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Abstract

The purpose of this study was firstly to evaluate the optical instrument tracking system integrated to
the MRI scanner as a guidance facility in performing bone biopsy and secondly to develop and
evaluate clinical muscul oskeletal applications of interventional MRI at 0,23T. Theclinical resultsand
feasibility of MR-guided bone biopsy (n=14), periradicular nerve root therapy (n=61), discography
(n=12) and percutaneous laser therapy of osteiod osteomas (n=5) were studied.

Bone biopsies were performed with the optical instrument tracker and bone biopsy set modified
for the tracker system. The biopsy system and optical tracker mounting proved to be safe and reliable
tool for bone biopsies. 14 consecutive bone biopsies and 13 fine needle aspirations were performed
under MR-guidance. The clinical accuracy of MR-guided bone biopsy was 95%.

The periradicular therapy was applied to the anatomical region of lumbosacral area of 61
consecutive patients with sciatic pain. Procedural success rate was 98,5%. Of patients, 51,5% had
good or excellent effect with regard to radicular pain from procedure. The therapy effect achieved
with MR-guided procedure was comparable to that achieved with conventional techniques.

MR-guided discography technique and imaging protocol was devel oped as part of diagnostic pain
provocation for patients suspected for intervertebral pain source at lumbosacral area. 34 MR-guided
discographies were performed on 12 patients. In all patients positive or negative pain provocation
response was obtained.

Laser induced thermal therapy for ostelod osteoma was studied in MRI. The initial guidance of
the instrument and monitoring of the thermal procedure were done under MRI control. All the 5
patients were successfully treated.

The MR-guidance in muscul oskeletal applications seems safe and accurate.

Keywords: bone biopsy, discography, interventional, laser therapy, magnetic resonanceim-
aging, musculoskeletal, periradicular therapy






Para mi familia

“proceed, proceed: we will begin these rites, As we trust they’ll end in true delights”
William Shakespeare
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1 Introduction

Interventional radiology was launched shortly after the discovery of X-rays. The first step
was visualisation of blood vessels with angiography, followed by fluoroscopically guided
biopsies and balloon angioplasties. Computed tomography (CT) and ultrasound-guided
interventions emerged in the 1970s, and ultimately magnetic resonance imaging (MRI)
guided interventions were introduced in the 1980s. The rapid development of
interventional techniques has been led by the integration of imaging with computers, new
therapy devices and operating room like conditions. This has facilitated faster and more
accurate imaging and more demanding procedures have thus been applied to the
repertoire of the interventional radiologist. In combining features of various other
imaging modalities and adding some more to them, interventional MRI (IMRI) has
potential to take further the possibilities of interventional radiology, minimally invasive
therapies and surgery.

Acting as a guidance modality for interventional procedures has by no means been the
birthright of MRI. The hardware has been large and clumsy for interventional use. Access
to patient has been far from ergonomic and in some cases impossible. Image update
frequency has been unacceptable for most interventional procedures. Strong magnetic
fields and artifacts have effectively obstructed the use of interventional instruments in
MRI suites. This is all very much true even today, at least when considering the older
generation MRI devices. The advantages of MRI as an imaging modality have been so
obvious that considerable development has taken place in the 20-year history of MRI.

The image quality has become better, ever faster software, new innovative sequences,
better MRI hardware and increased computing power have accelerated imaging speed and
image quality to a totally new level. Perhaps the most important feature in the recent
development has been the introduction of open configuration MRI devices in the early
1990s; this enabled direct patient access and utilization of the MRI as an interventional
device.

This study aimed to develop image-guided diagnostic and therapeutic musculoskeletal
interventions for low field (0,23T) MRI surroundings and investigate the feasibility and
clinical results of the specific musculoskeletal interventional procedures.



2 Review of the literature

2.1 Image guided interventions

Image-guided interventions to obtain diagnostic information are an integral part of
evidence-based medicine. This information can be collected e.g. as bacterial, cytological
and histological specimens upon pathological processes. Interventions can also be used
for therapeutic purposes, much like surgery. The key concept in modern image guided
procedures is minimal invasiveness, which leads to better patient compliance and often
better treatment results.

The first interventional study reflecting the time to become was performed in 1896,
when an angiography of a cadaver hand was obtained (Haschek & Lindenthal 1896).
Angiographies on live patients were introduced during the 1920s. First image guided
biopsies were performed on the 1930s as aspiration biopsies of skeletal neoplasms. Dotter
and Judkins developed percutaneous transluminar angioplasty in 1964 (Dotter & Judkins
1964).

The development of ultrasound and CT boosted the use of interventional image guided
procedures to a new level, -well planned, safe and effective diagnostic and therapeutic
procedures were now possible. It is possible to do biopsies, aspirations, drainages,
palliative tumour therapies and procedures under imaging guidance (Martino et al. 1984,
Sones 1984, Livraghi 2001) Magnetic resonance imaging (MRI) was established as a
promising diagnostic tool in the beginning of 1980s, it was soon recognized that MRI was
a superior diagnostic imaging modality in diagnosing many pathological conditions and
could be used for interventional procedures as a guidance method (Lufkin et al. 1987,
Lufkin et al. 1988, Jolesz & Blumenfeld 1994, Lewin et al. 1998, Kettenbach et al. 2000).
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2.1.1 Bone biopsy

Correct assessment of information obtainable from lesions of infectious, malignant or
benign origin is essential for the selection of effective treatment in bone diseases.
Although surgical biopsy is often considered the method of choice to obtain diagnosis in
bone lesions, a substantial proportion (18.2%) of biopsy samples obtained at surgical
biopsies may be unsatisfactorily diagnosed (Mankin et al. 1982). The percutaneous
biopsy technique reduces the cost of the procedure, the anesthetic requirements, and the
risk of complications when compared to the surgical biopsy technique (Fraser-Hill et al.
1992). Percutaneous biopsy is performed by inserting a trephine needle through the skin
to the desired location under imaging guidance. The sample is then collected by
forwarding the drill to the lesion through the trephine. The drill is then removed and a
cylindrical biopsy sample is collected. Almost any location in the human body can be
reached with percutaneous biopsy techniques, but the most common site for biopsies are
the long bone of extremities, reflecting the distribution of bone pathology in general.

Cross-sectional imaging modalities, such as CT and MRI, are more time-consuming
but provide better visualization of the bone lesion than fluoroscopy (Neuerburg et al.
1998a). A percutaneous approach using x-ray fluoroscopy or CT- guidance is feasible in
bone biopsies, with a reported initial success rate of 97 to 100 % (Settle et al. 1990,
Tikkakoski et al. 1992, Jelinek et al. 1996, Leffler & Chew 1999). The complication rate
is low, with no reported complications (Jelinek et al. 1996, Leffler & Chew 1999).

2.1.2 Periradicular therapy

In selective nerve root therapy a mixture of therapeutic agents, usually a corticosteroid-
anesthetics combination, is injected to the periradicular nerve root channel. This is called
periradicular nerve root infiltration.

Selective periradicular nerve root infiltration with local corticosteroids and anesthetics
has been used for preoperative evaluation of lumbosacral pain and sciatica patients in
order to determine the not always clear correlation between the clinical symptoms and
imaging findings (Krempen ef al. 1975, Wilppula & Jussila 1977, Boden et al. 1990,
Jensen et al. 1994). Periradicular nerve root infiltration has also a significant therapeutic
effect in discogenic radicular lumbosacral and sciatic pain (Weiner & Fraser 1997, Lutz et
al. 1998, Ojala et al. 2000, Karppinen et al. 2001). Weiner and Fraser reported that 78.5
% of patients with lumbar radicular pain had considerable and sustained relief from their
symptoms (Weiner & Fraser 1997). In a study where CT was used as a guidance modality
55% of patients experienced excellent therapy effect free of symptoms, or had
experienced some improvement when evaluated 4 months after treatment (Uhlenbrock &
Arlinghaus 1997). Karppinen et al. reported that combined injection of anesthetic and
steroid to the periradicular space resulted in at least short-term pain relief from sciatica
and facilitated conservative treatment in contained herniation situation (Karppinen et al.
2001).
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2.1.3 Discography

Discography is a minimally invasive procedure where diagnostic contrast agent is
injected to an intervertebral disc to assess disc pathology and origin of the pain
(Tehranzadeh 1998). It is also used as a provocative test to evaluate possible concordant
pain to patients’ spinal area symptoms (Weishaupt et al. 2001). An effective use of
discography as a diagnostic tool is achieved when it is used for pre-surgical evaluation on
patients considered for vertebral fusion operation (Vamvanij et al. 1998, Derby et al.
1999, Carragee 2000) .

Discography is performed under fluoroscopic control from an oblique posterior
approach in the lumbar spine. The lumbar disc is punctured with a needle and diagnostic
dye is injected into the disc. Sometimes a CT-study is added to obtain more information
about disc characteristics after dye injection (Sachs et al. 1987).

Magnetic resonance imaging (MRI) is generally considered to be the most informative
form of medical imaging in describing intervertebral disc degeneration and related
pathology. Despite the advantages of MRI the more invasive discography is still
sometimes needed to verify the location of the pain. The disadvantage of discography is
the high initial radiation dose due to procedural times that are often long in fluoroscopy,
especially if complemented by CT- study. MRI discography has also been reported
(Huang et al. 2002), in this study the results indicated high concurrence between CT- and
MRI-discography.

2.1.4 Laser induced bone thermotherapy of osteoid osteoma

Osteoid osteoma is a benign bone neoplasm. Its incidence has a male prevalence. The age
range of patients varies from 2 to 50 years, with more than 50 % of tumors occurring
before 20 years of age (Kransdorf et al. 1991) The typical symptoms consist of local
fluctuating pain at the site of tumor, which is worse at night and dramatically improved
by aspirin treatment. The radiological diagnosis is very accurate when a combination of
X-ray-, CT- and/or MRI modalities is used (Greenspan 1993, Assoun et al. 1994,
Shankman et al. 1997, Radcliffe et al. 1998, Spouge & Thain 2000, Yildiz et al. 2001).
Together with clinical findings a high confidence imaging-based diagnosis is possible
(Roger et al. 1996, Cerase & Priolo 1998, Sans et al. 1999). Traditional treatment is
surgical operation and curettage of nidus with possible autologous bone patch
(Campanacci et al. 1999). Percutanous interstitial laser treatment and radiofrequency has
been successfully applied to osteoid osteoma under CT guidance (de Berg et al. 1995,
Gangi et al. 1997a, Rosenthal et al. 1998, Barei et al. 2000, Cove et al. 2000, Witt et al.
2000, Lindner et al. 2001, Woertler et al. 2001).

MRI is frequently used for thermal therapy monitoring and guidance. Interstitial tumor
therapy can be achieved via radiation and chemical or thermal coagulation of tissue.
Brachytherapy is widely in use. Alcohol and other cytotoxic substances are frequently
used (Livraghi 2001) for chemical cell destruction. Thermal coagulation in tissue can be
achieved by heating the tissue with laser (Vogl et al. 1999a, Fiedler et al. 2001),
radiofrequency energy (Solbiati et al. 2001), microwaves (Midorikawa et al. 2000),
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Cryotherapy (Neeleman ef al. 2001) and focused ultrasound (FUS) (Hynynen ef al. 2001,
Jolesz et al. 2002). Depending on the indication and therapy modality used the results
vary from good to excellent when compared to surgery (Jenkins et al. 1997, Seifert et al.
2000, Dick et al. 2002)

Laser energy has been successfully used under MRI control for thermal tumour
ablation. Vogl et al. demonstrated a series where hepatic tumours were treated with laser
tumor ablation (Vogl et al. 1998).

RF-energy can also be used for tumor therapy (Livraghi et al. 2000), although special
equipment is needed with MRI (Zhang et al. 1998, Huppert et al. 2000).

Microwaves affect the tissue much in the same way as RF-energy by coagulating
tissue. The affected area is smaller than in laser or RF-therapy.

Cryotherapy destroys the tissue by a freezing effect and it can be done under MR-
guidance (Mala et al. 2001). The effect of the therapy is distributed via shattering the cell
structure. The affected tissue area in cryotherapy is of the same size as in laser and RF-
energy.

FUS is a unique method amongst all these methods since it is truly non-invasive since
it needs no skin penetration is needed. The feasibility of FUS in breast tumor therapy has
been investigated (Hynynen ef al. 2001).

The uniting factor in percutaneous tumor therapies is the low morbidity and low
mortality associated with these procedures (Vogl et al. 1999b, Dick et al. 2002). Thermal
therapy is not confined to soft tissue tumours, also bone tumours can be treated
(Gronemeyer et al. 2002). Primary success rate of over 90% has been reached without
initial complications and with minimal invasiveness (Gronemeyer ef al. 2002).

2.2 Imaging modalities for interventional procedures

2.2.1 X-ray fluoroscopy

As a guidance modality, X-ray fluoroscopy has been the mainstay for interventional
procedures for more than 60 years. It is relatively cheap, easily adapted and based upon
well-tested and reliable technology.

Fluoroscopy provides real-time control over the procedure. Both uniplanar and
biplanar fluoroscopy can be used, and fluoroscopy can be combined with endoscopy, CT,
US and angiography (Arthur et al. 2002, Tanaka et al. 2002). Fluoroscopy provides
excellent visualization of bone structures, but soft tissue resolution is poor. When using
fluoroscopy for interventional procedures the operator must rely upon secondary
anatomical landmarks when targeting soft tissue lesions unless contrast is used. Contrast
material is needed to visualize tubular structures with fluoroscopy (Pfirrmann et al. 2001).
A further disadvantage of fluoroscopy is the definitive radiation exposure to the operator
and the patient. The radiation dose varies according to fluoroscopy time, which again is
dependent upon the procedure initialized (Vehmas 1997, McParland 1998). For instance
in many cases in periradicular therapy multiple sessions are needed to obtain a
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satisfactory result (Narozny ef al. 2001). Also complex anatomical structures are also
difficult to figure in fluoroscopy, leading to technical difficulties in performing
procedures such as sacral periradicular therapy (Viton et al. 1998).

2.2.2 Ultrasound

The possibilities of this sectional imaging modality for interventional use were opened
when the technique for ultrasound guided percutaneous puncture was described by Holm
in 1972 (Holm et al. 1972). With the application of the Seldinger technique to the
ultrasound guided punctures the indications for US-guided procedures were broadened
even further (Gronvall et al. 1977). Ultrasound combines a set of advantages. Ultrasound
provides excellent soft tissue resolution and speed with real-time imaging added with
multiplanar imaging, lack of ionizing radiation and relatively low cost. It is a very good
diagnostic and interventional tool in experienced hands (Schafroth ef al. 1987, Tang et al.
2002). The major disadvantage is the sensitivity to changes in echo properties of tissue
and the occasional difficulty in visualizing the instrument in the tissue. Ultrasound (US)
is fast and cheap and provides real-time guidance, but it has limited soft tissue contrast
and visualization of structures beneath gas or bone is poor. For instance, unless extensive
structural destruction is present, US can be used to merely outline the surface of the bone.
However, it has also been reported that successful biopsy of bone is also possible with
ultrasound with an initial success rate of 98.4% (Saifuddin et al. 2000).

2.2.3 Computed tomography

Since its development in early the 1970s computed tomography (CT) has been the
cornerstone diagnostic tool of radiological departments. This was also reflected in the
interventional applications of CT. As an end-of-the-line imaging tool CT-guidance was
used in cases where other imaging modalities had failed or were not applicable. CT has
proved an excellent tool in performing interventional procedures. CT has good spatial
resolution, especially in bone tissue. CT allows quantification of densities of tissue, thus
enabling the determination of tissue properties and further increasing the informative feed
for the interventional radiologist during procedure. These properties are reflected in the
good safety and efficacy of CT-guided procedures (Gangi et al. 1997a). The capability of
interventional CT has been recently enhanced due to the development of helical and
multi-detector CT. CT-fluoroscopy is possible, this enables real-time guidance in
interventions and makes straight-forward and more complex procedures possible (White
et al. 1997, Laufer et al. 2001). In selected indications CT has been the gold standard as
an interventional radiological guidance modality (Derby et al. 1992, Seibel et al. 1997).
The drawback of CT- guidance is the inherent radiation to which the operator and the
patient are exposed (Silverman et al. 1999, Paulson et al. 2001, Teeuwisse et al. 2001)
Another weakness is the ability to do real-time imaging in one plane only. Image
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reconstructions are possible, but these are usually time consuming and do not serve as a
tool during procedure, although they are of value in procedural planning though (Wolf et
al. 2001).

2.2.4 Magnetic resonance imaging

First interventional procedures under MRI were done in the 1980s (Mueller et al. 1986).
They were started as aspiration biopsies and biopsies (Duckwiler et al. 1989). In 1988
vanSonnenberg ef al. (vanSonnenberg et al. 1988) described a system for MR-guided
biopsy and drainage. Experimental MR-guided therapies were reported in 1992 by Cline
et al. and Matsumoto et al. (Cline et al. 1992, Matsumoto et al. 1992) The applications
and indications of MR-guided interventions have increased steadily.

MRI interventions are done in both high field (Salomonowitz 2001) and low field
devices (Popowski et al. 2000). The scanners are usually of closed or open type,
depending of their structural and functional properties. Typically high field devices are
closed bore magnets since the stronger magnetic field requires more robust shielding and
gradient structure to maintain field homogeneity. The advantage of higher magnetic field
is reflected in better spatial and temporal resolution. The high field scanners field strength
is typically 1.5 T and above. Low field scanners are less resolute upon structural
configuration of the magnet, thus it has been possible to construct open configuration
MRI scanners on which one side is usually open for patient access. Scanners of this type
are obviously more suited to a bed-side type interventional procedures than closed
systems (Gronemeyer ef al. 1991, Schenck et al. 1995). The open magnet’s field strength
varies from 0.2 to 1.0 T. There is trade-off in image quality towards less resolution due to
open structure of these systems. The image quality of low field scanners is however quite
sufficient for interventional use (Ojala et al. 2000, Ojala et al. 2001)

There are overall numerous facts that support the use of MRI in interventions. The lack
of ionizing radiation is considered an important advantage; this alone may lead to the
increased use of MRI in interventions in future. But there are further advantages to the
MRI and these are not easily, if at all, matched by any other imaging modality; firstly,
MRI provides relatively good spatial and temporal resolution (Jager & Reiser 2001).
Secondly, high intrinsic contrast in tissue without or with the use of contrast medium
(Tung & Davis 1993). Thirdly, multiplanar imaging capability with optional two and
three-dimensional view (Murphy & Totty 1986). Furthermore, MRI has the ability to
measure and quantify flow, diffusion and perfusion (Morvan et al. 1993, Rordorf et al.
1998, Pedersen et al. 2002). An important feature is also the temperature sensitivity of
MRI, which allows the assessment of temperature changes (Quesson et al. 2000).
Qualities of different modalities used for guidance in interventions are demonstrated in
Table 1.
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Table 1. Qualities of different imaging methods in interventional use.

Method Advantages Disadvantages

[N Easy availability Variable spatial and contrast resolution
No radiation
Low cost Poor imaging of bone and air-filled space
Real-time

Easy access to patient

Fluoroscopy Real-time ITonizing radiation
Bone imaging Single projection
Poor soft tissue resolution
CT Excellent spatial and temporal capability ~Limited multiplanar capability

Not sensitive to temperature
Limited access to patient

Stereotactics available Ionizing radiation
MRI (closed system)  Excellent soft tissue resolution High cost
Sensitive to flow, diffusion and No access to patient during imaging
temperature
MRI (open system) Good access to patient High cost
Multiplanar imaging Availability
Good soft tissue resolution Limited field strength

Sensitive to Temperature
No ionizing radiation

In addition, the new open configuration MRI devices are equipped with sophisticated
instrument localization and user interface tools (Vahala et al. 2001) to facilitate almost all
interventional procedures to be performed with real-time control.

The frequent clinical interventional application in MRI is biopsy. This is to be
expected, since surgical biopsy is being replaced by the less invasive but equally effective
image-guided percutaneous biopsy techniques in many indications (Tikkakoski et al.
1992, Smyczek-Gargya et al. 2002). The common indication for surgical biopsy is the
difficult anatomical location of pathology, which makes image-guided procedure difficult
to control in terms of visualizing the lesion or the surrounding structures during
procedure. MRI imaging can provide unique visualization of anatomy and pathology.
MRI can thus serve as potential imaging method in performing diagnostic biopsies. It
seems that MRI is as effective as an imaging guidance tool as any other modality in
performing biopsies (Heywang-Kobrunner ef al. 1999, Perlet et al. 2002).

There are reports in which MRI’s value in performing bone biopsies is advocated
(Neuerburg et al. 1998b, Adam et al. 1999, Genant et al. 2002).

MRI can be used as a guidance tool in percutancous drainage procedures. The
advantages of using MRI in drainage procedure guidance is that MR-guidance enables
oblique acute angle approach to the lesion, allows visualization of the total needle path in
the same image slice during puncture, good anatomical resolution and can be used as
drainage guidance modality when other guidance methods fail (Buecker et al. 2001) or
are not available.

MR imaging in interventional procedures combines the advantages of MRI and
enables to identify pain source by local injections (Mink et al. 1998). There are reports
suggesting that in therapeutic injections MR-guidance is of value (Seibel et al. 1997).
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Image guided tumor therapies are a wide entity with lots of applications. There are
numerous possibilities for interventionalists to use both in imaging modalities and therapy
modes. As an imaging modality MRI has the widest range of qualities, which makes MRI
the most interesting modality to be used for therapy planning and guidance. MR-guidance
has been successfully applied in interstitial laser treatment guidance and monitoring of
soft tissue tumor ablation (Adam et al. 1999, de Jode et al. 1999, Vogl et al. 1999b, Law
& Regan 2000, Fiedler ef al. 2001).

Optimization of thermal therapies demands methods measuring temperature in vivo
during therapy. In this respect MRI provides interesting and unique potential to measure
thermal deposition in tissue during thermal treatment. This can be achieved by using
different MRI techniques suitable for the purpose: T1 relaxation time of water protons,
molecular diffusion constant of water, water proton resonance frequency, Proton
spectroscopic imaging, temperature sensitive contrast agents, and theoretically even spin
density or magnetization transfer can namely be used for MRI thermometry (Quesson et
al. 2002).

2.2.5 Instrument tracking in interventional procedures in MRI

Instrument tracking in MRI is based upon creative use of scanner hardware, software,
sequences and tracking options (Smits et al. 1999, Konings et al. 2001). MRI
interventions can be performed in a straightforward diagnostic MRI unit with standard
software, but it is much more feasible and also safer to perform them using user interface
designed for MRI interventions (Hinks et al. 1998, Yrjana et al. 2002) (Jyrkinen et al.
2000). This type a software allows planning, imaging and performing the interventional
procedure in a predetermined way using default settings for imaging and image
windowing. This allows categorizing the interventions and providing custom-made
imaging features for each of them. The software usually comes with hardware that
enables monitoring the procedure from the imaging room and user interface hardware
that can be used in MRI environment.

Imaging sequences in interventional MRI (IMRI) are somewhat different from the
ones used in diagnostic MRI. This is due to the fact that fast imaging speed is related to
good spatial and temporal resolution. It is difficult to achieve all these simultaneously;
there is trade-off between image speed, signal to noise ratio, and resolution (Busch et al.
1998). Therefore almost all the sequences used in IMRI are custom-made and originate
from fast imaging sequences. These include various gradient echo techniques generally
with short TR; also different strategies for k-space sampling have been developed in order
to speed up the imaging. These include LoLo (Buecker et al. 1998), keyhole (Duerk et al.
1996), segmented k-space (Heid et al. 1995) and wavelet encoded data acquisition
techniques (Wendt ez al. 1998). New techniques like SMASH and SENSE are likely to set
the standard for image quality in coming years (Sodickson et al. 1999, Weiger et al.
2002).

Instrument tracking gives the possibility to obtain images in the instrument plane
simultaneously during the procedure. This leads to a multiplanar interactive scanning
environment, where the ability to interactively localize, plan and monitor the procedure is
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an essential feature. This kind of setting requires active instrument tracking. Active
instrument tracking can be achieved in at least two ways; the instrument can be tracked
with infrared camera when an appropriate number of mirrors with known locale is
provided (Vahala et al. 2001). Other method to achieve active tracking is to use a built-in
receiver or active coils in the instrument to achieve exact positional information of the
device (Ladd ef al. 1998, Joensuu et al. 2000). Locally induced field inhomogenities can
also be used to pinpoint the instrument position (Glowinski ef al. 1998). In this method a
current is applied through a wire built in the wall of the instrument causing field
inhomogeneity and thus signal void. There are also other potential methods for active
instrument tracking, such as using electron spin resonance (ESR) (Ehnholm et al. 1999),
or inducing a signal from the instrument tip from an external source (Konings et al.
2001).

Ideally IMRI procedures would be performed in real time imaging setting and thus
simple passive instrument tracking would be sufficient; this is also an option when
immediate image update is not necessary due to the nature of the procedure. Passive
instrument tracking is based on the inherent susceptibility artifact caused by the
instrument in the image data also this can be enhanced with modified catheter structure
(Bakker ef al. 1996). At the moment passive tracking methods are in frequent clinical use,
namely instrument artifacts follow-up (Adam et al. 1999, Salomonowitz et al. 2000). Of
active tracking methods, optical tracking is clinically in use (Jolesz 1998, Ojala et al.
2000).

2.2.6 Implications for this study

Intreventional procedures are in effect minimally invasive procedures of surgical nature.
These procedures have been performed a under cluster of radiological imaging
modalities, of which most recent is MRI. There are various MRI systems in use in which
MRI’s feasibility as a potential platform for interventional procedures has been
demonstrated. Low field MRI scanner and open configuration high-field scanners seem to
be most suitable for interventional procedures, but there is lack of clinical studies
demonstrating the clinical feasibility of MR-guidance in interventional procedures. The
information available upon procedural strategies and indications for MRI interventions is
limited. The procedural instrument guidance methods are still being developed. There
have been no procedural reports of MR-guided bone biopsy with associated fine needle
biopsy available. Neither are any studies available with statistical results upon MR-
guided nerve root therapies. Discography procedure has not been performed in low-field
MRI surroundings. Thermal therapies are being increasingly used for tumor palliation
and treatment; this is also being done under MR-guidance.



3 Purpose of the study

The purpose of this study was:

1.

2.

W

To study the feasibility of optical guidance method in conjunction with MR-guidance
in bone biopsies at 0.23T.

To investigate clinical feasibility of MR-guidance in performing bone biopsies at
0.23T.

To evaluate MR-guided nerve root therapies at 0.23T.

To study feasibility of MR-guidance in performing discography.

. To explore the feasibility of MR-guided thermal laser therapy in treating osteoid

osteoma at 0.23T.



4 Materials and methods

4.1 Patients and procedures

The total number of patients included to these studies was 97. Bone biopsies were
performed in five patients with the optical instrument tracker and bone biopsy set
modified for the tracker system. The sequel study consisted of clinical experiment of 14
consecutive bone biopsies (n=14), and 13 fine needle aspirations performed under MR-
guidance.

Periradicular nerve root infiltration therapy was performed on 61 consecutive patients
(n=61), with sciatic pain. The periradicular therapy was applied to the anatomical region
of the lumbosacral area.

MR-guided discography was performed as part of diagnostic pain provocation for
patients suspected of intervertebral pain source at lumbosacral area. 34 MR-guided
discographies were performed on 12 patients (n=12). Laser induced thermal therapy for
osteiod osteoma therapy was applied under MR-guidance. 5 patients were treated (n=5).
Informed consent was obtained from all patients. All the studies were accepted by the
ethical committee of Oulu University Hospital.

4.1.1 MRI-system for interventional procedures

All the procedures were performed in the interventional MRI system which consisted of a
low field MRI scanner, in-room monitor, in-room workstation with imaging capability,
infra-red camera, fixed infra-red mirrors and a foot pedal for the operator which
controlled sequence start. MRI scanner used was a resistive 0.23 T open configuration
(C-shaped) MRI with interventional optical tracking equipment and software (Outlook
Proview, Philips Medical Systems, MR Technologies Finland) (Figure 1), which was
installed into a full-scale operating room. The open configuration construction with one
pillar supporting the scanner allows wide passage to the patient through a 44 cm diameter
horizontal gap.
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Fig. 1. An open interventional MRI system.

A surface coil was used for imaging in all patients during procedure. (Figure 2). This
figure also demonstrates the typical position of the patient for vertebral column area
procedure.

Fig. 2. Typical set-up for musculoskeletal procedure.

The interventional MRI (IMRI) package consisted of an MR-compatible in-room console,
a large-screen (36") display, optical navigator hardware, and IMRI software. The display
uses a projector integrated with a backlit screen. It is capable of showing four to six
images with XVGA_resolution at a viewing distance of 2-4 m. The tracking was
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performed with an infrared navigator camera. The camera detects two infrared-reflective
trackers simultaneously, one of which is attached to the instrument and the other to the
magnet pole-piece, which thereby provides a fixed reference frame.

The navigator camera is placed on an adjustable and movable stand. The camera
utilizes infrared (IR) passive tracking, whereby the position of the instrument being
observed is calculated from the IR pulses reflected from the spheres attached rigidly to
the bone biopsy set. The camera is capable of differentiating between instrument types
based on the geometrically unique configurations of the spheres on the instruments. The
fixed reference frame attached to the upper pole-piece of the magnet allows repositioning
of the camera during the operation, in case the line-of-sight to the needle holder becomes
blocked.

The software supports instrument-guided imaging, so that the image set centre follows
the instrument tip and the image plane follows the instrument orientation. The navigation
software communicates with the scanner in real time, allowing real-time changes in the
image plane. The default image planes were typically set in three orthogonal planes in
relation to the instrument axis. Imaging can also be assessed in fixed plane mode where
the relation of imaging plane to the operator is fixed. Alternatively imaging in relation to
the magnetic field co-ordinates can be assessed. Alternate types of sequences with a
variable number of slices (1-9 slices typically) can be assessed from preset values. The
instrument dimensions were calibrated with tracking software before the puncture. The
instrument and its trajectory shows as a real-time graphic overlay in the image or in the
image set during procedure. The guidance software allows determination of the target as a
graphic overlay item (target-point) and also provides spatial feedback from instruments
position as a graphic overlay in relation to the determined target-point. The instrument
was connected to the optical tracking system with a wireless instrument holder (Figure 3).

|

Fig. 3. Instrument holder with optical tracking system.



29

It is a sterilizable tool made of biocompatible plastic and equipped with infrared
reflecting spheres suited for optical tracking. The holder is part of the interventional MRI
package (iPath 200) provided by the magnet (Proview) manufacturer (Outlook Proview,
Philips Medical Systems, MR Technologies Finland).

4.1.2 Procedural set-up

Before the MR-guided procedure, all the necessary precautions ensuring normal sterile
and safe conditions for a procedure were performed. This included the special safety
issues concerning MRI surroundings. When starting the procedure the possible site of
skin puncture and procedural route was determined by means of optical tracking. This
was done by placing the instrument mounted to tracker close to the skin at the supposed
area of containing the lesion and taking image sets to obtain information about the
procedure area and the route.

As a novel sequence to the used scanner type, CBASS (completely balanced steady
state) was applied in four of the five studies. CBASS is in essence a true-FISP type
sequence combining T2 and T1 expression based on the T2/T1 balance in high using high
flip angles (Duerk et al. 1998). The composition of the sequence is demonstrated (Figure
4).

CBASS: Completely Balanced Steady State

DY %
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Fig. 4. CBASS (completely balanced steady state), i.e. True-FISP sequence. The composition.

This sequence is fast and allows high resolution compared to other fast imaging
sequences used in low-field interventional MRI.
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4.2 Guidance method for MR-guided bone biopsy

The biopsies were performed using a bone biopsy set, connected to an optical tracking
system. An MR-compatible bone biopsy set (BoneBiopsyry, Daum GmbH, Germany)
with two different drill bits (0 3 and 6 mm) was designed in our institution to be
connected with an optical tracking system (Figure 5).

Fig. 5. MRI compatible bone biopsy set.

All parts of the set were made of a special titanium alloy, which permits the usage in
MRI up to 1.5 Tesla. Because the titanium alloy is softer than stainless steel, special teeth
that allow rotational drilling without axial pressure were created. The patented surface
treatment of the cannulas provided safe clinical use.

The feasibility of the tracking system was evaluated with biopsies of five different
anatomical areas (Table 2).

Table 2. Site, Size and final Diagnosis of Bone Lesions.

Patient Site Size (mm) Diagnosis

21 y Female Th72 25 Infection

35y Male Femoral head 9 Fibrosis

73 y Female Sacrum 50 Plasmocytoma
31 y Male L5 31 Lymphoma

70 y Female Femur 15 Metastasis

a Seventh thoracic vertebra. ® Fifth lumbar vertebra.

There was a total of 5 patients, 3 males and 2 males, mean age was 26 years. All the
patients had had a bone lesion detected in previous plain film radiography (1 patient), CT
(3 patients) or MRI (1 patient). Only one of the lesions (patient 1, table 1) was clearly
seen in plain film radiography, while CT showed 3 out of 4 lesions imaged with CT. The
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sizes of the lesions varied from 9 to 50 mm (mean 26 mm). Two of the lesions were in the
spine, one in the sacral bone, one in the femoral head and one in the femoral diaphysis. A
previous malignancy was known in one patient. Two biopsies were performed under
general anesthesia and three under spinal anesthesia.

Preoperatively, the lesion and the puncture route were visualized with T1-weighted
fast spin echo (FSE; TR/TE 400/16 ms, echo train length (ETL) 4, flip angle (FA) 90,
field of view (FOV) 380 mm x 380 mm, acquisition matrix 324 x 324, 7-mm slices, time
of acquisition (TA) 22 s, number of slices 5) in a longitudinal, either sagittal or coronal,
plane, depending on the anatomical area. The following needle guidance sequences were
used: 1. T1-weighted gradient echo (TR/TE 95/7, ETL 1, FA 60, FOV 380 x 380, matrix
300 x 300, 7-mm slices, TA 18 s/5 slices), 2. CBASS 2D (completely balanced steady
state sequence) (TR/TE 9.1/4.5, ETL 1, FA 60, FOV 380 x 380, matrix 216 x 216, 10-mm
slice, TA 2 s / one slice) and 3. CBASS 3D (TR/TE 8.4/4.2, ETL 1, FA 45, FOV 380 x
380, matrix 256 x 256, 5-mm slices, TA 24 s/8 slices). The biopsies were targeted to the
enhancing part of the tumor, if one had been present in the previous MRI. When the
lesion’s border was reached, the puncture needle was removed and a trephine bore was
introduced through a trocar. The bore was then drilled into the lesion, and a sample was
removed and fixed in 10% formalin. The patients remained in hospital for 24 hours for
routine follow-up.

4.3 MR-guided bone biopsy

All consecutive patients referred for bone biopsy at our institution during September 1
1999- September 1 2000 were included in the study. The series consisted of 14 patients,
who underwent altogether 20 percutaneous bone biopsies. 19 MR-guided trephine biopsy
samples from 13 patients were collected. On 4 patients double trephine biopsy was
performed during one session, on one patient triple trephine biopsy was done during one
session.

In combination with MR-guided trephine biopsy thirteen FNAs targeted to the lesion
area were performed on 13 patients. FNA was performed through the trochar from the
channel drilled to the bone with trephine as a complementary procedure. Additional
bacterial samples were aspirated in 4 cases to establish possible microbiological
involvement in the lesion. A MRI compatible 20 gauge needle (MReye, Cook,
Bloomington, IN, USA) was used in FNA and in aspiration for bacterial stains. Eight
patients were biopsied under general anesthesia, and 6 biopsies were made under spinal
anesthesia.

The mean age of the patients was 50 years (6 males, 8 females). All the patients had
had a bone lesion detected in a previous radiographic, CT or MRI examination. The
indications for bone biopsy were: bone lesion of unknown origin n= 5, suspected
osteomyelitis n=2, suspected primary malignancy n=2, suspected metastatic lesion n=>5.
The bone lesion was suspected of being either neoplastic or infectious in nature. In cases
with suspected osteomyelitis there was no preprocedural evidence of extraosseus
infectious agent. The lesion size varied from 0.7 cm to 12 cm the mean being 3.4 cm.



32

The locations of the lesions were: pelvis n=4, femur n=4, lumbar spine n=2, thoracic
spine n=3, tibia n=1. The lesions were graded by preoperative imaging being edematous
n=7, destructive n=5 or sclerotic n=2 of nature. Lesion sizes and localizations are
demonstrated in Table 3.

Table 3. Bone biopsy lesion sizes, localization and diagnosis.

Patient Lesion size Lesion location Diagnosis

44 y Female 1cm Femur Infection

59 y Female 2cm Femur Carcinoma
31y Male 4cm L52 Lymphoma
64 y Male 1cm Ileum Lymphoma
67 y Male 1cm Ileum Myeloma

42 y Male 3cm Tibia Paget disease
21y Female 3cm Th7° Infection

32 y Female 3cm Th12°¢ Normal

35y Male 0.7 cm Femur Fibrosis

56 y* Female 3cm Th7b Infection

72 y Male 12 cm Sacrum Infection

73 y Female 4cm Sacrum Fibrosis

78 y Female 4 cm Lad Post-infection
31y Female 3cm Femur Normal

2 Lumbar vertebra 5. Y Thoracic vertebra 7. ® Thoracic vertebra 12. 4 Lumbar vertebra 4. * Biopsied after

transition in CT.

Two similar MRI compatible trephine biopsy sets of different caliber (inner diameter
3mm and 6 mm, Daum medical, Schwerin, Germany) with optical tracking equipment
were used. The biopsy sets were modified to house a tracking tool (Figure 6).

Fig. 6. Bone biopsy set with optical tracker housing.
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A prerequisite for the procedure was a free route to the lesion. The route was
determined with T1-weighted fast spin echo imaging (5 slices, FSE, TE 400 ms, TR 16
ms, slice thickness/ interval 7,0 mm/ 8.0 mm, FOV 380x380, matrix 324x324, acquisition
time 23 seconds), CBASS imaging (8 slices, CBASS, TR 8.4 ms, TE 4.2 ms, slice
thickness/ interval 5.0 mm/ 5.0 mm, FOV 380x380, matrix 256x256, acquisition time 24
seconds), and T2-weighted fast spin echo images (9 slices, FSE, TE 3500 ms, TR 150
ms, slice thickness/interval 7,0 mm/8,0 mm, FOV 380x380, matrix 192x192, acquisition
time 35 seconds), were also obtained whenever no previous MRI imaging had been made.
A representative, and most probably, viable part of the lesion was selected as a target. The
parts of the lesion that represented extraosseous tissue extension or were not covered by
cortical or osteosclerotic bone were preferred for biopsy.

The set-up for biopsy is demonstrated in Figure 2.

To reduce post-procedural pain in patients who underwent the procedure under general
anesthesia, local anesthetic was then injected into the soft tissue and to the puncture route.
A small skin incision was made to facilitate the initial introduction of the bone biopsy set.
The biopsy needle, including the stylet and the trochar, were then advanced to the edge of
the lesion using graphic overlay information provided by tracking and instrument
generated susceptibility in repeated fast-images as reference. The stylet was removed and
the drill was introduced into the trochar. The drill was then advanced to the lesion (Figure
7) and a sample was collected.

8 Sep 2000/ 12:29
Slice: 6 (8)

0imin, 24 sec {1 ave(s))
Phase enc: HOR

Fig. 7. A biopsy drill in the lesion situated at the femoral head. CBASS, 8 slices, TR 8.4 ms, TE
4.2 ms, slice thickness/interval 5.0 mm/5.0 mm, FOV 380x380, matrix 256x256, acquisition time
24 seconds.

If the catch seemed insufficient to the interventionist, the procedure was repeated
through the trochar. The cytologic samples were aspirated through the trochar from the
drill channel after the initial trephine biopsy. Before and during the puncture, fast T1-
weighted gradient (3 slices, FE, TR 95 ms, TE 7 ms, slice thickness/interval 7.0 mm/7.0
mm, FOV 380x380, matrix 300x300, acquisition time 12 seconds), (5 slices, FE, TR 130
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ms, TE 11 ms, slice thickness/interval 10,0 mm/10.0 mm, FOV 380x380, matrix
256x256, acquisition time 18 seconds), or CBASS imaging ( 8 slices, CBASS, TR 8.4 ms,
TE 4.2 ms, slice thickness/interval 5.0 mm/5.0 mm, FOV 380x380, matrix 256x256,
acquisition time 24 seconds), (1 slice, CBASS, TR 9.1 ms, TE 4.5 ms, slice thickness/
interval 10.0 mm/ 10.0 mm, FOV 380x380, matrix 256x256 acquisition time 1.5
seconds) was performed in order to visualize the biopsy set.

If the immediate preoperative MRI visualization of the lesion was not adequate or
preoperative imaging suggested that using contrast agent might be beneficial in
visualizing the most active part of lesion, intravenous contrast medium (15 cc of
gadolinium) was introduced directly prior to the puncture. Contrast was used in 5 lesions
graded edematous, one graded destructive and in one graded sclerotic. T1-weighted fast
spin echo imaging (5 slices, FSE, TE 400 ms, TR 16 ms, slice thickness/interval 7,0 mm/
8.0 mm, FOV 380x380, matrix 324x324, acquisition time 23 seconds) of the lesion was
then performed. The patients remained in hospital for 24 hours for routine follow-up.

The trephine biopsy samples were fixed in 10% formalin. The FNA material was
processed by fixing the sample in 50% alcohol for preparation by the filtration technique.
The FNA findings were rated as cytologic samples: CO -insufficient; C1 -normal; C2 -
benign atypia; C3 -possibly malignant; C4 was highly suspicious of malignancy and C5
was malignant. Grades C3, C4 and C5 were determined to concur with malignant
histology. A pathologist determined the amount of obtained trephine biopsy material and
FNA material as either sufficient or insufficient for diagnostic use. Histopathological and
cytological diagnosis based on trephine biopsy material and FNA material was
determined by pathologists. Double reading of the samples was used. After initial
histopathological and cytological diagnosis, the samples were re-evaluated by a
pathologist experienced in bone pathology. Possible change in diagnosis after this re-
evaluation was recorded. The diagnostic accuracy for histology, FNA and bacterial stains
was reported as true-positive or true-negative and false-positive or false-negative. Cases
determined as being false negative were divided into two groups after 6 months’ clinical
follow-up: wrong diagnosis or sampling error. Insufficient sample in FNA and necrosis as
a diagnosis in trephine biopsy were determined as a non-diagnostic being false negative,
and a new biopsy (MR-guided or surgical) was scheduled. The evaluation of diagnostic
accuracy was achieved by comparing the histopathological diagnosis, cytological
diagnosis and microbiological diagnosis with current or final diagnosis made during 6
months’ clinical follow-up.

4.4 MR-guided periradicular therapy

Patients referred for percutaneous periradicular nerve root infiltration therapy at our
institution during April 1 1999-March 1 2001 were included in the study. The series
consisted of 61 patients, who underwent altogether 67 percutaneous periradicular nerve
root infiltrations. The periradicular nerve root infiltration was always targeted to the
symptomatic side of the patient. 58 infiltrations were targeted to first sacral root, 7
infiltrations to 5™ lumbosacral root and 2 to 4™ lumbosacral root. On 5 patients double
infiltration was performed from 4 to 10 months after to the first procedure due to renewed
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radicular pain. One patient had periradicular nerve root infiltration also to the contra-
lateral nerve root. The mean age of the patients was 46 years (range 22-71 years); 41
patients had an unoperated disc disease and 20 patients had history of previous back
surgery. All patients had lumbosacral radicular pain or sciatica diagnosis set by surgeon
or rehabilitation specialist before referral to the procedure. Patients with indication for
acute surgery, such as cauda equina, were excluded from the study. The final outcome of
procedural pain relief obtained was evaluated after 6 months’ clinical follow-up and
questionnaire. The effect to the radicular pain was graded:

1. Good to excellent = no pain or not disturbing pain allowing normal physical activity

at 3 months from the procedure,

2. Temporary = temporary relief of pain (1-4 weeks),

3. No relief of pain

4. Worsening of pain.

All the patients had a preprocedural MRI or CT study made.

The possible correlation between the effect of nerve root infiltration therapy and the
etiology of the pain was studied. To facilitate this the findings of vertebral disc anatomy
and pathology causing possible narrowing in subsequent path of the symptomatic nerve
root in individual patients were classified into 3 categories at the lumbosacral levels from
L1 to S1. This classification was done by inspecting the pre-procedural imaging data
(MRI or CT) obtained from the lumbosacral area.

The categories were;

1. Normal or minor protrusion of intervertebral disc without narrowing of the nerve root
space.

2. Intervertebral disc herniation narrowing the nerve root space.

3. Narrowing of the nerve root channel due post-operational scarring and/or osseal
prominence.

An MRI compatible 20 gauge needle (MReye, Cook, Bloomington, IN, USA or
Manan, MD Tech, F1, USA) was used for nerve root infiltration puncture and injection of
therapeutic substance.

A prerequisite for the procedure was a free route to the periradicular nerve root area.
The route was determined with T1-weighted fast spin echo imaging (5 slices, FSE, TE
400 ms, TR 16 ms, slice thickness/ interval 7,0 mm/ 8.0 mm, FOV 380x380, matrix
324x324, acquisition time 23 seconds), CBASS (completely balanced steady state)
imaging (8 slices, CBASS, TR 8.4 ms, TE 4.2 ms, slice thickness/interval 5.0 mm/5.0
mm, FOV 380x380, matrix 256x256, acquisition time 24 seconds), and T2-weighted fast
spin echo images (9 slices, FSE, TE 3500 ms, TR 150 ms, slice thickness/interval 7.0
mm/8.0 mm, FOV 380x380, matrix 192x192, acquisition time 35 seconds), were also
obtained whenever no previous MRI imaging had been made. The used sequence,
CBASS (completely balanced steady state) is in essence true-FISP type sequence
combining T2 and T1 expression based on the T2/T1 balance in using high flip angles.
This sequence is fast and allows high resolution compared to other fast imaging
sequences used in low-field interventional MRI (Duerk et al. 1998).

The nerve root determined preoperatively as being the most probable pain source by
clinical inspection and imaging studies was selected as target.

The set-up for therapeutic MR-guided injection and the surface coil used are
demonstrated in Figure 2.
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To reduce procedural subcutaneous pain, the local anesthetic lidocaine (10%),
maximum 5ml, was then injected into the subcutaneous soft tissue. No other medication,
sedation or monitoring was used. The needle was then advanced through the
subcutaneous fat and dorsal sacrolumbar ligaments to the connective tissue surrounding
the nerve root, i.e. periradicular space, using graphic overlay information provided by
tracking and instrument generated susceptibility in repeated fast-images as reference,
(Figure 8A). The mandrel was removed and 2 ml of saline was introduced into the
periradicular space (Figure 8B). This technique was used in the last 62 infiltrations. The
possible pain provocation generated and the nature of it were recorded simultaneously.

Sfice: 4 (8)
Pos: & mm
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Fig. 8. A Needle at periradicular space of the S1 nerve. 8 slices, CBASS, TR 8.4 ms, TE 4.2 ms,
slice thickness/interval 5.0 mm/5.0 mm, FOV 380x380, matrix 256x256, acquisition time 24
seconds.
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Fig. 8. B Saline is visualized at periradicular space. 5 slices, EXPRESS, TR 9000 ms, TE 274 ms,
slice thickness/interval 7mm/7mm, FOV 380x380, matrix 256x256, acquisition time 9 seconds.

Before and during the puncture, fast T1-weighted gradient echo (3 slices, FE, TR 95
ms, TE 7 ms, slice thickness/interval 7.0 mm/7.0 mm, FOV 380x380, matrix 300x300,
acquisition time 12 seconds), (5 slices, FE, TR 130 ms, TE 11 ms, slice thickness/interval
10,0 mm/10.0 mm, FOV 380x380, matrix 256x256, acquisition time 18 seconds), or
CBASS imaging (8 slices, CBASS, TR 8.4 ms, TE 4.2 ms, slice thickness/interval 5.0
mm/5.0 mm, FOV 380x380, matrix 256x256, acquisition time 24 seconds), (1 slice,
CBASS, TR 9.1 ms, TE 4.5 ms, slice thickness/interval 10.0 mm/10.0 mm, FOV
380x380, matrix 256x256 acquisition time 1.5 seconds) was performed in order to
visualize the needle and anatomic structures to enable correct needle positioning to the
target.

Immediately before and after the introduction of saline to the periradicular nerve root
space, a single shot fast spin echo (SSFSE) imaging (5 slices, EXPRESS, TR 9000 ms,
TE 274 ms, slice thickness/ interval 7mm/7mm, FOV 380x380, matrix 256x256,
acquisition time 9 seconds) was performed to detect fluid signal around or parallel to the
nerve root. The final proof of correct placement of the needle was obtained with this
method. Possible pain provocation by the injection of saline was also used as an adjunct
confirmation of the right placement of the needle.

After this the therapeutic agent was introduced through the needle, either 2 ml of
methylprednisolone-bupivacaine solution (Solomet, methylprednisolone 40 mg/ml-
bupivacaine 5 mg/ml; Orion, Finland) (63 infiltrations) or 2ml bupivacaine (5%), (4
infiltrations) was injected into the periradicular space and the fluid signal around or
parallel to the nerve root was again detected with the SSFSE sequence. In the first 8
procedures fluoroscopy was used with MRI as an adjunct modality either for determining
the puncture site to the skin or to confirm the final placement of the needle in the
connective tissue surrounding the nerve sheath with a contrast agent.
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4.5 MR-guided discography

Between April 1 2000 and March 1 2001 patients referred for percutaneous discography
at our institution were included in the study. The series consisted of 12 patients, 6 males
and 6 females, mean age being 41 years. Altogether 35 disc punctures were initialized
and 34 percutaneous discograms were obtained. All patients had clinical suspicion of
lumbar discogenic pain and/or a suggestive finding of lumbar disc or lumbar spine
degeneration in imaging studies (MRI, CT, x-ray). Pre-procedural degenerative spine
findings and clinical diagnosis of possible lumbar instability verified in lumbar region
extension-flexion x-ray images was reported. MR-guided discography was performed in
order to determine possible pain provocation during contrast injection as a preliminary
test to evaluate the possibility of surgical spinal fusion as a treatment option for
continuous pain. The discography was always performed from the less symptomatic side.
Patients with indication for acute surgery, such as cauda equina, were excluded from the
study. Also excluded were patients with suggestive imaging findings of acute disc
herniation, neoplasm, spinal stenosis and infection. All the patients received pre-
procedural intra-venous antibiotics, 1.5 g cefuroxime.

The final incidence of possible procedural complications was evaluated after 6
months’ clinical follow-up. The primary result of possible surgical operation was
evaluated 6 months after surgery. 9 patients underwent MRI study of the lower back area
immediately before the MR-guided discography. The MRI study with same sequential
configuration was repeated immediately after the MR-guided discography for these 9
patients. The diagnostic MRI study used consisted of non-contrast sagittal FSE T1 (13
slices, FSE, TE 380 ms, TR 18 ms, slice thickness/interval 5.0 mm/5.5 mm, FOV
320x320, matrix 256x256, acquisition time 5 min 46 seconds), FSE T2 (13 slices, FSE,
TE 4500 ms, TR 120 ms, slice thickness/interval 5.0 mm/5.5 mm, FOV 320x320, matrix
256x256, acquisition time 7 min 12 seconds). In addition, axial 3D T1 gradient echo
imaging (24 slices, FE3D, TE 33 ms, TR 9 ms, slice thickness/interval 3.0 mm/3.0 mm,
FOV 350x350, matrix 256x256, acquisition time 7 min 36 seconds) was performed
preoperatively and after injection of contrast media to obtain MRI discograms.

A prerequisite for the procedure was a free route to the lumbar disc area. The route
was determined with T1-weighted fast spin echo imaging (5 slices, FSE, TE 400 ms, TR
16 ms, slice thickness/interval 7.0 mm/8.0 mm, FOV 380x380, matrix 324x324,
acquisition time 23 seconds) and CBASS imaging (8 slices, CBASS, TR 8.4 ms, TE 4.2
ms, slice thickness/ interval 5.0 mm/5.0 mm, FOV 380x380, matrix 256x256, acquisition
time 24 seconds).

The typical patient set-up for MR-guided discography is demonstrated in Figure 2.

To reduce procedural subcutaneous pain the local anesthetic lidocaine (5Sml) was then
injected into the subcutaneous soft tissue. No other medication, sedation or monitoring
was used.

Before and during the puncture, a T1-weighted gradient echo (3 slices, FE, TR 95 ms,
TE 7 ms, slice thickness/interval 7.0 mm/7.0 mm, FOV 380x380, matrix 300x300,
acquisition time 12 seconds), (5 slices, FE, TR 95 ms, TE 7 ms, slice thickness/interval
7,0 mm/7.0 mm, FOV 380x380, matrix 256x256, acquisition time 18 seconds), or
CBASS imaging (8 slices, CBASS, TR 8.4 ms, TE 4.2 ms, slice thickness/interval 5.0
mm/5.0 mm, FOV 380x380, matrix 256x256, acquisition time 24 seconds), (1 slice,
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CBASS, TR 9.1 ms, TE 4.5 ms, slice thickness/interval 10.0 mm/ 10.0 mm, FOV
380x380, matrix 256x256 acquisition time 1.5 seconds) was performed in order to
visualize the needle.

The initial puncture was performed with an MRI compatible 19.5 gauge needle
(Chiba-type MReye™, Cook, Bloomington, IN, USA). This needle was used as a coaxial
needle. The needle was then advanced through the subcutaneous fat and dorsal
sacrolumbar ligaments and muscles to the edge of the intervertebral disc using both the
graphic overlay information and the instrument generated susceptibility artifact in
repeated fast-images as reference. The inner mandrine was then removed and initial disc
puncture was performed through the co-axial needle with 22 gauge needle (Manan-type,
MD Tech, Fl, USA), which was advanced to the centre of the intervertebral disc; Figures
9 and 10.
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Fig. 9. A sagittal image of the needle in the intervertebral disc. 5 slices, FE, TR 95 ms, TE 7 ms,
slice thickness/interval 7.0 mm/7.0 mm.
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Fig. 10. An axial image of the needle in the paravertebral disc. 5 slices, FE, TR 95 ms, TE 7 ms,
slice thickness/interval 7.0 mm/7.0 mm.

After disc puncture 1-2ml of gadolinium-saline mixture (1:8) was injected into the
disc. The possible pain provocation generated and the nature of it were recorded
simultaneously. Immediately after injection sagittal FE T1 weighted images were
obtained to verify the formation of MRI discogram (Figure 11).
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Fig. 11. Sagittal FE T1 weighted discogram image. S slices, FE, TR 95 ms, TE 7 ms, slice
thickness/interval 7.0 mm/7.0 mm.
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Evaluation of the pain patient experienced was done during injection of contrast by
evaluating pain concordance with patients’ existing pain symptoms using the Dallas
Discogram Description scale (Sachs et al. 1987) for injection-generated pain: no
sensation, pressure, dissimilar pain, similar pain, exact pain reproduction. For this study
pain reproduction was classified as concordant when the patient felt similar or exact
reproduction of pain. Non-concordant pain reproduction was reported when the patient
felt the sensation of dissimilar pain, pressure or no pain during injection of contrast.

4.6 MR-guided laser induced thermotherapy of osteiod osteoma

Between September 1 2001 and May 1 2002 5 consecutive patients (mean age 26 years, 3
females, 2 males) with clinical and imaging findings suggesting osteoid osteoma were
treated with interstitial laser treatment at our department.

The patients’ lesion localization sites were; femur (n=4), talus (n=1), mean nidus size
was 1.3 cm. Lesion sizes and localizations are demonstrated in Table 4.

Table 4. Osteoid osteoma patients’ age, lesion size, localization, diagnosis and outcome.

Patient Size Localization Diagnosis Outcome

loy 2cm Femur Ost.osteoma Residivation,5 months
11y 0.5cm Talus Ost.osteoma Complete recovery
6ly 2cm Femur Fibrosis Complete recovery
17y lem Femur Fibrosis Complete recovery
24y lem Femur Ost.osteoma Complete recovery

Strict sterility was maintained throughout the procedure. All the patients received
prophylactic antibiotics before procedure, cefuroxime 1,5 g iv.

Depending from the patients age, lesion localization and patient co-operation either
general anesthesia or spinal anesthesia was used. If general anesthesia was used local
anesthetics were applied (lidocain 5%) subcutaneously to the treatment area to ease post-
procedural local pain.

Initial puncture to the lesion was done under MR-guidance using the described optical
instrument guidance. The needle was then advanced through the subcutaneous fat to the
target vicinity using graphic overlay information provided by tracking and instrument
generated susceptibility in repeated fast-images as reference. Before and during the
puncture CBASS imaging (8 slices, CBASS, TR 8.4 ms, TE 4.2 ms, slice thickness/
interval 5.0 mm/5.0 mm, FOV 380x380, matrix 256x256, acquisition time 24 seconds), (1
slice, CBASS, TR 9.1 ms, TE 4.5 ms, slice thickness/interval 10.0 mm/10.0 mm, FOV
380x380, matrix 256x256 acquisition time 1.5 seconds) and FE imaging (5 slices, FE, TR
95 ms, TE 7 ms, slice thickness/interval 7.0 mm/7.0 mm, acquisition time 18 seconds)
was performed in order to visualize the instrument and anatomic structures to enable
correct instrument positioning to the target.

A 14 g bone biopsy drill (Cook Medical, USA) (Figure 12) was used to enter nidus
(Figures 13 and 14).
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Fig. 13. Bone biopsy drill adjacent to osteoid nidus. 5 slices, FE, TR 95 ms, TE 7 ms, slice
thickness/interval 7.0 mm/7.0 mm, acquisition time 18 seconds.
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Fig. 14. Bone biopsy drill in the osteoid nidus. 5 slices, FE, TR 95 ms, TE 7 ms, slice thickness/
interval 7.0 mm/ 7.0 mm, acquisition time 18 seconds.

A subsequent biopsy was extracted. After drilling the channel to the lesion nidus a 14
g coaxial needle (MRI devices Daum, USA, Germany) was introduced to the channel via
MRI compatible 0.35 stiff guidewire (Somatex GmbH, Berlin, Germany) and its position
was controlled with imaging. The guidewire was then removed and laser fiber was
introduced to the needle shaft. The needle was then retracted 0.5 to 1 cm and its position
was again controlled. After this the laser treatment was initialized.

The used laser device was of Nd-Yag type, maximum power 100W (Fibertom medilas,
Dornier Medizin technik, Germany). A bare laser fiber (Dornier Medizin technik,
Germany) with a 400 pm diameter of was used. The laser treatment was conducted using
constant energy flow and power of 2 W. The mean amount of energy delivered to the
bone tissue was 1,000 joules (min 350 J, max 1,800 J). The maximum energy amount not
to be exceeded was calculated from the formula derived from the results of earlier studies,
where the increase of bone tissue coagulation size was measured with increase of laser
induced energy deposition (Gangi et al. 1997¢). Least square fit was introduced to this
data and a logaritmic correlation (R2 between 0.93 and 0.99) was found between the laser
energy and coagulation size, both in the axial and longitudial direction. This was true in
both groups in earlier study. That study showed also that increasing the laser energy
increases the coagulation size only to a certain value, between 6mm and 10 mm, after
which increase in the laser power yields very little increase in the coagulation size. The
formula acquired with square fit for axial coagulation is

D = 2,389*In(E)-10,58,
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where D is the coagulation diameter in millimeters and E the laser energy. The treatment
was monitored by using CBASS MRI imaging, (CBASS 3D, TE 7.7 ms, TR 3.8 ms, 8
slices, slice thickness/interval 6.0 mm/6.0 mm, FOV 380x380, matrix 160x160, FA 63
deg., acquisition time 24 seconds), by following the change in signal intensity expressed
as signal void in the image caused by the temperature change in the tissue heated.
Imaging sequence was repeated at Iminute 30 seconds intervals. When possible signal
void was detected and maximum amount of energy delivered the treatment was
considered complete. After the treatment the patients were monitored for 6 hours in the
recovery room. The patients were dispatched from the hospital after the first clinical
control performed within 24 hours of the treatment. A further clinical control was carried
out within 3 weeks after the procedure. A questionnaire for each patient on the status of
pain symptoms was filled in by the patients 3 and 6 months after the treatment. The
questionnaire was structured as 1. total relief of pain 2. some relief pain 3. no relief of
pain. Only total relief of pain was considered as successful outcome. In case of persisting
pain patients were rescheduled for control MRI study and re-treatment with laser
ablation.



5 Results

5.1 Guidance method for MR-guided bone biopsy

The bone biopsy system was successfully applied to all patients, and it provided a safe
and accurate guidance method for all phases of the procedure. Optical tracking
implemented as part of the biopsy set allowed the puncture route to be chosen fast and
reliably before needle insertion, and it was also useful during the biopsy procedure
whenever the angle of approach had to be changed. Optical tracking also allowed almost
real-time imaging in the plane of the instrument, which made the procedure easy to
accomplish in different anatomical areas and at different angles of approach, allowing the
procedural time from the insertion of the needle through skin to needle retraction to be
less than 40 minutes.

The biopsies performed using this system yielded sufficient samples in all cases (Table
2). One of the vertebral body biopsies (Th 7) was performed via the transpedicular route
without difficulties (Figure 15).
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Fig. 15. Transpedicular vertebral biopsy. Sagittal image. CBASS, 8 slices, TR 8.4 ms, TE 4.2
ms, slice thickness/interval 5.0 mm/5.0 mm, FOV 380x380, matrix 256x256, acquisition time 24
seconds.

The image quality of the 0.23 T scanner was sufficient in all cases, including lesions
diagnosed with high-field MRI prior to the intervention. No complications occurred.

5.2 MR-guided bone biopsy

The low-field MRI device used detected all the lesions in the patients referred for biopsy.
The lesions were seen both in the immediate preprocedural scans using conventional
sequences and in the fast imaging sequence scanning used during the procedure. In all but
one case, the location of the lesions was such that a safe approach was possible using
MR-guidance, and the needle could also be detected in all lesions. In one patient, a
conversion to CT guidance was made. A motion artefact due to inadequate procedural
imaging quality caused this; the lesion was situated at the thoracic vertebral body and at
the time of procedure fast scanning sequence (CBASS), which is less sensitive to motion,
was not available. MR contrast medium was used in 7 out of the 13 MRI biopsies
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performed in order to improve visualization of the active component of the lesion.
However, no improvement in visualization of the lesion was found in cases when contrast
was used.

Out of the 13 patients biopsied in MRI, the trephine biopsy yielded a diagnosis in all
but one case. All the double and triple samples concurred. Double reading of sample
material did not result in changes in initial diagnosis. One of the trephine biopsy findings
was considered false negative during 6 months’ clinical follow up. This was categorized
as a sampling error and the final diagnosis was achieved with surgical biopsy. Diagnostic
accuracy in the trephine biopsy series was thus 95%. The trephine biopsy yielded a
malignant diagnosis in 4 patients, a post-infectious or granulomatous reaction in 4
patients, a benign fibrotic lesion in 2 patients and Paget’s disease in one patient, while
two patients had a normal finding after a 6-month clinical follow-up. MRI guided
trephine biopsy excluded malignancy in 3 patients with a known previous malignant
disease and detected malignancy in 3 patients without a previous diagnosis of malignant
disease.

The FNA sample material was adequate for diagnostic evaluation in all cases. The
FNA cytological diagnosis concurred with the trephine biopsy diagnosis in 54% of cases.
There were thus 46% of false negatives in FNA diagnoses, which were all determined to
be due to sampling error. However, the cytological diagnosis concurred with histological
diagnosis in all cases with malignant histology. The bacterial stains for microbiological
diagnostics were true negative in all of the 4 cases where they were collected with a 6-
month clinical follow-up.

The mean puncture time from the introduction of the needle through skin to needle
retraction was 1 hour 20 minutes. The mean operative time from entering the
interventional MRI operation theater to leaving it was 2 hours 55 minutes, maximum 4
hours 30 minutes and minimum 1 hour 45 minutes, this included the anesthesia
procedures needed. The mean number of sequences used during the procedure was 26,
maximum 58 and minimum 8 sequences. There were no procedural complications.

5.3 MR-guided periradicular therapy

All the nerve roots selected for targeted infiltration were detected in the low-field MRI
device used. MR-guidance allowed correct needle positioning in all but one case (98.5%)
when MR-guidance was used. The failure was caused by degeneration-induced changes
in anatomy obstructing path to the nerve root canal. There was no need to reposition the
needle after initial MRI imaging (8 slices, CBASS, TR 8.4 ms, TE 4.2 ms, slice
thickness/interval 5.0 mm/5.0 mm, FOV 380x380, matrix 256x256, acquisition time 24
seconds) had confirmed the localization of the needle in the direct vicinity of the nerve
root sheath.

The mean puncture time from the introduction of the needle through skin to needle
retraction was 12 minutes, minimum 2 minutes and maximum 60 minutes. The mean
procedural time from starting the interventional MRI procedure to completing it was 33
minutes, minimum 9 minutes and maximum 84 minutes, this included the anesthesia
procedures needed. These times do not include the time required for preparing the patient
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and operation room. The mean total number of sequences used in all scans during the
procedure was 13, minimum 7 sequences and maximum 26. The mean number of
sequences used for puncturing was 10, minimum 2 and maximum 20. There was one case
where post-procedural pain was categorized as a post-procedural complication. Three
patients underwent back surgery during follow-up period due to persisting clinical
symptoms and worsened disc pathology finding in imaging studies. All these patients had
relief to the pain from surgery.
The therapy effect outcome of all performed punctures is shown in Table 5.

Table 5. The effect of nerve root infiltration to the radicular pain in all performed
punctures.

The effect of nerve root infiltration on radicular pain N %
No pain or not disturbing pain 35 52.2
Temporary relief of pain 15 224
No relief of pain 14 20.9
Worsening of pain 3 4.5
Total 67 100.0

For these data statistical analysis was performed with a chi-square test where p< 0.001, df =3, and )(2 =31.806.

Effect of nerve root infiltration on the radicular pain according to the operational
situation before the procedure is shown in Table 6.

Table 6. Effect of nerve root infiltration on radicular pain according to the operational
situation before the procedure.

The effect of nerve root infiltration Patients’ operational situation before nerve root infiltration
on radicular pain Operated Not operated

N % n %
No pain or not disturbing pain 15 78.9 18 41.9
Temporary relief of pain 2 10.5 11 25.6
No relief of pain 2 10.5 11 25.6
Worsening of pain - 0.0 3 7.0
Total 19 100.0 43 100.0

The therapy effect on patients with different types of nerve root channel narrowing is
shown in Table 7.
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Table 7. The therapy effect on patients with different types of nerve root channel
narrowing.

The effect of nerve root Type of finding in preprocedural imaging
1n£1.1tralt10n t? the A disc herniation Narrowing of the nerve Normal or symmetrically
radicuiar pain finding root channel findings due  protruded disc without
to post-operational narrowing of the nerve
scarring and/or osseal root channel findings
prominence
n % 5 % n %
No pain or not disturbing pain 23 62.2 2 18.2 3 25.0
Temporary relief of pain 8 21.6 6 54.5 1 8.3
No relief of pain 4 10.8 3 273 7 58.3
Worsening of pain 2 5.7 - 0.0 1 8.3
Total 37 100.0 11 100.0 12 100.0

Of all infiltrations, 63 were done with methylprednisolone-bupivacaine solution, the
outcome being good to excellent in (n=33) 52.4%, temporary relief in (n=15) 23.8%,
(n=12) 19% had no effect, and (3) 4.8% had worsening of pain. With the four infiltrations
done with bupivacaine alone, (n=2) 50% patients had good or excellent outcome and (2)
50% patients had no effect.

Saline solution served as the contrast agent for heavily T2-weighted SSFSE imaging
sequences in the last 62 infiltrations. In all of these the contrast to noise ratio was
sufficient to confirm the right placement of the needle and allowed visualization of the
path of the nerve root treated.

5.4 MR-guided discography

A total of 35 discs were punctured and 34 procedural MRI-discograms were obtained on
12 patients. This yielded the procedural success rate of 97%. The anatomic distribution of
punctured disks was following: 3 (9%) discs at the L2-to L3 level, 12 (35%) discs at the
L3-to L4 level, 12 (35%) discs at the L4-to- L5 level and 7 (21%) discs at the L5- to S1
level. In all injections a positive or negative pain response from targeted discs was
obtained, generating 100% success in assessing pain response.

The average time for performing MR-guided discography was 1 hour 25 minutes (min.
45 minutes, max. 2 hours 15 minutes) for 3 discs and the average number of imaging
sequences used for puncturing one disc was 12. Average time to perform MR-guided
discography on one disc was 19 minutes (min. 5 minutes, max. 50 minutes). There was
one complication reported (disc collapse) during follow-up. In one disc the puncture
failed and discogram was not acquired. Post-procedural axial MRI-discogram was
acquired from 9 patients (Figure 16), making up a total of 25 discs.
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Fig. 16. An axial discogram image. 24 slices, FE3D, TE 33 ms, TR 9 ms, slice thickness/interval
3.0 mm/3.0 mm, FOV 350x350, matrix 256x256, acquisition time 7 min 36 seconds.

5.5 MR-guided laser induced thermotherapy of osteiod osteoma

The mean operative time from starting the procedure (image localization) to the end of
the procedure (retracting the laser fiber) was 95 minutes. The mean amount of
interventional imaging sequences used during the puncture was 11.

All the 5 treatments were successful. A definite proof signal change in MRI images of
the treatment area taken during thermal treatment was not observed. All the patients were
discharged from hospital within 48 hours from the procedure. All the patients were
symptom-free 3 weeks after the initial laser treatment. There were no complications
during follow-up time (6 months). Biopsy resulted in diagnosis of osteoid osteoma in 3
cases (75%) and fibrosis in 2 patients (25%). There was one recurrent osteoid ostema
during follow-up.



6 Discussion

6.1 Low field imaging & integrated optical instrument tracking

Open configuration MRI scanners possess several attributes that make them favorable as
an interventional system compared to other imaging modalities or closed high-field MRI
systems. High field scanners put far greater demands on patient safety due to high B0.
Patient access is also a problem.

An open configuration MRI device allows good access to the patient. Furthermore,
there is seldom any need to move the patient during the operation. A low field scanner
can typically be easily and quickly shut down facilitating fast conversion in procedures if
needed. Supplementary and accessory technical hardware is easier to protect and use in
low- or mid-field surroundings. These facts are bound to affect patient safety.

When compared to conventional imaging modalities MR-guidance allows the freedom
to choose any imaging plane. This facilitates the technical task of performing
interventional procedures at oblique angles. The optical tracking facilitates real-time
control of instrument position in relation to the image data and is easy to use. Combined
with the operator controlled sequence start with foot pedal and fast imaging the system
increases operator control, thus increasing the speed and accuracy of the procedure. The
advantage of this was also shown in our studies, where high technical accuracy was
achieved almost without complications. The disadvantages of optical tracking are the
trackers’ need of line-of-sight and relative insensitivity to needle bending.

The most critical phase of performing minimally invasive procedures is the accurate
and safe positioning of the needle. Dissimilar needle artifact sizes in different sequences
under MR-guidance must be taken in account for (Butts et al. 1999). In general, needle
artifact in MRI image is much more prominent in gradient echo images than in T1
weighted FSE and T2 weighted FSE images. The needle thickness also affects artifact
size; the removal of mandrel diminishes the artifact size in MRI image. The needle
position in relation to the main magnetic field (B0) also has considerable effect. A more
perpendicular needle position with respect to BO orientation produces more pronounced
needle artifact. The needle path should be planned accordingly.
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Needle bending due to needle material (titanium-alloys) must be taken into account, as
the correct position should be unambiguously ascertained. In practice this means
confirmatory images where the needle artifact or injected contrast agent are clearly
visible. In MR-guided nerve root infiltration needle bending can be easily controlled by
thicker slice set if necessary.

With MR-guidance there is no irradiation burden on the patient or the physician, which
is advantageous in performing procedures on adolescents and potentially pregnant
females but particularly important for physicians when considering the interventional
radiologist’s radiation burden general. It is also generally acknowledged that
interventional procedures should be performed without ionizing radiation whenever
feasible. The European Union also has established guidelines advocating the use of MRI
instead of modalities with ionizing radiation involved when the expected level of
information or therapeutic result is equal (European Commission 2001, and European
Union 1997).

Still, MRI interventions are not as easily conducted as fluoroscopic interventions. In
terms of imaging speed, MRI is comparable to conventional CT but not to CT
fluoroscopy. The slower imaging speed in MRI is not a problem if real-time optical
tracking is available. CT has superior axial resolution, and the ability to detect
pneumothorax favors the use of CT in the thoracic region. However, in all of our series it
was found that image quality of operative images obtained with a 0.23 T scanner was
sufficient to guarantee a safe procedure.

The superiority of MRI as a guidance modality is evident due to its good sensitivity,
good visualization of the lesion and accuracy. The potential and actual excellent clinical
results have established MRI as a guidance modality comparable to the others in
performing interventions.

MR-guidance is used successfully in many indications where the use of MRI has the
potential of yielding supplementary information on the target and its surroundings. MRI
has already emerged as a reliable tool for numerous interventional procedures (Adam et
al. 1999, de Jode et al. 1999, Law & Regan 2000, Fiedler et al. 2001, Koenig et al. 2001,
Vogl et al. 2001).

MR-guidance in interventions has several advantages when compared to traditional
modalities. MRI is able to detect lesions not seen at all in other modalities. MRI also has
superior soft tissue resolution, with or without contrast, even in interventional sequences.
Also bone interventions can be reliably conducted (Koenig et al. 2001).

Despite all the inherent advantages of MRI in interventional use there are also some
challenges that must be met. All MR-guided interventions require special safety demands
to be fulfilled in order to ensure a safe procedure. All the equipment within the imaging
area must be MRI-safe, naturally including all the instrumentation. Instrument safety is
one of the key issues in IMRI. At the moment, MRI-compatible instrumentation is
relatively highly priced and not so easy to come by. Although most of the major
instrument manufacturers do have MRI compatible equipment to offer, none seems to
have a truly extensive coverage of the instruments needed at the field of IMRI. The initial
high cost of the IMRI system is relative a burden, low-field MRI systems are comparable
to CT devices in this respect. In can be stated, however, that these facts do not challenge
the actual feasibility of MRI interventions. Further assessment of clinical data is however
essential to establish cost effectiveness of IMRI procedures.
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In this study the difference of modality specific procedural time between different
modalities used for interventional procedures was not evaluated. It is to be noted that such
studies are warranted.

6.2 Guidance method for MR-guided bone biopsy

Real-time imaging with MRI is often limited by the achievable signal-to-noise ratio and
tissue contrast. Therefore, a modality-independent method for localizing the instrument in
real time is beneficial on less frequently updated images: an optical tracking system
augments this localization by providing instantaneous feedback (Schenck et al. 1995,
Silverman et al. 1995), while intraoperative MRI is used for generating updated
roadmaps along the needle path. Compared with passive tracking, where the needle
artifact alone is used for deducing the instrument’s position and orientation (Lewin et al.
1996), optical tracking offers distinct advantages. The initial needle orientation at the
puncture site can be determined with the aid of graphic tools and/or needle-guided scout
images, whereas passive tracking requires more elaborate slice positioning and MR-
visible markers. In this series, determination of the puncture site was possible with optical
tracking overlays in one or two MRI sets, and no skin markers were needed. Difficulties
in pinpointing the exact orientation of the needle from its artifact have adverse effects on
the overall accuracy of needle alignment, and the acquisition of affirmative images
accrues a time penalty. Other active guidance systems, such as ultrasound probes and
mechanical arms (Barnett ef al. 1993, Rohling et al. 1995) could also be used instead of
optical systems, but they lack the flexibility of wireless instrument tracking.

Optical tracking has been successfully used in CT (Jacob ef al. 2000) and MR-guided
needle biopsies and injections (Silverman et al. 1995) as well as in surgical operations
(Caversaccio et al. 1999, Vorbeck et al. 2000). Direct attachment of the needle to the
optical tracking system was beneficial in deep neural drug injections (Ojala et al. 2000).
Bending of the needle makes confirmatory imaging more important in fine-needle
biopsies and injections than in procedures done with a stiff instrument, such as bone
biopsy which was applied in our study. In bone biopsy, optical tracking potentially
reduces the need for imaging during the procedure and thus diminishes the procedure
time. A wireless solution for optical tracking was even more important in procedures
where the instruments are heavy and clumsy, as it helped to avoid the extra disturbance
caused by handling the instrument by wires.

The MR-guidance system described here is a comparable method to conventional CT,
and although CT-fluoroscopy can provide true real-time imaging its use is limited
because of ionizing radiation.

6.3 MR-guided bone biopsy

This study suggests that percutaneous MR-guided bone biopsy is safe and accurate.
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Percutaneous or surgical biopsy is the method of choice for diagnosing bony lesions.
The most common presentation of a bone lesion is that of a lytic or blastic lesion, and in a
patient with a neoplastic history the diagnosis is straightforward. However, if there is no
neoplastic history or such history dates back several years, a biopsy is certainly needed.
Even if the lesion is presumably metastatic, it is sometimes useful to obtain a biopsy,
particularly if there is no previous history of metastatic disease. Correct assessment of
information obtainable from lesions of infectious, malignant or benign origin is essential
for the selection of effective treatment.

Due to its good sensitivity, MRI is able to detect lesions not seen at all in other
modalities. Particularly, lesions with edema, often seen only in MRI as a bright
involvement of bone marrow in heavily T2 weighted sequences and STIR sequences can
be reliably visualized and readily biopsied (Hoane et al. 1991, Kaplan et al. 1998, Adam
et al. 1999). MRI also provides superior tissue contrast without contrast medium. There
are also results suggesting that the use of contrast medium may contribute to the accuracy
of bone lesion detection in MRI. This is the case especially in recurrent malignancies and
in certain types of cartilaginous lesion (Geirnaerdt et al. 1998). Contrast media has been
used effectively in MRI guided biopsies (Parkkola ef al. 2001). However, in our study no
advantage in lesion visualization was found when contrast was used. It is to be noted that
our data did not include any primary malignancy of bone, soft tissue or cartilaginous
tumors and this may reflect the poor result of contrast contribution in our study. In taking
biopsy from primary bone malignancies it is advisable to use contrast medium, as it is
likely to increase the accuracy of biopsy by pointing out the enhancing dimensions of
tumor (Parkkola ef al. 2001). It is also important to know the exact anatomic proportions
of the tumor. In primary bone tumors, choosing the proper biopsy route is of utmost
importance since removal of the biopsy channel is mandatory during surgery.

CT has superior axial resolution, which favors the use of CT as a guidance modality in
bone biopsies. However, in our series all the bone lesions detected preoperatively with
CT, high-field MRI or scintigraphy were also seen in operative images obtained with a
0.23 T scanner. Image quality was sufficient in the thoracic region to guarantee a safe
procedure. However, we had one conversion to a CT-guided procedure in a patient with
thoracic vertebral body lesion. This was before the initialization of fast imaging
sequences took place and at that time image quality was considered not sufficient to allow
procedure in the thoracic area. After fast imaging sequences were introduced into routine
use, no conversions were needed. The spatial resolution capability of MRI remains a
controversial issue, at least in the low-field scanners. Unless fast sequences with
relatively good resolution, such as CBASS/true-FISP, are used, the procedures targeted to
the areas containing fine bony structures should be done under CT-guidance. In the
vertebral region the pedicles and cervical area must be considered as such structures.

General anesthesia was used in 6 patients and spinal anesthetics in 8 patients.
Although bone biopsies have traditionally been made under local anesthesia, there is a
general consensus in the Oulu University Hospital after 15 years of experience in
percutaneous bone biopsies that patients do feel more uncomfortable and more pain when
using local anesthetics. It is felt that in a patient group where sacro-lumbar and lower
extremity region is biopsied, best patient compliance is achieved with spinal anesthetics.
General anesthesia is used when performing bone biopsy in children and young patients
or patients with lesion in thoracic or head and neck area. Thoracic area biopsy is
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controversial since optimal visualization in low field is acquired trough minimizing
motion-generated artifacts in image. Hence in the thoracic area the breathing motion
causes artifact. To minimize this motion during biopsy procedure in thoracic area breath-
hold technique can be used. This is however only possible in local anesthesia since spinal
anesthesia without ventilation cannot be safely applied when operating at the thoracic
area. The next choice is to use generated apnea under general anesthesia during imaging
to achieve best image quality. To minimize patient motion and pain and to maximize
image quality general anesthesia was used in thoracic area biopsies.

Complete statistical analysis was not made due to small number of patients.

Despite the small number of patients, however, the trephine biopsy results of a success
rate of 92% are comparable to the results obtained in CT studies published on this topic.
Tikkakoski et al. reported diagnostic success rate of 84% in their study which was
performed in CT (Tikkakoski et al. 1992). Leffler et al reported an 82% positive
predictive accuracy of CT-guided percutancous bone biopsy (Leffler & Chew 1999). Ng
et al. reported an initial success rate of 95% in their study (Ng ef al. 1998).

In a previous MRI bone biopsy study, sub-optimal sample quality hindered diagnostic
efficacy (Neuerburg et al. 1998a). This was due to the packing of the sample, which
resulted in destruction of the fine structure of the bone. There was no such experience in
the series discussed here, and the drill type used seems to provide good-quality samples
regardless of the density of the target tissue. There were no procedural complications in
this series of MR-guided percutaneous bone biopsies.

FNA has been shown to be informative when taken in conjunction with bone biopsy
(Tikkakoski et al. 1992). The results of our study are however controversial, with only
nominal information advantage gained from performing FNA. The obvious advantage of
FNA diagnostics is the relative quickness when compared to bone histology, where the
preparation of the sample can take weeks, whereas cytological diagnosis can be obtained
within hours. It must be stated, however, that despite the less than optimal overall
performance, the cytological diagnosis concurred with histological diagnosis in all cases
with malignant histology. This result is probably due to general morphological changes
associated with the malignant disease in bone tissue: in malignant disease there is a
profound damage in bone structure caused by malignant infiltration, and thus it is easier
to obtain cell material in FNA biopsy.

It is concluded that although the number of cases is limited in this study it seems that
MR-guided percutaneous bone biopsy is safe, accurate and feasible to perform. It seems
also that no significant complications appear to be associated with the procedure. Fine
needle biopsy is advantageous when malignant disease is suspected. MRI can be used as
the sole modality or with optical tracking guidance in bone biopsies or as a backup
modality in performing procedures not possible otherwise. When available, MR-guidance
can be favored as a method of choice in performing percutaneous bone biopsies.
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6.4 MR-guided periradicular therapy

In this study it was shown that MR-guided nerve root infiltration is safe and accurate.
Fluoroscopy or CT-guided procedure is usually the method of choice for nerve root
infiltration therapy in the lumbosacral area. Although fluoroscopy is cheap and easy to
apply, it does have disadvantages of use in guiding interventions. Firstly, the procedural
steering must be done according to bony anatomical landmarks and any variation or
change in the soft tissue morphology due to anatomical variation or pathology is not
detected. The use of contrast media does little to overcome this dilemma, since when
contrast is injected only the edges of adjacent structures to the needle are readily
visualized. Secondly, there is radiation burden to the operator and to the patient.
Although CT-guidance is far better in identifying anatomical structures at the procedure
area, it too has restrictions. Despite excellent temporal and spatial resolution CT is not so
good in differentiating various soft tissue structures from each other without special
windowing or HU analysis. CT also shares the problem of radiation with fluoroscopy.

As an adjunct to optical tracking and direct visualization of the needle saline solution
was used as contrast agent to visualize the nerve root sheath injected. This proved to be a
very effective means of confirming the right placement of the needle. Gadolinium
compounds with T1-weighted sequences have been used for this purpose (Seibel et al.
1997). However, to this date these compounds have not been accepted for intrathecal use
and using saline as contrast agent makes it possible to avoid the possible side-effects of
intrathecal or epidural gadolinium infiltration.

There was one patient in whom the worsening of the radicular pain was categorized as
a minor complication due to the puncture. This was probably caused by nerve root
irritation from the puncture or either of the therapeutic substances used.

Low back disorders are extremely prevalent in all societies, and the rate of caused
disability, as well as the costs, have increased - independently of disease prevalence -
over recent decades (Frymoyer & Cats-Baril 1991). It is obvious that we cannot solve this
dilemma with increasing surgical interventions. Minimally invasive interventional
procedures are an option to relieve pain and minimize the risk of disability.

To the authors knowledge this is the first study where the usefulness of MR-guidance
in lumbar nerve root infiltration is evaluated. In the referred studies (Seibel ez al. 1997,
Uhlenbrock & Arlinghaus 1997, Weiner & Fraser 1997, Viton et al. 1998) the outcome of
the first sacral root and lumbar root infiltrations have been evaluated in fluoroscopy-, CT-
and MR- guidance. Since 1995, over 1,400 nerve root infiltrations have been performed
with fluoroscopy guidance at Oulu University Hospital, and in our experience this method
allows the needle to be placed only into the dorsal root canal or dorsal root sheath of the
lumbosacral nerve roots and the depth is difficult to estimate. MRI overcomes this
problem.

In our study the length of the procedural time decreased gradually from 60 minutes
reaching a minimum of 2 minutes. This can be seen as a learning curve development in
implementing the procedure.

Previous reports concerning the effect of nerve root infiltration therapy on radicular
pain have been promising. In a study of CT-guided lumbar nerve root infiltrations
(Uhlenbrock & Arlinghaus 1997), 55% of patients were free of symptoms or had had
some improvement when evaluated approximately 4 months after the treatment; 30%
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reported temporary improvement, and in 15% there was no change compared with the
pre-treatment symptoms. In the recent study (Seibel et al. 1997) only 15% of the failed
back surgery patients got relief to their symptoms after a single CT- or MR-guided nerve
root infiltration, and after four treatments 72% of the patients were symptom-free.

In the present study the patients with irritation after failed back surgery had an
excellent outcome from nerve root infiltration therapy, with almost 80% of initial pain
free result. It has been reported that 75.4% of patients with radicular leg pain had a
successful long-term outcome after lumbar transforaminal epidural steroid injection (Lutz
et al. 1998). 22 of the 28 patients with lumbar disc herniation had considerable and
sustained relief from their symptoms in another study (Weiner & Fraser 1997). The
outcome was not evaluated separately for lumbar and sacral nerve roots in these studies.
In our series the outcome of nerve root infiltration therapy was in accordance with these
other studies using fluoroscopy or CT- guidance (Uhlenbrock & Arlinghaus 1997, Weiner
& Fraser 1997, Viton et al. 1998). A recent published controlled trial is in accordance
with these studies as well (Karppinen et al. 2001).

In our study the patients with normal to minor disc pathology and the patients with
nerve root channel narrowing due to bony or scar involvement did not have such a good
outcome from nerve root infiltration therapy. This is probably due to a more passive
nature of underlying disease. In these patient groups the feasibility of the procedure
remains controversial. It must be stated, however, that percutaneous nerve root infiltration
therapy is an almost complication free, patient friendly procedure when compared to
surgery, it can very easily be repeated and can be mastered by any radiologist.

On the basis of the present study, MR-guided needle introduction is an accurate
procedure and may be used to substitute conventional techniques for nerve root
infiltration. This would be especially useful in cases where there are substantial
anatomical or structural changes due variation or pathology. It is concluded that MR-
guided nerve root infiltration therapy is safe, accurate and feasible to perform. Nerve root
infiltration therapy is effective treatment form to control radicular pain and can be used to
substitute more invasive procedures in a selected patient group.

6.5 MR-guided discography

Percutaneous discography is a controversial procedure.
Literature lists it used as a clinical tool in at least 8 indications (Tehranzadeh 1998,
Anderson & Flanagan 2000, Carragee 2000); Table 8.
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Table 8. Discography indications.

List of most frequent indications

—_

. Negative MRI, CT or myelogram with equivocal findings for disc disease.
. Positive multiple finding for disc disease in MRI, CT or myelogram. Discogram discerns symptomatic disc.
. Presence of equivocal MRI, CT, or myelogram

. Recurrent back pain in post surgical spine, to differentiate recurrent disc versus scar tissue.

. Preliminary test to spinal fusion to evaluate discs above or below the would-be fusion level.

2
3
4
5. To assess diagnostics between recurrent disc and pseudoarthrosis in post-surgical fused spine.
6
7. Preliminary test for chemonucleolysis

8

. Preliminary test prior to cortisone or anesthetic injection to disc.

Some of these indications have much argued grounds (Carragee 2000). However, the
unifying element in all indications of discography is the low back or rather spinal area
pain, which is usually conjoined to a situation where other tests or imaging studies
findings are not sufficient to allow diagnosis and treatment. It must be noted that the use
of discography to assess diagnostics on litigation basis has poor results (Carragee 2000).
The most effective use of discography as a diagnostic tool is achieved when it is used for
pre-surgical evaluation on patients forwarded for fusion operation (Vamvanij ef al. 1998,
Derby et al. 1999, Carragee 2000). All the patients included in this study were forwarded
to the discography by orthopedic surgeon in order to determine disc pathology, which
would affect possible prognosis and the extent of fusion operation.

In our study we wanted to find out whether MRI guided discography is feasible or not.
In this study the technique for diagnostic MRI-guided discography in a low field
surroundings is presented. To the author’s knowledge this has not been reported before.
MRI-discography has been reported in a high field system (Huang et al. 2002). In the
study of Huang et al. it was concluded that MRI-discography could substitute
conventional discography in selected indications. These indications would be allergy to
ionated contrast or patients whose radiation exposure must be limited.

The contrast used in our study was gadolinium, which was diluted to saline in a ratio
of 1 to 8. Gadolininum contrast is considered very safe and has long been used in
intravascular applications with a low complication rate. There are no reports of toxic
properties of gadolinium contrast towards any human tissue. Gadolinium contrast has not
yet been approved for intrathecal use. In discography procedure there is a potential threat
of intrathecal leagage of gadolinium. Gadolinium has been reported to have been used in
animals and humans intrathecally without complications (Jinkins et al. 1999, Zeng et al.
1999). Having this information we proceeded with our study plan.

We had one complication reported in our study. The patient experienced continuous
pain in the lumbar area after discography. The complication resulted in collapse of the
disc space. Infectious agents were not found in laboratory cultivation and the exact
etiology of disc collapse remained unknown. Discitis and disc collapse are well-known
complications of discography procedure (Guyer et al. 1997, Junila et al. 1997) and in this
respect, although unfortunate, it is concluded that the one complication does not challenge
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the feasibility of MR-guidance in performing discography. In this respect the role of
prophylactic antibiotics in performing percutaneous discography cannot be
underestimated (Osti ef al. 1990).

Diagnostic MRI has surpassed conventional x-ray fluoroscopy and CT- discography as
an imaging tool to assess disk morphology. MRI is efficient in pinpointing the pain
sources of degenerative spine (Weishaupt et al. 2001). However, MRI also detects
pathology in patients without symptoms. It is recognized that discography remains a good
tool in providing the surgeon with information of the pain source by pointing out the disc
level to be stabilized.

In our study we had a high procedural success rate showing MR-guidance to be
feasible in discography. We had one procedural puncture failure and this puncture was
targeted to collapsed intervertebral disk space at L5-to-S1 level. Our results show that
pain response was adequately assessed in MR-guided puncture and injection, similarly to
the principles in conventional discography. Pain provocation from the contrast injection
could be graded as concordant or non-concordant. We did not grade pain intensity. The
evaluation of concordant and non-concordant pain as well as pain intensity evaluation in
discography is highly debated (Carragee 2000). However, there are also reports in favor
of it (Walsh et al. 1990). It is felt that assessment of pain concordance is a key procedural
element of discography and there is no replacement for it in evaluating discogenic pain. It
must be noted that patients’ emotional and chronic pain behavior has a strong affect on
pain response in discography and such history in discography subject should be observed.

In our study the obtained MRI resolution of the injected contrast media appearing as
an MRI discogram in intervertebral disc was less than that in conventional fluoroscopy.
This could be due to diluted contrast and technical image formation factors in low field
MRI or to the inherent physiological behavior of gadolininum contrast in vertebral disk
where metabolism is distributed trough diffusion (Kerttula et al. 2000, Kurunlahti ef al.
2001). Further evaluation of these factors was however out of scope of this study.

In this study the technique of MR-guided discography in low field scanner was
presented and its feasibility discussed in interventional MRI and low field imaging
surroundings. It is concluded that although the study has its restrictions in the form of a
small amount of patients included in the study, it is shown that MR-guided discography is
feasible and comparable to conventional discography. The use of MRI as a guidance
method for discography also enables simultaneous conventional MRI data acquisition,
thus broadening the possible diagnostic spectrum of the procedure.

It is apparent that further research with larger patient groups is warranted to determine
the role of MR-guidance in discography.

6.6 MR-guided laser thermotherapy of osteiod osteoma

Osteioid osteoma is a benign lesion, that causes remarkably difficult symptoms and
affects mainly young individuals at the peak of their physical activity. This sum-up leads
to decreased level of physical activity, which can be very difficult both emotionally and
physically for these patients and their families. Effective treatment of this benign lesion is
challenging, not only because of the reasons mentioned above, but due to the fact that
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osteiod ostema frequently affects proximal or distal ends of long bones situating itself in
the vicinity of chondral structures (Greenspan 1993). These lesions put great demands on
operative surgery, which is the treatment of choice today in osteoid osteoma. Without
image guidance the surgeon has to rely upon large amounts of regional bone tissue to be
removed to be sure of complete removal of the nidus. If the nidus is located in the
vicinity of joint structures this leads to long lasting (3 to 4 weeks) post-operative
restrictions of stress and motor activity of the affected extremity, even if bone patch is
used, placing further demands on the patient’s endurance (Campanacci et al. 1999). The
use of open surgical approach may also increase the risk of infectious operational
complication.

Although percutancous laser thermotherapy is considered a mini-invasive procedure,
prophylactic antibiotics were used in our study. This was done with knowledge of the
advantages of antibiotic prophylaxis in open orthopedic surgery (Norden 1991, Oishi et
al. 1993, Mazza 2000). Infection complication associated with the percutaneous removal
of osteoid osteoma has also been reported (Sans et al. 1999). The risk of an infection
associated with the procedure was to be minimized.

Percutaneous interstitial laser treatment has been reported as an effective treatment for
osteiod osteomas (Gangi et al. 1997a). With laser treatment tumor nidus is destroyed
through heating. A defined volume of predictable size and shape can be obtained (Gangi
et al. 1997c). This leaves the affected bone tissue volume significantly smaller than in
surgical treatment without compromising the treatment effect. The smaller destruction
area leads to little or no restrictions in extremity stress (max. one week) and thus shortens
overall recovery time. Percutaneous approach is minimally invasive, and also diminishing
damage to the skin and subcutaneous tissue, further favoring rapid recovery. With thermal
destruction there is no need to support the destructed area since the damage to the cortical
structures is usually minimal and even if coagulated, the destructed bone tissue has a
filling effect on the area treated. This means that the diminishing effect of the treatment to
the structural support delivered by the treated bone tissue is almost insignificant. Our
results are in conclusion with earlier reports on interstitial laser treatment efficiency in
treating osteid osteomas thus supporting the advantages of the percutaneous treatment
approach over the surgical one.

Different therapeutic methods of osteoid osteoma and their results are demonstrated in
Table 9.
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Table 9. Different therapeutic methods of osteoid osteoma and their results.

Method Success rate% n Author

RF 76 97 (Vanderschueren et al. 2002)
Operation 86.7 105 (Yildiz et al. 2001)
RF 94 47 (Woertler et al. 2001)
RF 95 58 (Lindner et al. 2001)
Laser 95 23 (Witt et al. 2000)
Percutaneous resection 84 38 (Sans et al. 1999)

RF 88 3 (Rosenthal ez al. 1998)
Laser 93 15 (Gangi et al. 1997a)
Laser 95 22 (Gangi et al. 1997b)
Percutaneous excision 87.5 16 (Roger et al. 1996)
Laser 94 18 (de Berg et al. 1995)

In our study we used MRI for lesion localization, instrument guidance and treatment
monitoring.

The spatial resolution of MRI in bone is good, the nidus of osteiod osteoma can be
reliably recognized (Spouge & Thain 2000) and thus targeted in MRI. This was also
shown in our study, where all the lesions were detected in the low-field scanner used. The
unique ability of MRI is its capability to monitor thermal changes in tissue. This is not
possible to the same extent with CT or ultrasound, only MRI can provide quantitative
information about thermal changes in tissue (Vogl et al. 1997, Eyrich et al. 2000,
Germain et al. 2001a, Germain et al. 2001b, Wohlgemuth et al. 2001). In our study we
used modified CBASS sequence to image treated area during laser ablation. The CBASS
sequence used was constructed to facilitate the detection of possible change in T1
relaxation time and related signal void caused by increasing temperature in tissue as
reported earlier (Germain et al. 2002). Although all the lesions were reliably identified for
puncture, reliable signal change correlating to the temperature change during treatment
was not detected with the thermal sequence used. This could be due to an already weak
signal from cortical bone, which the majority of the osteoid consists of. Another reason
for low signal change may be the failure to optimize sequence properties for bone tissue.
The use of thinner slices for imaging may be the key to overcome this problem. Although
the inability to detect signal change can be considered failure, one can be optimistic that
further optimization of sequence protocols will yield better results in thermal monitoring
in low field surroundings in future. As a backup we calculated the maximum energy
deliverable to the lesion area using a formula calculated from the experimental study
results conducted in pigs (Gangi et al. 1997¢). From the results of that study a linear
model of delivered energy amounts in relation to the size of tissue necrosis could be
acquired. By applying the nidus size of osteoma to this model a maximal energy amount
deliverable could be determined. We had one recurrent osteid osteoma in our study during
the 6-month follow-up. The patient had an untypical large osteiod osteoma nidus (2 cm)
and this may be the key to the failure, even though two laser fibers were used to achieve
destruction of the nidus. The patient was retreated with laser ablation and was again
symptom and complication free 3 weeks after the repeated procedure.
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Although there was a recurrent osteoid osteoma in our patient data, this study
demonstrates the preliminary feasibility of MRI in guiding percutaneous interstitial laser
ablation treatment of osteoid osteomas. MRI can be used as a solo guidance modality for
this procedure and is in this respect comparable to CT.



7 Conclusions

. The optical guidance method in conjunction with MR-guidance in bone biopsies
provides precise and safe instrument control during MR-guided procedure at 0.23 T.

. MR-guidance in performing bone biopsies is clinically viable in various anatomical
areas at 0.23 T.

. MR-guided nerve root therapies are safe and the same therapeutic effect as with
conventional guidance methods can be achieved under MR- guidance at 0.23T.

. MR-guided discography can be adequately performed at 0.23T.

. Thermal laser therapy in treating osteoid osteoma is feasible under MR-guidance at
023T.
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