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Interventional Radiology

PURPOSE: To develop a supercon-
ducting magnetic resonance (MR) im-
ager that provides direct access to the
patient and permits interactive MR-
guided interventional procedures.

MATERIALS AND METHODS: A
0.5-T superconducting magnet that
allows a region of vertical access to
the patient was designed and con-
structed. This magnet was integrated
with newly designed shielded gradi-
ent coils, flexible surface coils, and
nonmagnetic displays and with posi-
tion-monitoring probes and device-
tracking instrumentation.

RESULTS: The magnet homogeneity
was 12.3 ppm, and the gradient field
was linear to within 1% over an imag-
ing region 30 cm in diameter. The
signal-to-noise ratio was 10% higher
than in a comparable 0.5-T supercon-
ducting imager. Images were ob-
tamed in several anatomic regions
with use of routine pulse sequences.
Interactive image plane selection and
near real-time imaging, with use of
fast gradient-recalled echo sequences,
were demonstrated at a rate of one
image every 1.5 seconds.

CONCLUSION: MR-guided inter-
ventional procedures can be per-
formed with full patient access with
use of an open-configuration, super-
conducting MR magnet with near
real-time imaging and interactive im-

age plane control.

Index terms: Interventional procedures, tech-

nology . Magnetic resonance (MR), guidance

T HERE has recently been a great in-

terest in expanding the scope of

image-guided, invasive therapeutic

procedures (1). Magnetic resonance

(MR) imaging provides excellent tis-
sue discrimination, and its capability

for tissue targeting and localization
has been widely used for the guid-
ance of biopsy and stereotaxic proce-
dunes (2-17). In addition, near real-
time MR imaging monitoring and
control are useful for interventional

procedures such as interstitial laser
photocoagulation (8-29), cryotherapy

(30,31), and focused ultrasound (US)

(32-37) that use thermal energy for
the ablation of diseased tissues. The
emergence of minimally invasive in-
terventional procedures (such as en-
dovascular, endoscopic, laparoscopic)
as an alternative to conventional sum-
gical procedures (38) motivates the
development of strategies for three-
dimensional image guidance that are
more efficient and better integrated
with therapeutic devices than are the

fluoroscopic, computed tornographic

(CT), and US systems currently in use.
However, technical barriers, par-

ticularby the inaccessibility of the pa-
tient during the imaging process,
have prevented the widespread use
of conventional, superconducting MR
irnagers for intraoperative guidance.

This has prompted us to develop a

new, open-configuration, supercon-

ducting MR imaging system, which

allows direct access to the patient dur-
ing the execution of treatment proto-

cobs. This system permits the acquisi-

tion of high quality, near real-time

MR images under the direct control

of the interventional radiologist, who
can perform such procedures while

standing or seated within the magnet
itself.

The goal of this project was the de-
vebopment of new and less invasive
procedures based on intraoperative
MR imaging guidance. Beside the
conventional MR imaging contrast

mechanisms, these procedures can

use the direct sensitivity of MR im-
aging to tissue temperature and the
sensitivity to temperature-induced
biochemical changes, such as protein

denaturation and coagulation necro-
sis.

MR imaging requires a strong, static
magnetic field that is highly uniform

over the imaging field of view (FOV)
(39). Several magnet configurations

that produce these fields are in use
(Table 1). For superconducting sys-
tems, field uniformity is achieved by

using a set of cylindrically symmetric
coils that are housed within a tubu-

bar cryostat, which fits rather tightly
around the patient. This configuration
precludes effective visual and manual
contact with the area of the patient
being imaged, which must be near the
center of the imager. Also, the con-
ventional, cylindrical configuration
provides only a limited ability to ob-
serve and monitor anesthetized pa-
tients. Many of the MR imaging-
assisted interventional procedures so
far reported involve the use of images

obtained before and after the proce-
dune, and this does not permit real-
time intraoperative monitoring. Other

reported procedures involve inter-
ventions accomplished outside the
magnet with the patient episodically
moved into the imager for imaging
purposes. The delays involved in
moving a patient into and out of the
magnet and the inaccessibility of the

Abbreviations: FOV = field of view, GRE =

gradient-recalled echo, RF = radio frequency,
S/N = signal-to-noise ratio.



Field

Magnet Type
Magnetic Field

Source
Patient

Accessibility
Strength

(T)

Conventional superconducting Superconducting coils in a Inaccessible 0.5-1.5
magnet cylindrical cryostat

Permanent magnet Horizontal, magnetized pole
faces

Horizontal access 0.05-0.2

Open-configuration supercon- Superconducting coils in a split Vertical access 0.5

ducting magnet cryostat with a region of cen-
tral access
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patient during the imaging process

limit the nature and scope of these
procedures.

MR imagers that use a permanent
magnet (39-41) or an electromagnet
achieve a uniform static field with
placement of the patient between two
large magnetic pole faces. This type
of irnager permits a degree of patient
access through the gap between the

pole faces that is approximately 35 cm
in most designs. Although this is not
a physical requirement, the available
MR imagers with a permanent rnag-
net use horizontal pole faces, and the
resulting patient access is in the hon-
izontal plane. Vertical access from
above the patient is not possible in
this permanent-magnet configura-
tion because of the presence of the
pole faces. Imagers that use perma-
nent magnets or electromagnets have
lower field strengths (typically 0.05-
0.2 T) than do superconducting sys-

tems (typically 0.5-1.5 T). The avail-
able signal-to-noise ratio (S/N) of MR
imagers increases linearly with in-

creasing field strength (39), thus giv-

ing imagers with a higher field strength
the advantages of spatial and tempo-
nab resolution. The open-configuration
imager described herein was devel-
oped to evaluate the potential advan-
tages of vertical-access irnagers that
operate at superconducting field
strengths.

It is desirable for the clinician to
have interactive control of the imag-
ing process during the procedure to
permit rapid tissue targeting and vi-
sualization of dynamically changing
anatomic relationships. The system
described in this article provides con-
tinuous monitoring of the position of
instruments, such as biopsy needles,
forceps, catheters, and endoscopes,
with the use of small optical and/or
radio-frequency (RF) sensors mounted
on the instruments. This information
is used by a computer workstation

that controls the imager, permitting
the operator to perform multiplanan
imaging at desired locations.

MATERIALS AND METHODS

The image console and electronics of a
conventional MR imager (Signa; GE Medi-
cab Systems, Milwaukee, Wis) were used in
conjunction with a new magnet, patient
table, and gradient coils designed and
built specifically for this application. The

superconducting magnet (42) was de-
signed with the coils in separate but corn-
municating cryostats to achieve a spheri-
cab imaging volume 30 cm in diameter,
with a 56-cm gap at the center of the mag-

net to permit vertical access to the patient
(Figs 1, 2). As with most superconducting

Table 1

Patient Accessibility during MR Imaging

magnets, the coil location was a modifica-

tion of that used in the traditional two-coil

Helmholtz pair (39); however, the two-coil
Hebmholtz pair has a relatively narrow
separation between the two coils (equal to
the coil radius), and the region of homoge-
neity is too small for practical imaging

purposes. Computer analysis of various

coil designs was used to simultaneously
optimize magnet-stored energy, the access
gap between the innermost coils, and the
volume of the highly homogeneous mag-

netic field over which MR imaging is pos-
sible. It was found that a six-coil configu-
ration provided a sufficient number of
degrees of freedom to achieve a satisfac-
tory design.

The magnet was constructed at the Gen-
erab Electric Corporate Research and De-

vebopment Center, Schenectady, NY. The
inductance was 464 H, and the central
field was 0.0077 T per ampere of coil cur-

rent. The magnet weighed 3,600 kg and
had an outer diameter of 1.84 m and a

length of 1.48 m. If the magnet was un-
shielded, the 5-C (0.0005 T) line was at
10.0 m from the magnet center along the
axis and 7.9 m transverse to the axis.

A superconducting material was used
that permits an increase in the width of
the region of access. Niobium tin, which
has a superconducting transition tempera-

ture of 18.1 K, was used instead of the
more common niobium titanium, which
has a maximum superconducting transi-
tion temperature of 10.1 K (43). The high
superconducting transition temperature of
niobium tin permitted the coils to operate
at temperatures above the approximately

4.2 K that is normally used. This made it

possible to achieve sufficient cooling of the
coils and thermal shield with use of a two-

stage Gifford-McMahon cryocooler assem-

bly (Kelcoob UCI3O; Balzers, Hudson, NH),
and no liquid helium was required. Be-
cause there was no helium bath, the spac-

ing between the superconducting coils
and the cryostat walls could be reduced,
resulting in a wider zone of patient access.

The mechanical structure was designed
to allow the magnet to operate safely at

fields of up to I T, and the magnet has

been successfully operated at fields up to
0.7 T. To achieve compatibility with stan-
dard imager components and to permit
direct imaging comparisons with a stan-
dard 0.5-T MR imager (Signa Advantage;
GE Medical Systems), an initial operating

field of 0.5 T was chosen. This resulted in a

peak field at the superconducting coils of

1.5 TAt 0.5 T, the magnet operated satis-

factorily, with use of a single cryocoober, at
a shield temperature of 13.2 K. However,
to enhance the reliability, in normal opera-

tion, two cryocoobers were used and the
shield temperature was maintained at 10

K. The superconducting coils were wound
from superconducting tape (44,45) that
was 3 mm wide and 0.23 mm thick (GE
Medical Systems, Florence, SC). The thin
niobium tin layer was sandwiched be-
tween two copper insulating layers, and
the copper to noncopper ratio was 6:1.

The RF and gradient coils in conven-
tionab superconducting imagers com-
pbetely surround the patient and preclude

patient access in the same manner as that

of the main magnet. Shielded gradient
coils with a barge central gap (56 cm) were

developed for all three principal direc-
tions. These coils permitted access to the
patient within the magnet bore without
greatly reducing the gradient strength,

linearity over the FOV, or eddy current

performance (see Results). The acoustic
noise generated by the gradient coils was

measured by using a calibrated noise

source (model S/N CA250-067; Larson-
Davis Laboratories, Provo, Utah), a mea-

suring amplifier and capacitive microphone

(models 2609 and 2639, respectively; Brueb
and Kjaer, Naerum, Denmark), and a spec-
trum analyzer (model 8568A; Hewlett-
Packard, Palo Alto, Calif). RF signals were
transmitted and received with the use of

either a modified birdcage coil of conven-
tional design (46) or surface coils operated

in the transmit-receive mode. These sur-
face coils could be integrated within a ster-
ilized surgical drape and placed directly

on the surface of the patient overlying the
region to be imaged. The coils could be
contoured to the patient’s surface anatomy
and permitted access to the region of treat-
ment beneath the coil. In addition to flex-
ible coils designed specifically for inter-

ventional procedures, it is expected that

commercially available transmit-receive

coils will be satisfactory in many applica-
tions.

The imager was installed in a specially
constructed, magnetically shielded, hospi-

tal suite at the Brigham and Women’s
Hospital, Boston, Mass, for initial clinical

evaluations. This interventional MR imag-

ing facility was designed to provide the
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Figure 1. Open-magnet system. Magnet is constructed by using two interconnected cryostats with an opening between them to permit clini-
cal access to the patient during imaging. Depending on the procedure to be performed, the patient table may be positioned (a) along the axis of
the imager or (b) perpendicular to this axis.
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Figure 2. Cross-sectional diagram shows a
magnet and gradient coil system, including
approximate locations of superconducting
coils.

combined features of MR imaging and in-
terventionab radiology as well as those of a
conventional operating room. It includes
an imaging room with the open magnet
and its accessories along with MR-compat-
ible equipment for administration of anes-
thetics (XL1O MRI Compatible Anesthesia
Station; Ohmeda, Madison, Wis), patient
monitoring devices (MagLife ODAM;
Bruker, Wissembourg, France), video
monitors, and two-way audiovisual corn-
munication devices. Service connections
are provided for vacuum, air, and anes-
thetit gases, as well as for ebectrocautery,
baser, and cryosurgicab devices. Adjacent
to the interventionab imaging room are
rooms for the imager console and for com-
puter hardware. The rest of the suite con-
tamed the additional elements of an oper-
ating suite, such as decontamination and
clean rooms for handling and assembling
instruments, and a three-bed holding area
for preoperative and postoperative care.

To permit interactive selection of the
image plane, a three-dimensional digitizer
system (Flashpoint; Pixsys, Boulder, Cob)
was integrated into the system (Fig 3).

This device employed three high-resolu-
lion video cameras to localize the spatial
position of infrared bight-emitting diodes,
which could be mounted on rigid, hand-
held instruments. The position of the in-
strument tip within the patient could be
determined from the position of two or
more of the light-emitting diodes located
outside the patient’s body in the line of
sight of the cameras. A specially programmed

sequential logic box used the video images
to calculate the probe orientation and the
position vectors of the probe tip. An inter-
active workstation was developed to pro-
vide a software window environment that
was capable of supporting mouse and

menu-driven applications (Sun 4/670; Sun
Microsystems, Mountain View, Cabif). In-

stantaneous values for the instrument on-
entation and tip coordinates were calcu-
bated automatically by the workstation.
These values could be used to control the
MR image plane and imaging sequence
directly from within the imager.

In some cases, it was desirable to use
preoperative images for procedural plan-
ning and for advance preparation for the
intraoperative imaging studies. In these
cases, a three-dimensional imaging data

set could be obtained from the patient be-

fore the procedure and transferred, with
use of a database transfer program, to the

computer workstation by means of Ether-
net connections. Three-dimensional re-
constructions and surface-rendering tech-
niques could be used before the procedure
for planning purposes, and the resulting
images would be available during the pro-
cedure (47). Because the clinical team must
be abbe to view the intraoperative images
without leaving the imager, the display
must operate within a strong magnetic

field and cathode-ray tubes cannot be
used. Therefore, a liquid crystal monitor
with a viewing screen of 113.8 x 87.6 mm
(model LQ6NCO1; Sharp Electronics, Rah-
wah, NJ) was modified to remove mag-
netic field-sensitive ferrite components
and was provided with additional shield-
ing to prevent interference with the RF

components of the MR imager. This moni-
tor was mounted above the image region
and permitted the viewing of the MR im-
ages as they became available. A second
monitor facing in the opposite direction
enabled an assistant across the patient
table to view the images simultaneously.

RESULTS

Open-Magnet Performance and
Patient Accessibility

The homogeneity of the main field
was measured over a 30-cm-diameter

spherical volume at the center of the
magnet. The strength, linearity, eddy
current, and acoustic properties of the
gradient coils also were measured.
The results are summarized in Table
2. The calculated gradient field pat-
tern of the transverse gradient coils is
indicated in Figure 4. The deviation
from linearity was corrected during
image reconstruction, as with stan-
dard imagers, by use of the mathe-
matic expansion of the gradient field
in a series of spherical harmonic func-
tions.

The degree of clinical access to the
patient is depicted ergonomically in
Figure 5 for a male operator of median
height (48). A chain with a built-in bum-
bar spine surface coil was developed
to permit imaging of patients when
they are in the sitting position (Fig 6).
With this chair, it is possible to corn-
fontabby perform lumbar spine imag-
ing on seated patients weighing up to
100 kg (220 bbs) and measuring 1.9 m
(6 ft 3 inches) in height.

Image Quality

For construction of a superconduct-
ing MR imager with open access from
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Figure 3. Schema of interactive image control shows an open-magnet design that permits

direct clinical access to the patient and simultaneous control of the MR imaging process. Light-
emitting diodes (LEDs) on the probes are visualized by the television cameras and allow cal-

culation of the three-dimensional location of the probe tip. From within the magnet, the clini-
cian can control the image plane and can view the resulting images on the field-compatible

liquid crystal monitor.

the side, it was necessary to make
major adjustments to the position of
the superconducting coils within the
cnyostat and to redesign all three gra-

dient coils and the RF coils. Therefore,
the ability of the imager to perform
routine imaging tasks was an irnpor-
tant test of the new main magnet and
coil set. With the use of various pulse

sequences, images of various ana-

tomic regions were obtained with
both birdcage head coils and several

types of flexible surface coils tailored

to specific anatomic regions (Fig 7).

These devices operated in both the
transmit and receive modes. Ideally,

these coils should surround the point

of entry into the body and produce
minimal obstruction of the operating
field. As with all surface coils, it was
necessary to orient, as much as pos-

sible, the plane of these coils parallel

to the main magnetic field to avoid

boss of signal (49).

Qualitatively, it was found that
within the 30-cm-diameter imaging
region, this system possesses imag-
ing capabilities comparable, or even

slightly superior, to those of conven-

tionab 0.5-T MR imagens. This assess-
ment was quantified by measuring the
S/N, with use of identical phantoms,
on the open-magnet MR imager and
on a second 0.5-T MR imagen with
nearly identical receiver electronics

(Signa Advantage; GE Medical Sys-

tems). With use of the same pulse se-
quences and head coil, the measured

S/N of the open imager was 10%
higher than that of the conventional

imager. This advantage was attnib-

uted, at least in pant, to the absence of

a body coil in the open irnager and

the lack of associated noise coupling

into the head coil.

Point-and-Image Capabilities and
Real-Time Imaging

Systems for neal-time MR data ac-
quisition, reconstruction, and display

have recently been demonstrated. In

these cases, an interactive definition

of the image plane is achieved either
by entering parameters at a keyboard

(50) or by graphic prescription from a
scout image (51). In this system, the

automatic, quantitative positional

tracking of the light-emitting diodes
on the Pixsys probe enables the clini-
cian to prescribe images directly from
within the magnet (Fig 3).

To perform an image-guided bi-
opsy, the physician selected the im-
ages to be obtained by pointing the

probe, which contained a coaxial bi-

opsy needle, in the direction of the

tissue target within the patient. The
coordinates of the needle tip and a

unit vector along the projected track

of the needle, were calculated by the
workstation and relayed to the im-

ager console. An image in a plane

containing the needle path was ac-

quired automatically and displayed
on the monitor within the imagen. If

Figure 4. Field pattern for transverse gradi-
ent coils with open geometry. Patterns of
transverse and axial gradient fields are simi-

lar. The boundary of a 30-cm-diameter (dia)

sphere is indicated.

the image helped confirm an appro-

pniate orientation of the biopsy needle,

the needle could be advanced to the

target while its progress was moni-

toned by repetitively updated images.

If the orientation of the biopsy needle
was unsatisfactory, the probe could

be redirected and additional images
obtained until a satisfactory approach
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5a.

Figures 5, 6. (5) Clinical access and working zones. Effective MR imaging is possible over a spherical volume, at the center of the magnet, ap-
proximately 30 cm in diameter. The clinician may stand or sit at the patient’s side or head. Regions of the patient accessible to the vision and
reach for a male operator of median height (48) are shown, in inches, for the (a) vertical and (b) horizontal planes. Values on the y axis are in
feet. (6) Patient positioning options. Unlike conventional superconducting systems, spine images may be obtained in patients who are upright.
Values on the y axis are in feet. TR = repetition time. (a) Lumbar spine may be imaged with the patient seated. It is also possible to image this
region with the patient standing. (b) If the sitting position is lowered, the cervical spine may also be imaged with the patient upright.

to the target was determined. If de-
sired, image planes perpendicular to
the needle path could also be pre-
scribed. The speed of imaging was
important because it was necessary to
produce clinically useful images while
causing only minimal delays in the
procedure.

With the use of fast GRE sequences,
it was possible with this imagen to
produce images useful for guiding the
biopsy of large masses (8-cm FOV,
128 x 256 matrix, 5-mm-section thick-
ness) at the rate of one image every

1.5 seconds (Figs 8, 9). Under proto-
cobs approved by our Institutional

Review Board, initial MR-guided bi-
opsies were performed in patients

(52) by using this system (Fig 10).

With this GRE pulse sequence, the
magnetic susceptibility of the needle
produced an imaging void that was
several times the actual size of the
needle, which has a diameter of 1.24
mm. When a biopsy specimen of a
large mass was obtained, this artifact

was acceptable and was possibly even

useful for guidance of the instrument
(16). However, for application of this
technique to smaller masses, biopsy
needles with better magnetic suscepti-
bility matches to tissue are necessary.

Positional Accuracy of Pixsys-based
Imaging

In principle, the ability of MR irnag-
ing to determine spatial localization is
limited only by the pixel size and
thickness of the imaged section, and
localization within 1 mm or less is
theoretically possible (53,54). How-
even, because of several systematic
sources of error, this level of posi-
tional accuracy has not yet been
achieved for this system. These factors
included (a) errors in the calculated
gradient fields, which remained even
after mathernatic corrections were
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d. e.
Figure 7. Images obtained by using the open-configuration MR imager show that, despite radical modifications of the superconducting mag-

net and the RE and gradient coils, high-quality anatomic imaging can be achieved. (a) Ti-weighted spin-echo MR image (550/25 [repetition time

msec/echo time msec]) of the patient’s head was obtained with a section thickness of 5 mm, FOV of 22 x 16 cm, 256 x 192 matrix, two acquisi-

lions, an imaging time of 2 minutes 42 seconds, and use of a conventional birdcage head coil. System homogeneity also permitted T2-weighted
fast spin-echo MR images of the (b) head (4,000/88, 5-mm section thickness, 20-cm FOV, 256 x 192 matrix, two acquisitions, imaging time of 3 mm-
utes 12 seconds) and (c) female pelvic organs (3,000/88, 7-mm section thickness, 24-cm FOV, 256 x 256 matrix, two acquisitions, imaging time of 3
minutes 18 seconds), both with use of flexible surface coils. GRE and flexible surface coils were used to obtain a (d) cardiac cine mode image (80/18,

7-mm section thickness, 32-cm FOV, 256 x 128 matrix, four acquisitions, 30� flip angle, imaging time of 8 minutes 6 seconds) and an (e) axial
abdominal Ti-weighted MR image (150/8.3, 10-mm section thickness, 26-cm FOV, single acquisition, 80#{176}flip angle, imaging time of 45 seconds).

made, and (b) deviations from purely
planar imaging surfaces (potato chip
effect). The magnetic susceptibility of
the human tissues and of any instru-
ments introduced into the imaging
field resulted in geometric image dis-
tortions (55,56). Other factors in-
cluded the positional accuracy of the
Pixsys and the accuracy of the regis-
tration between the coordinate sys-
tems of the imager and of the Pixsys
device. Further work is necessary to
reduce positional errors by use of
more powerful mathematic correc-
tions for field distortions, pulse se-
quences that are relatively less sensitive

to field distortions (57,58), and instru-
ments that have magnetic suscep-
tibilities closely matched to human
tissues.

The Pixsys device and the MR im-
ager each develops positional infor-
mation referenced to its own three-
dimensional coordinate system, and a
mathematic transformation was nec-
essary to relate data between these
two systems. This transformation was

generated by registering an array of
standard positions, which are mea-
sured in both frames of reference. The
overall positional accuracy depended
on the accuracy of the individual
components of the imaging system
and was determined by the accuracy
of the following: the probe tip boca-
tion and direction, as determined in
the Pixsys coordinate system; the tis-
sue target location within the image;

and the determination of the transfor-
mation function and standard posi-
tions.

The positional accuracy and repeat-
ability of the Pixsys Flashpoint digi-
tizer were studied by mounting the
video cameras 1 m above a simulated
imaging volume. The coordinates
produced by the digitizer were corn-
pared with those of a three-dimen-
sional, computer-controlled micro-
meter stage. Three reference points
were measured to register the coon-
dinate systems of the Pixsys and the
micrometer stage. The repeatability
and accuracy of the probe were great-

Figure 8. Real-time imaging is achieved by
updating the MR image every 1.5 seconds. An
oblique image plane along the direction of a

biopsy cannula can be selected automatically

by the operator using the position-sensing

instruments and software shown in Figure 3.
The graphic overlay indicates the orientation
of the cannula and its projected extension
into the patient. Part of the operator’s hand
is seen posterior to the patient in a single-
acquisition, GRE image (14.9/7.1, 10-mm see-

tion thickness, 30-cm FOV, 30#{176}flip angle,
256 x 128 matrix, imaging time of 1.5 seconds).

est when it was oriented perpendicu-

bar to the line of sight of the video

cameras. With use of this orientation,



a. b.

Figure 9. Effect of imaging time is demonstrated by comparison of axial GRE images ob-
tamed by using flexible surface coils at comparable lumbar levels. Both images have a 20-cm
FOV, a 256 x 128 matrix, and an 80#{176}flip angle. (a) TI-weighted image (100/8.8, 8-mm section
thickness, two acquisitions) requires a total imaging time of 58 seconds. (b) As expected, an

MR image of an adjacent region obtained with use of a real-time single-acquisition sequence

(16/7.8, 10-mm section thickness) that requires only 1.5 seconds has a lower S/N but contains

sufficient anatomic detail for many interventional procedures.

Volume 195 #{149}Number 3 Radiology #{149}811

and the larger of each pair was con-
sidered the offset error for that coon-
dinate direction. By using the banger
value of each of the three pains, the
total error in the location of the image
plane was taken as (�x2 + �y2 +

�z2)�2. The mean error in the location
of the center pixel of the image plane
was 2 mm near the center of the irn-
ager and was found to increase, as
expected, with distance from the
magnet isocenter (Table 3).

a group of locations was measured

repetitively, producing a total of 4,000

position coordinates. The range of

these results was ±0.3 mm with a

standard deviation of 0.1 mm. Subse-
quently, the probe tip was fixed in

position and the probe handle was

rotated to study the accuracy of the

transformation between the two sets

of coordinate systems. The range of

these measurements was ±3.0 mm

with a standard deviation of 1.0 mm.

The largest errors occurred when the

angle between the probe and the

camera line of sight was less than

approximately 10#{176};in practice, this
probe orientation should be avoided.
The absolute accuracy of the Pixsys
device was studied by measuring the
coordinates of 44,100 points as a corn-

puter-controbled micrometer stage
moved the probe through a series of
locations within an 18-cm-diameter

spherical volume. The initial measure-

ments produced a mean positional

error of 2.79 mm with a standard de-

viation of 1.2 mm. The errors were

found to increase with the distance

from the origin. By recalculating the

registration transformation based on

the measurements, the mean error
was reduced to 1.0 mm with a stan-

dand deviation of 0.5 mm.
An additional factor in the overall

system accuracy was the precision

with which an image plane could

be specified. This was measured by

mounting the Pixsys on a three-axis
positioner, which permitted it to be
moved throughout the imaging me-
gion. A 9-mm-diameter glass sphere
that contained copper sulfate solution
was mounted on the probe tip. Three

mutually perpendicular capillary
tubes, 1 mm in diameter and filled

with copper sulfate solution, were
used as a cnosshair phantom, which

was carefully positioned until it was

aligned at the center of the magnet
coordinate system. This was deter-
mined by successive images in the
axial, coronal, and sagittab planes.
With the probe aligned along the
axial direction of the imagen, it was
moved to various locations within
and also, somewhat beyond, the 30-
cm-diameter spherical volume. At
each location, it was used intenac-
tively to generate axial, sagittal, and

coronal images through the sphere at
the probe tip. The center coordinates
of the image of the copper sulfate

sphere were measured in each image.

Nominally, the sphere should be cen-

tered at the center pixel of each irn-
age. The actual position of the center
of the sphere (ax, �y, az) in the images
was determined in the image coordi-

nate system. This gave six measured
offset values: two (�lx and �y) in the

axial image, two (�y and �z) in the
sagittab image, and two (�x and �z)
in the coronal image. The three pains
of coordinate offsets were compared,

Instrument Tracking with Use of
MR Signals

In addition to the Pixsys-based bo-
calization techniques, a device track-
ing technique with a function anabo-
gous to x-ray fluoroscopy but based
on MR data was integrated with this
system (59). This arrangement used

pulsed gradient fields and was appli-
cable to real-time monitoring of the
position of either rigid or flexible
devices (needles, catheters, tubes,
drains, rigid or flexible endoscopes)
used in a patient. The tracking of fi-
ducial locations (such as a catheter
tip) on these invasive devices was
made possible by incorporation of
one or more small (diameter < 1 mm)
receiver coils into the device. These
small coils helped detect MR signals
only from the immediately adjacent
tissues. Pulse sequences that used
nonselective RF pulses from the stan-
dand transmitter coils were used to
excite all of the spins within the FOV.
The tracking coils produced no sub-
stantiab RF tissue heating because
they were used only to receive, not to
transmit, RF energy. Readout mag-
netic field gradient pulses, typically
applied along one of the primary axes
of the imaging system, were used to
frequency-encode the position of the
receiver coil or coils. The data are
Fourier transform, and the spectral
peak was used to determine the boca-
tion of each receiver coil along the di-
nection of the readout gradient. Sub-
sequent data, collected on orthogonal
axes, permitted three-dimensional
localization of the small coils. These
coordinates could be computed nap-
idly, and the position of each coil

could be updated several times pen
second. The precision of the RF coil
localization was limited by its size but
was comparable to the pixel size of

the conventional image. The robust-
ness of the tracking algorithm was

limited by the S/N of the voltage me-
ceived from the RF coil. In principle, if
this coil is aligned with its axis parallel

to the main magnetic field, no MR sig-
nab is detected. However, this was not
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Figure 10. MR images obtained at biopsy of a pelvic mass (malignant schwannoma), extending to the urinary bladder, guided by the open-

configuration MR imaging system. (a) Ti-weighted spin-echo images (600/25, 10-mm section thickness, 26-cm FOV, 256 x 192 matrix, two ac-
quisitions, imaging time of 3 minutes 54 seconds) obtained with a flexible surface coil shows a mass (arrow) of intermediate signal intensity in

the right groin, extending to and involving the right bladder wall. (b) One of a series of real-time, T2-weighted, GRE MR images obtained in-
teractively every 1.5 seconds (16/7.7, 10-mm section thickness, 24-cm FOV, 256 x 128 matrix, single acquisition, 30#{176}flip angle) shows an 18-
gauge MR-compatible biopsy needle (E-Z-Em, Westbury, NY) advanced into the mass (arrow).

a problem in practice because the coil

could be detected with very low S/N
and could be easily detected except
for a very small range of orientations.

The coil-localization pulse sequence
was interleaved with a conventional

imaging sequence, and the coil posi-
tion was displayed as a graphic sym-

bob superimposed on the conventional

image. Registration of the device boca-
tion with the patient anatomy on this
combined image was excellent be-
cause the same principles and hard-

wane were used for both computa-
tions and any positional errors caused

by nonlinearities of the readout gradi-

ent were identical for both the ana-
tomic and device coordinates. In fu-

tune applications, it may be desirable

to register the position of the RF coil

to stereotaxic coordinates referenced

to an external reference frame. In this
case, positional errors between the

MR tracking coordinates and the ex-
temnab frame of reference need to be
determined and considered.

Safety Considerations

The imagen was designed to meet

all regulations from the Food and

Drug Administration and other neg-

ulatory bodies (60,61) that are appli-
cable to MR imaging. The values for
the gradient strength and rise time
(Table 2) were chosen such that the
maximum mate of change of the gradi-
ent field, dB/dt, was less than the
limit approved by the Food and Drug

Administration (60) of 20 T/sec at all

locations within the imagen that were

accessible to the patient and the din-

ical staff. The acoustic noise was sub-
stantially muted by the use of epoxy-

filled gradient coil forms. These levels
were measured during the continuous
running of a fast GRE sequence (one
image every 1.5 seconds), which rep-

resents the highest energy pulse se-

quence available on the imagen. The
background sound bevel in the image

room was 70 dB and was produced
mainly by the cryocooler assembly. The

maximum sound level (A-weighted)

during imaging at locations measured

next to the gradient coils and at the ear-
level positions of patients and staff was
82-83 dB. The Occupational Safety and
Health Administration standard for 8
hours of continual noise exposure was
90 dB on this scale (60,62).

An RF power monitor, identical to
that used on commercial 0.5-T imag-

ens, was used to keep the whole-body

specific absorption mate (SAR) below

the limit set by the Food and Drug
Administration. To meet these re-

quirements, infants who weighed less

than 9 kg could not be imaged with-

out specific Institutional Review Board

approval. For protection against the

possibility of cold burns, all cryogenic

fittings and cold surfaces were covered

and made inaccessible to patients and

staff. Ferromagnetic instruments and

components were excluded from the
imaging room to avoid image artifacts
and the dangers associated with their
unplanned movement on disbodgment.
Cane also was taken with instruments

containing conducting metallic corn-

ponents. Through the Faraday law

of induction, closed-loop conducting

paths interact with the RF fields (and

to some extent with the switched gra-

dient fields) and can produce image

artifacts and potentially dangerous

electric currents and arcing (63,64).
Extensive experience with metallic
implants (61) has shown that, as ex-

pected, small, nonfennomagnetic, me-

tallic conductors that do not form

closed loops may be imaged without

danger. Clinical instrumentation that

is adapted for use in this setting is
required to have ferromagnetic corn-

ponents replaced with nonmagnetic

materials and, to the extent feasible,

electrical conductors, such as metals,

replaced with nonconductons.

DISCUSSION

Each imaging modality has certain

limitations when used for image-guided
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therapy. Direct visualization, video
monitoring, and endoscopy are lim-
ited to inspection of exposed surfaces.
X-ray fluoroscopy provides real-time
monitoring but provides only pnojec-
tion images and, because of the poor
definition of soft tissues, target de-
finition is limited. CT provides good
soft-tissue definition and thnee-di-
mensional localization but is not suffi-
ciently sensitive to monitor or control
tissue temperature. In addition, all
x-ray-based systems involve ionizing
radiation, and their use for continu-
ous monitoring is restricted. Diagnos-

tic US provides real-time imaging and
can follow the trajectory of interven-
tional devices, but the tissue chanac-
terization and the ability to monitor
and control energy deposition are
limited.

In many respects, MR imaging is
ideally suited to provide imaging
guidance for the wide range of mini-
mably invasive procedures now under
development. Advantages of MR im-
aging include good spatial resolution
with excellent soft-tissue discrimina-
tion; sensitivity to blood flow, penfu-
sion, and temperature; lack of ioniz-
ing radiation; ability to image planes
of any orientation; and the recent de-
velopment of fast and ultrafast irnag-
ing techniques that permit rapid, ne-
peated imaging.

However, the use of intraoperative
MR imaging has been limited by the
inaccessibility of the patient and by
the time required to determine proper
imaging planes, to enter this informa-
tion at the MR imaging console, and
to complete the preirnaging protocols.
This sluggishness has made it difficult

to conceive that MR imaging could
keep pace with typical interventional
procedures.

The MR irnagen described in this me-
port overcomes this difficulty by pen-
mitting interactive image control and
near neal-time imaging rates. These
advantages, along with the ability to
maintain continuous direct contact
with the patient, increase the range of
procedures for which MR guidance
may be useful.

Further work is needed to enhance
the positional accuracy of the system,
to confirm the safety of members of
the clinical team who will experience
long-term exposure to the MR imag-
ing environment, and to develop ap-
propriate treatment protocols. New,
interdepartmental approaches to the
use of such systems may be needed.
An extensive investigational program
is necessary to define the ultimate

clinical mole of this technique. This
program is under way, with the goals

of enhancing patient outcomes and
reducing the overall cost of interven-
tionab treatments. #{149}
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