on T, and M,
temperature dependencies. Spin echo, gradient echo and completely balanced SSFP sequences
were optimized for maximal temperature sensitivity and the optimized sequences compared
using simulations. Based on the simulation results, the SSFP sequence was more accurate than
the other two. The optimization data and temperature sensitivity of the SSFP sequence were
further validated with in vitro measurements. The small heterogeneous sample and edge
artefacts from the containing test tube were probable causes for the discovered discrepancy (a
factor of two) between the simulated and measured results. It is inevitable that factors such as
motion artefacts and perfusion in human subjects will degrade the accuracy in delineating the
tissue destruction. But, considering the simulated and measured temperature inaccuracies, and
the steep temperature gradients typically present in ablations, the SSFP sequence seems still to
be a viable sequence type for a T,-based temperature monitoring at 0.23 T.
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Methods used in interventional MRI are in the transition period to become a part of routine
MRI. Because of the volatile state of the field, it is possible to adapt new approaches for
performing procedures with relatively little resistance to change. This thesis illustrates methods
and technology for facilitating some of the common interventional procedures on low field
open configuration magnets, and demonstrates that real gain can be acquired from the use of
the said methods.
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4 Conclusions

This thesis addressed problems related to accurate localization of minimally invasive surgical
tools and low field temperature monitoring of liver tissue.

1. Novel localization and guiding methods were presented:

a) For a catheter localization, a method utilising ex vivo Overhauser enhancement of a
catheter like structure for boosting the signal to noise ratio was demonstrated.
Significant enhancement, that is, a factor of 10, was measured.

b) A device for biopsy needle tip tracking was developed and its use demonstrated. The
position of the tip was tracked with a signal from a miniaturized electron spin
resonance sample and gradient pulses. The level of accuracy and acquisition speed was
sufficient for interventional work, the accuracy being better than that of a typical
optical tracking system and the speed comparable

2. New methods and indications of use were developed for an optical tracking system:

a) An optical guidance system was integrated with an open-configuration magnet and
used intraoperatively, proving clinically feasible, fast, ergonomic and accurate in sacral
root infiltrations and bone-biopsies.

b) The guidance system was further customized for staged neurosurgical procedures, and
the ergonomy and versatility of the system demonstrated with patient cases.

3. Means for qualitative low field MR temperature measurement of liver tissue was examined.
Based on the in vitro experiments, an optimized completely balanced steady-state sequence
seemed to be a sufficiently accurate temperature measurement sequence for a low field
scanner, with potential for limiting the damage to healthy liver tissue and helping to determine
the complete destruction of the tumour.

All combined, the studies demonstrate the usefulness and versatility of magnetic resonance
imaging for interventional work.
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