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Review Article

|nterventional MR Imaging: Concepts, Systems, and
Applications in Neuroradiology

Jonathan S. Lewin

Recent trends in minimally invasive methods for
diagnosis and treatment have created a burgeoning
interest in the use of MR imaging for guidance of
radiologic and surgical procedures. This review
discusses the hardware and software improvements
that have made interventional and intraoperative
MR imaging a reality. These advances include sev-
eral different conceptsin MR system designs, along
with supplemental technological developments in
MR pulse sequences, guidance systems, and in-
room monitors. This review also describes the use
of this technology for minimally invasive diagnos-
tic and therapeutic radiologic procedures, and dis-
cusses the application of these techniques for neu-
rosurgical and ear-nose-throat (ENT) intraoperative
guidance.

As the practice of neuroradiology has evolved
during the past decade, there has been increasing
emphasis on intervention, bringing neuroradiolo-
gists into a much more prominent role in the care
of patients with a growing list of neurologic dis-
orders. Parallel to the development of increasingly
sophisticated endovascular and percutaneous radio-
logic techniques, open neurosurgical procedures
have shown a trend toward image-based naviga-
tion, endoscopic approaches, and other methods to
decrease the invasiveness of more traditional neu-
rosurgery. Radiologic interventional skills and sur-
gical, minimally invasive trends have converged to
create a burgeoning interest in the use of MR im-
aging for guidance of radiologic and surgical
procedures.

Historically, the relatively long imaging times and
difficulty in patient access resulting from closed-
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bore superconducting cylindrical system designs
have combined to make MR an unlikely guidance
technique for either radiologic or surgical proce-
dures. More recently, many of these disadvantages
have been overcome with the advent of system
hardware and pulse sequence improvements that
have allowed the development of rapid imaging on
open systems. The purpose of this review is to dis-
cuss briefly the hardware and software improve-
ments that have made interventional and intraoper-
ative MR imaging a redlity. In addition, the use of
this technology for minimally invasive procedures,
the technical issues specific to MR image guidance,
and the application of MR techniques for intra-
operative guidance will aso be described.

Imaging System Development

Recent advances in magnet and system design have accel-
erated progress in MR-guided intervention. Many different MR
system configurations have been used to guide percutaneous
and surgical procedures. Each of these systems has advantages
and disadvantages for interventional and intraoperative imag-
ing, with a constant tradeoff between signal-to-noise, access to
the patient, useable field of view, and expense.

Understanding the role of different MR system designs in
intervention requires a distinction between image guidance and
procedural monitoring. There are many procedures in which
the information provided by MR imaging can be used to mon-
itor a therapeutic intervention. Examples include thermal ab-
lation, in which thermal energy is deposited and the resulting
tissue changes are continuously or intermittently observed, or
surgical intervention, in which the status of tumor resection or
cyst aspiration may be intermittently examined. These forms
of interventional MR imaging require much less modification
to standard imaging systems because access to the patient is
not necessarily required during the monitoring process. Both
types of procedures have already been performed on conven-
tional cylindrical superconducting systems (1-3).

The use of MR imaging for interventional guidanceincludes
its use by radiologists during manipulation of needles, elec-
trodes, catheters, or laser fibers, and its application by surgeons
for guiding endoscopes, scalpels, or curettes. This form of
more active intervention requires a significant departure from
conventional diagnostic concepts and traditional imaging sys-
tems. The most basic form of this type of guidance can be
provided from a retrospective data set through the use of
frameless or frame-based stereotactic systems, but increasing
emphasis has been on the use of rea-time or near-real time
guidance for interventional MR imaging procedures.

The factors contributing to high image quality in diagnostic
MR include system field strength and the homogeneity and
stability of the static and gradient magnetic fields. These fac-
tors are most obtainable by decreasing the ‘‘openness’ of an




736 LEWIN

imaging system. The optimal design of a magnet with regard
to field homogeneity would be a complete sphere, without
opening (4). In contrast, the environment best suited to radio-
logic or surgical intervention is one with maximum access to
the patient, allowing complete freedom in interventional ap-
proach, and maintaining close proximity of monitoring and
therapeutic devices. These attributes are in direct opposition to
those facilitating image quality (4). The use of MR imaging
for guidance of interventional procedures has required com-
promise between these opposing forces; this balance has been
achieved through a number of different concepts and solutions.

Some of the first interventional procedures under MR image
guidance were performed on conventional cylindrical systems,
simplifying imaging but significantly compromising the access
to the patient that is necessary for performance of the proce-
dure and monitoring of patient discomfort and safety. Biopsy
and aspiration procedures have been and can be performed
using these cylindrical superconducting systems, but the pa-
tient must be withdrawn from the magnet in order to reposition
the needle between scans (5). This resulted in relatively long
procedure times, and contributed to the lack of widespread use
of MR imaging for biopsy and aspiration during the late 1980s.
In particular when the lesion in question was visible and ac-
cessible for biopsy under CT or sonography, these more con-
ventional methods for procedural guidance were clearly better
suited techniques.

These disadvantages were overcome, in part, through the
access to the patient provided by permanent or resistive
“‘open” magnet imaging systems (6-9). Unfortunately, the
open low-field imaging systems available in the late 1980s
often required significant imaging time to obtain sufficient sig-
nal-to-noise to allow needle insertion under MR image guid-
ance. Nonetheless, the access to the patient provided by these
systems led to an increased number of reports of its use, pri-
marily for biopsy in the head and neck region (10-12).

Since then, many magnet, gradient, and receiver chain-de-
sign improvements have led to a number of approaches for
interventional imaging. The following is a brief description of
the most commonly used current designs for intervention. Each
system has benefits and limitations for interventional proce-
dure guidance, as each has chosen a different balance between
the spatial constraints necessary for high-quality imaging and
the freedom necessary for surgical or radiologic intervention.

Cylindrical Superconducting Systems

From an image-quality viewpoint, cylindrical superconduct-
ing systems enjoy many significant advantages relative to static
magnetic field strength and homogeneity, and the adoption of
this system design as the standard for image quality in the
diagnostic arenais not a chance occurrence. The limited patient
access for procedural performance, and direct visual observa-
tion, is a compromise that still allows certain procedures. The
excellent signal-to-noise achieved with these systems is well
suited to therma monitoring during ablation, and has been
used during laser and radiofrequency ablation procedures in
the brain and in the head and neck (1, 2, 13-16). The inves-
tigators in these studies limited the use of MR imaging to the
thermal monitoring of the tumor destruction process, and typ-
ically inserted the laser fiber or radiofrequency electrode under
CT guidance or used a neurosurgical stereotactic approach
based on retrospective MR data.

Another approach to the use of cylindrical superconducting
systems for interventional monitoring has been the siting of a
superconducting system in a surgical environment. With the
rapid falloff of the static magnetic field achieved by actively
shielded magnet designs, it is possible to site a superconduct-
ing system in near proximity to a surgical work space. This
design has been adopted for a system constructed by Philips
Medical Systems (Eindhoven, The Netherlands) (Fig 1), in
which a procedure suite with most of the amenities of a con-
ventional surgical theater has been constructed just outside of
the fringe-field of a superconducting short-bore 1.5 tesla (T)
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Fic 1. Superconducting short-bore system. The solution pro-
posed by Phillips, sited in this example at the University of Min-
nesota, includes a standard short-bore superconducting 1.5 T
MR imager adjacent to a surgical work-space that includes C-
arm fluoroscopy. A custom table can slide from the surgical work-
space into the magnet for intermittent imaging at appropriate
times during the surgical intervention. The C-arm fluoroscopic
unit can also assist with angiographic procedures. (Photo cour-
tesy of Charles L. Truwit, MD, University of Minnesota)

imaging system. Surgery can be performed in the surgical por-
tion of the suite much as in a conventional operating room.
When desired, however, intermittent images can be obtained
by dliding the patient into the cylindrical imaging system. The
imaging system alows al of the standard capabilities of a
high-field system, including functional imaging, with high im-
age quality. Although there are very few compromises to either
the surgical or imaging portion of this environment, this con-
figuration does not allow interactive guidance of the interven-
tion, as access to the patient is markedly limited. Direct ob-
servation by the anesthesiologist is not possible during
scanning, and antisepsis is a challenge because the inside of
the cylindrical magnet cannot be easily draped. In the future,
the use of this type of system for active procedural guidance
may be achieved through the application of robotic systems,
but would require significant modification of current surgical
or interventiona radiologic techniques (Personal Communi-
cation, Dr. Charles Truwit, University of Minnesota).

Another recent area of research interest has been the devel-
opment of MR methods for guidance of angiographic proce-
dures. Although access to the patient’s anatomy in the magnet
isocenter of a cylindrical magnet is limited, short-bore super-
conducting systems do allow a degree of access to the patient’s
groin. Several groups are investigating the use of this type of
system for catheter-based intervention, with the radiologist
controlling the procedure from the groin near the magnet ap-
erture (17). The Philips system shown in Figure 1 includes a
C-arm fluoroscope to facilitate this type of procedure. To date,
MR methods for catheter guidance remain rather primitive, and
no significant clinical data has yet been published. The use of
cylindrical magnets has also been applied outside of neurora-
diology, for guidance of stereotactic biopsy for breast lesions
(18). This type of stereotactic procedure lends itself well to
the breast, but is less applicable to the neuroradiologist’s areas
of interest.

““Double Donut” Configuration

A novel approach to obtaining access to a patient in a cy-
lindrical system is exemplified in the ““ double donut” config-
uration of the Signa SP system (General Electric Medical Sys-
tems, Milwaukee, Wis), designed specifically for interventional
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Fic 2. “Double donut” design is shown. General Electric Med-
ical Systems Signa SP scanner consists of two very short su-
perconducting cylindrical magnets separated by a 54-cm space
to allow physician or nurse access. The space between the two
magnet halves allows patient access from the top or sides, typ-
ically used with the surgeon and assistant on opposite sides of
the patient's head. An optically linked frameless stereotactic
tracking system is integrated into the top support piece. The
scanner is designed for an operating-room environment, with
electrical outlets and anesthesia gases integrated into the mag-
net covers. This system has a large fringe field, and all surgical
instruments and accessory equipment in proximity to the system
must be MR-safe or MR-compatible. (Photo courtesy of John
Schenck, MD, PhD, and Robert W. Newman, MS, General Elec-
tric Medical Systems.)

applications (Fig 2) (19-21). This design has taken the central
segment out of a cylindrical system, alowing access to the
patient from the sides and top at the isocenter of the imaging
system. This product design has been directed toward siting in
a surgical environment, and allows enough room in the gaps
between the halves (54 cm) for two small- to medium-sized
physicians or nurses, one on either side of the patient (4). This
system provides a marked improvement in access to the patient
relative to a closed-bore cylindrical system. This concept rep-

Fic 3. Biplanar system is shown.
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resents the first system designed and constructed specifically
for interventional guidance, and is the only system currently
available that allows complete vertical and side access to the
patient at the imaging isocenter. This magnet design has been
used both to guide and monitor a large number of surgical
procedures, in addition to an early published series of biopsies
and aspirations (20, 22, 23). Nonetheless, the marked improve-
ment in access to the patient is achieved at the expense of
decreased field strength at the imaging isocenter (0.5 T), as
compared to the field generated by each individual supercon-
ducting half, and compromises magnetic field homogeneity (4).
The unobstructed side and vertical access to the patient also
complicates the engineering of the radiofrequency coil, requir-
ing alocal transmit-receive coil with a somewhat limited field
of view.

Biplanar Magnet Designs

Another approach that has found widespread application for
diagnostic MR imaging in the burgeoning ““open” MR imag-
ing market has been the use of a biplanar magnet design. With
these magnets, the patient is positioned between flat magnetic
poles, leaving access from a range of side approaches. These
systems typically use lower-field permanent or resistive mag-
nets, with field strengths ranging from 0.064 T to 0.3 T, al-
though superconducting mid-field models of this design have
also been introduced. The degree of access around the circum-
ference of the biplanar magnet depends upon the number and
position of supports separating the two magnetic poles.

A large degree of access around the circumference is af-
forded by the “C-arm™ design, produced by Siemens Medical
Systems (Erlangen, Germany) and Picker International (High-
land Heights, Ohio). In this design, a single column on one
side of the patient supports the upper pole, alowing access
from the contralateral side as well as the head- and foot-end
of the magnet (Fig 3). Several manufacturers produce biplanar
systems with two supporting posts, resulting in slightly more
restricted access to the patient. These include systems pro-
duced by Fonar Corporation (Melville, NY), Hitachi Medical
Corporation of America (Twinsburg, Ohio), and Genera Elec-
tric Medical Systems. There are also designs with four support
posts from Toshiba America Medical Systems (San Francisco,
Calif) and Fonar Corporation. The biplanar concept has the
advantage of a fairly homogeneous static magnetic field, but

A, Siemens Magnetom Open Viva system located in the operating room complex at University Hospitals of Cleveland. With head in
imaging position, side access is possible, but the upper magnet pole blocks direct vertical access. Head fixation during surgery is
provided with a prototype coil developed by the Heidelberg Neurosurgical Group (arrowhead). Concentric markings on the floor signify
20-mT (200-gauss), 0.5-mT (5- gauss), and 0.15-mT (1.5-gauss) field lines. Anesthesia gas columns, telephone, computer connections,
and surgical lighting and ventilation meet same requirements as adjacent standard surgical suites.

B, As a variation on the “neighboring work-space” concept, the head end of the table can be smoothly rotated 120° from the magnet
bore on a fixed base for surgical procedures, placing the surgical field (arrowhead) beyond the 5-gauss line. In this rotated operating
position, the table can be tilted or raised to allow standard surgical positioning of the patient, and access for the surgeons and anes-
thesiologist is identical to a standard surgical suite. Because the surgical field is at less than 5-gauss field strength, standard surgical
instruments, a standard Zeiss neurosurgical microscope (arrows), as well as standard ultrasonic suction-aspirator, electrocautery, and
cortical stimulation equipment can be used. Retractors, curettes, and other equipment used in the magnet bore during image acquisition
for monitoring or guidance must be MR-compatible.
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is limited to lower field strength than cylindrical supercon-
ducting designs. The side access provided by these systems is
analogous to that of C-arm fluoroscopy, and is amenable to
needle- or catheter-directed procedures. Anterior or posterior
interventional approaches, however, require decubitus or
oblique positioning of the patient, which may not be possible
with large patients owing to the relatively limited space be-
tween the poles of the biplane magnet. A true direct vertical
approach to the patient is only possible when the patient table
is brought outside of the magnet, essentially excluding simul-
taneous vertical intervention and imaging.

Alternative Magnet Designs

The ultimate design of the interventional MR system of the
future is still unclear, given the advantages and above-de-
scribed limitations. Several alternative concepts are being pur-
sued. One prototype biplanar system has been developed in
which the usual horizontal gap between magnet poles has been
rotated 90° to allow direct vertical access to the patient, at the
expense of side access (4). Other concepts for intervention also
have been evaluated, including a head-only superconducting
C-arm design (4) and a ceiling-mounted movable magnet (24),
although these systems are still in early stages of development.
A biplanar design with a very large interpole distance ap-
proaching a *‘flat bed” scanner was also recently described by
Fonar Corporation, but is still in development. Most likely,
different system designs will be advocated for different inter-
ventional applications. The choice of interventional system
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Fic 4. Continuous MR imaging guidance
mode. Images from continuous series ob-
tained at 7 seconds/image with Fast Im-
aging with Steady-state Precession (FISP)
sequence (18/7/4/90°, TR/TE/number of
signal averages/ flip angle) obtained dur-
ing guidance of needle insertion in a 68-
year-old man with C1-2 vertebral and
prevertebral mass. Previous attempt at
surgical transoral biopsy had been
unsuccessful.

A, An image obtained early during in-
sertion shows needle tip passing through
the left parotid space (arrow). A poorly de-
fined mass can be seen in the prevertebral
space (arrowheads).

B, High vascular conspicuity resulting
from 2D Fourier transform technique al-
lows ready visualization of flow-related en-
hancement within the internal carotid (ar-
rowhead) and vertebral (curved arrow)
arteries. The needle tip (straight arrow)
can be interactively directed to avoid these
major vascular structures. The internal
jugular vein is only visible during portions
of the respiratory cycle. Although visible
on the right, the vein was obstructed on
the left side of this patient.

C, The needle (arrow) is interactively re-
directed more anteriorly once safely be-
yond the internal carotid artery (ICA) to al-
low deployment of the central stylet of the
18-gauge core-cutting needle.

D, After extending the central stylet of
the side-notch cutting needle, the notch lo-
cation is shown as an area of thinning of
the distal needle tip (between arrows).
Histologic findings revealed chronic osteo-
myelitis and cellulitis and the offending or-
ganism was successfully isolated.

will depend upon each institution’s optimal balance between
the types of procedures to be performed, required image qual-
ity, and financial constraints.

Supplemental Technical Developments

There are several recent technical developments that are
common to many of the magnet and system designs discussed
above that have facilitated the guidance phase of interventional
procedures in a time-efficient manner. First, the construction
of higher quality low-noise receiver chains has allowed lower
field systems to be constructed, providing relatively high sig-
nal-to-noise ratio images, greatly improving image quality
when compared to earlier attempts at low-field MR imaging.
These systems now provide image quality sufficient for both
the monitoring and procedural guidance phases of surgical and
minimally invasive procedures. Image acquisition times of 1—
3 seconds per image or less provide the necessary temporal
resolution.

The second development that has impacted the use of MR
methods for procedure guidance has been the modification and
development of rapid gradient-echo (GE) pulse sequences for
use in interactive guidance during device placement. Rapid GE
sequences have been developed to allow a wide range of tissue
contrast in a time frame sufficient for device tracking (0.3-7 s
per image), even at low field strength, and with the suboptimal
coil position sometimes required to access the puncture site
(Fig 4) (25-28). Because the area of interest to the interven-
tionalist is often limited to a small portion of the entire image
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acquired, a number of strategies have been proposed to de-
crease further imaging time of these methods. These strategies
include alternative reconstruction techniques such as keyhole
imaging, singular value decomposition, and wavelet encoding
(29-41). The use of these rapid GE techniques for guidance
of interventional procedures also benefits from reduced needle
artifact at lower fields as compared to 1.5 T, alowing a wider
choice of materials for device construction. This advantage
also yields high spatial accuracy despite the increased metallic
artifact encountered with GE techniques (42, 43).

The third innovation of significant benefit for MR-guided
intervention has been the development of an interface between
optically linked (three-dimensional) 3D digitizer and the mea-
surement control software of the MR imager. Previously,
framel ess stereotactic systems had been used primarily for sur-
gical guidance based on historical imaging data sets. The abil-
ity to acquire MR images rapidly and interactively in an ar-
bitrary plane determined by a hand-held, sterile probe, or other
interventional device, allows rapid planning and confirmation
of complex trajectories for rigid instruments. This type of in-
teractive image guidance system was first described as a com-
ponent of the ““double donut”” system (Fig. 2), and subsequent-
ly has been applied for guidance of image acquisition on
C-arm systems (Fig 5) (20, 27).

An additional technical factor facilitating near-real-time pro-
cedural guidance has been the ability to view images in the
magnetic field through the development of in-room high-res-
olution radiofrequency-shielded monitors (20, 27, 44). In com-
bination with the patient access allowed by open imaging sys-
tems, the ability to view images at scanner-side allows the
entire procedure to be performed with the operator sitting next
to the patient, with no need to remove the operator’s hand from
the interventional device at any time (Fig 5). This manner of
intervention, analogous to an angiographically or sonographi-
cally guided procedure, is well suited to the skill set developed
by radiologists during more conventional types of image-guid-
ed intervention.

M R-Specific Issues for Instrument Guidance
and Visualization

Unlike guidance by X-ray-based techniques such
as fluoroscopy and CT, there are a number of user-
defined imaging parameters and needle traectory
decisions that can markedly alter device visibility
and, therefore, accuracy and safety of MR-guided
procedures (27, 42). The most important pulse se-
quence issues affecting visibility of a needle or oth-
er thin instrument are the sensitivity of the se-
quence to magnetic susceptibility effects, and the
direction of frequency encoding (42). Optimal im-
aging during needle insertion also depends upon
needle composition, and the angle between the nee-
dle shaft and the static magnetic field of the MR
imager. As the needle or other thin instrument is
positioned parallel to the static magnetic field (ver-
tically for most biplanar magnets and along the
long axis of cylindrical or ‘‘double-donut” sys-
tems), artifact at the device tip blooms and ob-
scures the true tip position. On the other hand, the
artifact along the shaft of the device diminishes
markedly, making it difficult to identify thinner
needles or electrodes in the image. The physical
basis of these effects is beyond the scope of this
review, but has been well described in the literature
(27, 42, 43). Safe clinical application of M R-guided
techniques requires careful consideration of these
factors during procedural planning and execution.
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Biopsy and Aspiration

One of the most straightforward interventional
applications for a cross-sectional imaging tech-
nique is percutaneous biopsy and aspiration. The
tissue contrast, spatial resolution, and multiplanar
capabilities of MR have obvious benefits for guid-
ance of biopsy and aspiration applications, and this
application was the first reported use of MR im-
aging to guide intervention. As noted above, a
number of investigators have described the use of
MR imaging for guidance of biopsy and aspiration
over the last decade and a half, and much of this
early work has been performed for diagnosis of le-
sions in the head and neck (6, 10-12, 27, 45). The
rapid acceptance of MR guidance for head and
neck biopsies has occurred, at least in part, because
of the striking advantages that MR guidance pro-
vides for interventional procedures performed in
areas of complex anatomy. The benefits of multi-
planar image acquisition were quickly discovered
by Lufkin and colleagues, who first reported the
advantages derived from going beyond the single
imaging plane, usually axial, available in CT-guid-
ed procedures (10). The elimination of beam-hard-
ening artifact inherent in CT has also supported the
use of MR imaging for guidance of skull base pro-
cedures (Fig. 6) (12, 27). Furthermore, the high
vascular conspicuity caused by flow-related en-
hancement effects inherent in two-dimensional
(2D) GE imaging is an additional benefit of MR
guidance for lesions in regions of complex vascular
anatomy (Fig 4).

In our experience, the use of MR imaging for
guidance of biopsy and aspiration has been of most
advantage in sampling lesions of the suprahyoid
neck, including high cervical spinal lesions (Fig 7).
The major benefit of MR guidance in thisregion is
its capability to display continuously the internal
carotid, vertebral, and major branches of the exter-
nal carotid artery during the entire needle insertion.
Masses at the base of the neck, in particular those
encroaching upon the brachial plexus, have also
presented an excellent application, exploiting the
multiplanar capabilities, tissue contrast, and spatial
resolution of MR imaging to allow effective tissue
sampling adjacent to the neurovascular structures
of the thoracic inlet (Figs 8-9). The capability to
guide needle insertion with T2-weighted images
has aso been helpful for biopsies of laryngeal and
pharyngeal submucosal lesions, which are often
difficult to define on CT, and may be hidden by
normal overlying mucosa on endoscopic examina-
tion (Fig 10). T2-weighted techniques can also be
used to increase diagnostic tissue yield by alowing
sampling of nonnecrotic regions of complex
Masses.

Depending upon the radiologist’s preference, bi-
opsies under MR image guidance can be performed
with free-hand methods, needle holders, or using
the optically-linked above-described systems (10,
20, 27). Currently, the vast mgjority of head and
neck biopsies at our institution are performed with
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Fic 5. C-arm system for percutaneous intervention is shown.
MR suite set up for radiologic intervention has three-camera vid-
eo sensor array (curved arrow) that detects the location and ori-
entation of a hand-held probe (black arrow). The system auto-
matically acquires continuous MR images based on the probe
position, and automatically updates display of four images on
shielded LCD monitor adjacent to the scanner (arrowhead). A
computer mouse on the LCD console and foot pedals (not
shown) allow the scanner to be operated by the radiologist
throughout the procedure.

free-hand techniques, with optically linked, frame-
less guidance reserved for particularly complex
procedures. Using the free-hand technique, as pre-
viously reported (27), most head and neck biopsies
can be performed in less than 1 hour of MR table
time. For many of these procedures, the rapid
frame-rate and high visibility of nearby vessels pro-
vided by 2D GE MR techniques allow needle
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placement in less time than that required with CT
guidance, with less than 8 minutes required per
needle pass for both aspiration and core-cutting
needle biopsy (27).

Minimally Invasive Percutaneous Therapy

Much of the excitement surrounding MR image-
guided procedures has been generated by the tre-
mendous sensitivity of MR imaging for tempera-
ture change and depiction of tissue damage. For
thermal monitoring, MR imaging provides an un-
equivocal advantage over the often subtle and in-
distinct changes noted with CT and sonography.
Many of the studies designed for looking at thermal
ablation under MR imaging guidance are prelimi-
nary, but have shown very encouraging initial re-
sults (1, 2, 13-16, 46, 47). The basic premise for
using MR imaging to monitor thermal therapy of
tumors reflects the capability of MR imaging to
show changes in signal directly related to temper-
ature elevation or tissue necrosis, allowing the pre-
diction of lethal tissue damage sites during the
heating process (48-52). Although thermal lesion
generation without image monitoring is commonly
performed in the surgical suite for pain therapy or
treatment of movement disorders, the thermal le-
sion in these cases is limited to a very small size
to prevent collateral tissue damage. Thermal lesion
volume is often several orders of magnitude larger
when therapy is performed for tumor destruction,
and the ability to monitor the thermal lesion size
and shape becomes essential in order to ensure
treatment of the entire target while sparing the sur-

Fic 6. FISP image shows a skull base mass in a 71-year-old man. A single frame from the continuous series of FISP images (18/7/
1/90°) obtained at approximately 1.7 s/image shows needle (arrowhead) directed into skull base mass (arrows) that destroys the occipital
condyle and extends upward into the posterior fossa. This retromastoid approach benefits from the oblique scan planes achieved with
MR enabling imaging of the entire craniad and anteriorly angled needle. As typically performed, this scan plane was alternated with the
orthogonal view along the path of the needle. Pathologic diagnosis was plasmacytoma.

Fic 7. MR imaging reveals C2 vertebral body lesion in a 77-year-old woman who reported neck pain. Capability to guide biopsy with
oblique imaging plane also allows needle to be angled around internal carotid and vertebral artery for biopsy of high cervical spinal
lesions. Turbo spin-echo (SE) T2-weighted image (2000/105/3/17 [TR/TE/NSA/ETL], 51-s scan time) obtained prior to sampling with 18-
gauge Menghini-type needle. Frequency encoding must be performed perpendicular to the needle shaft with Turbo SE or SE images
to maximize needle visibility. Histologic diagnosis was plasmacytoma, and the patient subsequently developed multiple myeloma.
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rounding normal structures. This is of particular
importance for treatment of brain tumors, which are
often located near eloquent regions of the cortex
(1, 14, 15, 53, 54). The ultimate cost-effectiveness
of these procedures remains to be proved, athough
the remarkably lower cost of MR image-guided tu-
mor ablation, as compared to open surgical exci-
sion, provides a strong rationale for the further de-
velopment of these techniques.

An additional use of MR imaging for percuta-
neous minimally invasive treatment is in the guid-
ance and monitoring of direct intralesional drug in-
jection, including injection for sclerotherapy of
vascular malformations. The same rapid image up-
dates used for interactive needle placement can be
used to monitor the injection of sclerosing agents
for the treatment of low-flow vascular malforma-
tions (55). The multiplanar cross-sectional images
obtained with MR imaging allow the injection of
alcohol or other sclerosing agents to be monitored
during administration, to ensure filling of the entire
targeted portion of the malformation and to exclude
extravasation or dissipation of the agent through
venous egress. MR guidance has been especially
helpful in treatment of the insinuating malforma-
tions of the head and neck in our experience (Fig
11) (55). The ability to monitor injection, in com-
bination with the tissue contrast capabilities of MR,
also lends itself to guidance of other chemical ab-
lation procedures of the head and neck in which
precise localization is required.

Intraoperative MR Imaging

A more recent landmark in the evolution of in-
traprocedural MR imaging has been the develop-
ment of methods for MR monitoring and guidance
during surgical procedures. Neurosurgical interven-
tions have been at the forefront of this development
in image-guided surgery, followed by otolaryngo-
logical procedures. As MR-guided intervention has
extended from percutaneous to more invasive pro-
cedures, the degree of complexity in supplemental
devices has increased markedly. Much of the inter-
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Fic 8. New C6-7 lesion underlying re-
section site is revealed in a 65-year-old
man with history of laryngectomy. Needle
placement was performed using FISP
guidance (2 s/image), with turbo SE im-
aging to confirm final placement prior to
tissue sampling. Turbo SE T1-weighted
axial (A) and oblique coronal (B) images
(680/24/3 [TR/ITE/NSA], 106 s scanning
time for 3 images) used to confirm 18-
gauge Menghini cutting needle placement.
The needle (arrowheads) can be noted in
disk space away from spinal canal or ver-
tebral arteries. Needle was placed through
anterior scalene muscle to avoid phrenic
nerve and brachial plexus, and was kept
anterior to the adjacent vertebral artery.
Final diagnosis was fungal osteomyelitis.

disciplinary effort required for successful imple-
mentation of intraoperative MR imaging has been
in development and testing of anesthesia equip-
ment, patient monitoring devices, and surgical in-
struments and accessories (22, 56-59).

Much of the pioneering work in the field of in-
traoperative MR imaging has been done by Jolesz
and associates at Brigham and Women's Hospital
in Boston. They were the first to integrate success-
fully the many components necessary for intra-
operative imaging on the 0.5-T Genera Electric
Signa SP system when they performed their first
neurosurgical biopsy in June 1995 (22). The idea
of constructing neighboring surgica and MR en-
vironments with a 0.2-T system was subsequently
realized by Tronnier and colleagues in Heidelberg
when they completed their first neurosurgical pro-
cedure in December 1995 (56). This concept was
subsequently modified and applied by several other
groupsat 0.2 T (57-59). A similar concept was also
adopted by the research group at University of
Minnesota, who has performed a large series of
surgeries using a Philips 1.5-T system for intra-
operative monitoring (3). Although these groups,
and a number of other investigators with prelimi-
nary data not yet published, span a number of dif-
ferent magnet designs, field strengths, and investi-
gational concepts, there are many similaritiesin the
information they have obtained by MR imaging to
guide and monitor the surgical procedure.

Considering the complexity of intraoperative
MR imaging, it isimportant to examine the benefits
that it may provide over more traditional methods
for surgical navigation. Intraoperative MR methods
have been advocated to guide instruments to the
site of an abnormality, minimize the size of crani-
otomy necessary for lesion exposure, identify ad-
jacent structures for maximal normal tissue pres-
ervation, determine completeness of tumor
resection, and provide surveillance for intraopera-
tive complications (22, 56). In addition, intraoper-
ative MR imaging can be used to guide real-time
intervention such as neurosurgical biopsy or cyst
aspiration dynamically, and verify the accuracy of
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Fic 9. Right supraclavicular fullness is shown in a 52-year-old man who previously underwent left lung resection for carcinoma. The
surgeon’s physical examination revealed generalized fullness, but no discrete mass.

A, Turbo SE T2-weighted image (2000/105/2 [TR/TE/NSA], 59-s scanning time) reveals focal mass displacing the brachial plexus
(arrow).

B, Single frame from continuous series of coronal FISP images (18/7/2/90°[TR/TE/NSA/flip angle], 3.5 s/image) shows 18-gauge side-
notch cutting needle (arrowhead) inserted into the dominant mass.

C, Oblique parasagittal FISP image, orthogonal to and with same parameters as B, reveals needle centered within mass (arrowheads)
with central stylet extended. The continuous imaging sequence allowed the mass to be separated from adjacent vessels as well as from
the adjacent portion of the brachial plexus. Pathologic diagnosis from the biopsy was poorly differentiated large-cell carcinoma.

Fic 10. Imaging of an 80-year-old woman after radiation therapy for squamous cell carcinoma of the tongue is shown.

A, T2-weighted Turbo SE image shows small high-signal intensity mass (arrowhead) adjacent to pyriform sinus that was difficult to
discern on T1-weighted images. Endoscopic examination of this region was performed twice, yielding no abnormal findings.

B, T2-weighted Turbo spin-echo image (200/105/2/17 [TR/TE/NSA/ETL]) obtained with 59-s scanning time shows needle (arrow) with
tip positioned within solid anterior portion of lesion. Cytologic analysis revealed squamous cell carcinoma.

Reproduced with permission from reference 27.

Fic 11. MR-guided sclerotherapy performed in a 31-year-old man with a large, low-flow vascular malformation in the right masticator
space. A single frame from a continuous series of FISP images (18/7/1/90°[TR/TE/NSA/flip angle], 1.8-s scanning time) obtained during
treatment session shows needle placed from a paramaxillary approach into the deep right masticator space (arrowheads). Collection of
high signal around needle tip represents a mixture of sclerosing and contrast agents (arrow). The needle was repositioned interactively
until the entire targeted portion was injected. Follow-up images revealed thrombosis and fibrosis of the malformation, and symptoms of
bleeding on dental manipulation and inability to open mouth completely resolved after treatment.

the chosen approach (22, 56). Of particular interest
has been use of the tissue discrimination provided
by intraoperative MR images to direct the surgeon
to areas of residual tumor that may not be apparent
by visual inspection. This failure of direct or mi-
croscope-assisted vision is usually caused by inter-

posed normal tissue blocking the surgeon’s view,
or by the similar appearance between primary pa-
renchymal brain tumor and adjacent normal tissue.

Both frame-based and framel ess stereotactic sys-
tems for neurosurgical guidance provide an alter-
native for several of these applications. Stereotactic
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Fic 12. Intraoperative images obtained during tumor resection in a 32-year-old woman are shown. Turbo SE T2-weighted images
(2845/102/2 [TR/TE/NSA]; 3-min, 20-s scanning time) were obtained intermittently to monitor resection of a nonenhancing glioma.

A, Frontal pole is immediately adjacent to the dura prior to resection but after craniotomy and dural incision (arrow).

B, During tumor removal, the frontal pole and adjacent tissues shift posteriorly, creating an approximate 5-mm gap between the inner
surface of the dura and the adjacent cortex (arrow).

C, At a later stage during the debulking process, there is further frontal-pole shift (arrow) as intracranial volume decreases with tumor
resection. Resection was continued after obtaining this image (not shown). All images were obtained on the 0.2 T surgical suite-based

C-arm system depicted in figure 3.

navigation has seen a rapid increase in use over the
past 5 years, and has allowed a marked reduction
in the surgical invasiveness required for biopsy and
resection since its introduction (60). Unfortunately
these methods, based on preoperative MR or CT
data sets, decrease in accuracy as surgical interven-
tion proceeds and anatomy shifts and is altered as
a result of tumor resection (Fig 12) (22). In fact,
the loss of accuracy during craniotomy begins prior
to actual tumor resection, resulting from fluid
shifts, changes in arterial pCO,, and CSF |leakage
after opening of the dura (60). Intraoperative brain
surface deformation greater than 10 mm has been
documented within 1 hour of opening the dura, pri-
or to actual tumor resection, (60) in over half of
the patients studied. The error induced by this type
of shift may be even larger in the presence of hy-
drocephalus or preexisting loss of parenchymal vol-
ume (22). Owing to these sources of error, the use-
fulness of stereotactic surgical navigation quickly
diminishes during the surgical procedure, and this
equipment is often relegated to a remote corner of
the surgical suite by the late phases of tumor
resection.

As compared to methods based on previously ac-
quired data, intraoperative MR imaging allows lo-
calization of alesion in 3D space, and then permits
repeated updates of the localization as tumor is re-
sected and shifts in the tissue and fluid compart-
ments of the brain occur. This updated guidance
ability is most important for localization of small
lesions, for which the error of previously acquired
data-based methods might be unacceptable. More
importantly, methods based on preoperative data
cannot verify that tumor resection is complete nor
guide the surgeon to foci of residual tumor or in-
traoperative hematomas or other complications of
surgery. These latter applications have fueled much
of the enthusiasm for intraoperative MR imaging

in the neurosurgical community (22, 56-58). Many
of these same concepts can be applied to ENT in-
tervention, in which intraoperative MR imaging
has been used to guide endoscopic procedures. Use
of MR imaging to guide endoscopic procedures
provides an interactive and updated ‘‘road map’’ to
supplement the limited field of view inherent in the
endoscopic sinus surgical technique (61). Intra-
operative MR imaging has also been used in con-
junction with otolaryngology at our institution to
monitor success of treatment for skull base surgery
(Fig 13). As intraoperative MR methods improve
and mature, it is likely that the number of proce-
dures of interest to the neuroradiology community
will continue to grow.

The technical requirements for intraoperative
MR imaging are dlightly different than those nec-
essary for minimally invasive percutaneous proce-
dures, and include an increased need for sufficient
signal-to-noise ratios and spatial resolution in order
to allow accurate identification of residual tumor or
hemorrhage in addition to patient access during the
procedure. Many MR image-guided surgical inter-
ventions have been performed at mid- or high-field
(3, 22). Although field strength has a large impact
on the signal-to-noise ratio, many other factors can
be used to compensate for the lower field of resis-
tive or permanent magnet systems, including quad-
rature coil design, pulse sequence design, image
bandwidth, and imager receiver chain circuitry.
Our experience, and that of Steinmeier and col-
leagues (57), suggests that the signal-to-noise ratio
and spatial resolution possible at 0.2 T can be suf-
ficient for MR image-guided pituitary surgery.
These parameters can accurately delineate macro-
and microadenomas during surgery, and reveal and
delineate residual tumor, cavernous sinus extension,
and hemorrhage (Fig 14) (58, 59). Our experience
suggests that 0.2-T systems can also provide suf-
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Fic 13. Imaging of a 49-year-old woman with recurrent skull-base cyst after prior transmaxillary drainage is shown.
A and B, Turbo SE T2-weighted axial images (4083/105/5/17 [TR/TE/NSA/ETL], 3-min, 29-s scanning time) show large, multiloculated
cyst replacing the petrous apex and body and pterygoid process of the sphenoid bone on the left (arrowheads). The bony Eustachian

tube is obstructed with a secondary mastoid effusion.

C, FISP image (17.8/8.1/4/90° [TR/TE/NSA/flip angle], 9 s/image) obtained during drainage procedure shows gadolinium-filled catheter
extending through Caldwell Luc incision (arrow), and pterygopalatine fossa resection site (arrowhead) into skull base cyst. Several of
the loculations within the cyst are already drained, with residual fluid layering posteriorly (asterisk). This frame was one of a continuous

series of images obtained during this portion of the procedure.

D and E, Turbo SE T2-weighted images, with same parameters as A and B, show air filling the multiple loculations of the lesion, with
a small posterior air-fluid level within the petrous apex portion of the abnormality. Mastoid fluid remains unchanged. Biopsy of cyst wall

again revealed normal respiratory epithelium.

ficient image quality to guide the surgeon during
craniotomy for tumor resection (Figs 12, 15). The
low-field system’s capacity to provide this type of
guidance has also been established by several other
groups. These include researchers from Long
Beach Memorial Hospital in California, the Uni-
versity of Cincinnati, the University Hospital in Er-
langen, Germany, and, most prominently, the Uni-
versity of Heidelberg where the largest published
number of intraoperatively MR-imaged cranioto-
mies (at 0.2 T) have been performed (56, 62, 63).
Nonetheless, intraoperative imaging at lower field
requires increased imaging time to achieve suffi-
cient image quality for surgical decisions, and the
trade-off between imaging time, system cost, and
patient access is a matter of ongoing debate.

As with any new technology, it is essential that
the initial rush of enthusiasm be followed by care-

ful examination to ensure appropriate utilization. It
is obvious that many surgical procedures do not
require image guidance. Most brain tumors, aneu-
rysms, vascular malformations, and other indica-
tions for neurosurgery are performed safely and ap-
propriately with current surgical techniques,
including microsurgical methods and both frame-
less and frame-based stereotaxy. Conversely, cer-
tain tumor resections, stereotactic biopsies, thermal
ablation of brain tumors, thermal pallidotomy, and
functional stimulation procedures lend themselves
to the type of sophisticated information provided
with intraoperative MR imaging techniques. In par-
ticular, the use of intraoperative MR imaging to
guide resection of high-grade gliomas, currently
being investigated at several centers, must be care-
fully evaluated prior to widespread adoption in
view of the lack of evidence that more complete
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resection increases survival. Although preliminary
data suggest that MR guidance may decrease the
size of craniotomy and therefore shorten hospital
stay (22), careful cost analysis is necessary to doc-
ument any advantages from the addition of intra-
operative imaging to the surgical procedure.

Economic Considerations

In addition to the many engineering challenges
related to MR procedural guidance, the develop-
ment of appropriate guidelines to optimize cost-ef-
fectiveness of these interventions also represents a
difficult task. When compared to current sonogra-
phy-and CT-guided procedures, MR-guided proce-
dures are dlightly more expensive (charges for an
MR-guided procedure are currently approximately
10% to 15% more than for a similar procedure un-
der CT guidance at our institution). Therefore,
when less expensive CT or sonographic guidance
is suitable, their use is warranted as the most cost-
effective choice. There are a number of procedures
in which other imaging techniques lack the tissue
contrast or vascular conspicuity to provide safe
routes for biopsy or aspiration (27). It is these pro-
cedures, for which other imaging applications are
limited or open surgical biopsy is the primary al-
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Fic 14. Imaging of a 76 year-old woman
with pituitary macroadenoma resulting in
visual symptoms is shown.

A, Preoperative coronal T1-weighted
(680/14/3) image depicts large macroad-
enoma resulting in marked elevation and
compression of the optic chiasm.

B, Intraoperative sagittal T1-weighted
SE image (432/26/3 [TR/TE/NSA], 202 X
256 matrix, 20-cm FOV) shows localizer
probe, which can be seen as a bright line
(arrowheads) extending through the nasal
cavity into the sella extending to the pos-
terior aspect of the resection bed.

C, Intraoperative coronal 3D T1-weight-
ed FLASH image (120/12/1/60° [TRI/TE/
NSA/flip angle], 256 X 256 matrix, 20-cm
FOV, 8-min, 15-s scanning time) shows
complete decompression of the optic chi-
asm with a CSF-filled suprasellar cistern.
The localizer probe can be seen as a
bright circle within the sella (arrowhead).
Blood and secretions pooling within the
sella make it difficult to detect residual tu-
mor on unenhanced T1-weighted images.

D, Coronal turbo SE T2-weighted image
(3500/102/1/7 [TR/TE/NSA/ETL], 210 X
256 matrix, 20-cm FOV, 5-min, 2-s scan-
ning time) obtained later in the procedure
again reveals decompression of the optic
chiasm (black arrow) and relaxation of the
diaphragma sellae (white arrow). On T2-
weighted images, fluid or blood pooling
within the sella can more easily be distin-
guished from residual tumor. Contrast-en-
hanced images are of less help than might
be predicted owing to pooling of contrast-
enhanced blood within the sella if any ooz-
ing occurs before or during image
acquisition.

Reproduced with permission from ref-
erence 58.

ternative, that provide the best indication for MR-
guided techniques.

Many of the most formidable barriers to wide-
spread dissemination of these techniques have been
the economic issues related to interventional MR
imaging. Often obtaining the necessary financia
resources for acquiring interventional MR imaging
capabilities can be considered an insurmountable
problem outside of the academic setting. The cost
and setup of an interventional system depends on
several factors, including field strength and system
fringe field, and the more novel the interventional
design, the more expensive its acquisition. The
least expensive approach for percutaneous proce-
dures is to add the necessary supplemental equip-
ment for MR image-guided procedures to an exist-
ing diagnostic MR system. Severa vendors offer
interventional accessories below $160,000, making
the variable cost required to perform percutaneous
MR-guided procedures relatively low for those
sites with preexisting open MR scanners. Purchase
and setup of a low-field system specifically outfit-
ted for intervention, such as a 1.5-T superconduct-
ing short-bore or **double-donut” system, become
progressively more expensive. As the speed at
which these procedures can be performed further
increases with improvements in MR guidance tech-
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Fic 15. Imaging of a 40-year-old woman with sphenoid wing meningioma is shown.

A, Intraoperative turbo SE T2-weighted oblique image (2598/105/5/17 [TR/TE/NSA/ETL], 2-min, 40-s scanning time) reveals sphenoid
wing mass encasing the bifurcation of the middle cerebral artery (MCA) (arrowhead).

B and C, Coronal (B) and axial (C) contrast-enhanced FLASH T1-weighted images (110/9/5/70° [TR/TE/NSA/flip angle], 1-min, 48-s
scanning time) reveals meningioma after craniotomy and surgical exposure. The margins of the lesion and location of the optic chiasm,
ICA, and primary MCA branches were determined interactively using gadolinium-filled markers.

D and E, Coronal (D) and axial (E) images obtained after resection, with same parameters as A, show gross debulking of the tumor
with a thin rim of enhancing tissue intentionally left along the cavernous sinus and encased arteries (arrowheads).

niques, the contribution to fixed cost as compared
to CT guidance should continue to decrease.
Finally, even with the current level of technology
and expense, appropriate use of interventional MR
imaging can result in a tremendous potential re-
duction in the costs associated with treating certain
patients. In particular, for patients in whom the ap-
plication of MR image-guided biopsy, thermal ab-
lation, or chemical ablation can help avoid an open
surgical procedure, there has been a marked de-
crease in cost at our institution. This has resulted
from decreased procedural cost, relative to surgery,
aong with equal or more pronounced savings
through avoidance of intensive and routine care
hospitalization. This is in addition to the patient’'s
benefit that results from reduced morbidity, mor-
tality, postprocedural discomfort, and recovery
time when open surgical procedures can be avoid-
ed. These potential advantages of interventional
MR imaging have provided the rationale for an in-

creased interest in these techniques, with a growing
number of centers and radiology practices devel-
oping interventional or intraoperative MR imaging
capabilities. The overall success for this developing
field within interventional radiology will require
the careful application of these techniques to ensure
appropriate use. Intraoperative and minimally in-
vasive MR-guided techniques hold tremendous po-
tential, but much effort remains necessary to define
their appropriate role in the delivery of cost-effec-
tive medical care.
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