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A decade ago, intraoperative MRI was re-
garded as a novelty and somewhat of a luxury. In
the past few years, it has steadily moved toward
becoming a standard of practice in the surgery of
tumors located in critical areas of the brain. More
and more neurosurgical centers are acquiring the
equipment and setting up the facilities for intra-
operative MRI-guided surgery. These facilities
differ in several respects, including the design of
the machine, the strength of the magnet, the
operating room (OR) environment, and the sur-
gical equipment required for performing surgery
[1,2]. Each has its own set of advantages and
disadvantages, and no single system has gained
universal use yet as these systems continue to
evolve. It has become clear, however, that intra-
operative MRI has revolutionized the practice of
neurosurgery, particularly in the management of
brain tumors. It has enabled us to localize tumor
margins and important neural structures precisely
such that neurologic complications are avoided
while ensuring maximal, if not total, tumor
resection.

Intraoperative MRI has proven to be exceed-
ingly useful in a variety of procedures. In trans-
sphenoidal pituitary surgery, it has been shown to
help localize the lesion, identify important sur-
rounding structures, and, most notably, increase
the amount of tumor removed [3]. The ability to
verify whether there is residual tumor during
surgery and to determine where it is in the re-
section cavity has been crucial in avoiding the
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common problem of residual tumor in the sella
or suprasellar area. Intraoperative MRI has also
been used in the evacuation of hypertensive
hematomas in the basal ganglia and thalamus
[4,5], with the benefit of adequate removal of
hematoma in a minimally invasive fashion and
observations of better neurologic outcome. Epi-
lepsy surgery is another area in which intraoper-
ative MRI has made a difference [6-8]. Temporal
lobe resection is made more accurate in terms of
removing the epileptogenic focus while maintain-
ing the integrity of uninvolved brain tissue. Other
areas of neurosurgery that have been elevated by
intraoperative MRI include cyst aspiration, cath-
eterization, and tumor resection in children [9,10];
laminectomies; thermal ablations; and functional
neurosurgery [11].

Although the applications of intraoperative
MRI continue to expand, its most important role
is in glioma surgery. The difference it makes
in achieving surgical goals for glioma patients,
particularly those with low-grade types, has driven
the development and growing use of intraoper-
ative MRI.

Challenges in cortical surgery and rationale
for intraoperative imaging

Inability of the eye to discern tumor

There are several reasons why intraoperative
MRI is extremely helpful in glioma surgery. Many
of these tumors do not have distinct capsules. As
a result, the human eye is unable to discern where
tumor ends and viable brain begins. This holds
true even with the aid of magnification. Such
a problem leads to inadequate resection of the

1042-3680/05/$ - see front matter © 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.nec.2004.07.010

neurosurgery.theclinics.com


mailto:dennis.oh@tch.harvard.edu

136 OH & BLACK

tumor, because surgeons, not wanting to cause
neural damage, tend to keep the resection to what
is clearly gross glioma tissue. Conversely, it may
also be that without clear margins, the process of
resection could inadvertently cross over to func-
tioning brain tissue, thereby causing undue neu-
rologic damage. There are some gliomas that are
radiographically evident but barely discernible in
the surgical field. For all these concerns, intra-
operative MRI has proven to be the best answer
thus far.

By using instant feedback from intraoperative
images, one is able to tell exactly what is brain and
what is tumor. Coupled with neuronavigational
software, the surgeon is made aware of where his
or her instrument is in the surgical space. As
a result, any minute piece of residual tumor in the
most obscure corner of the resection cavity can be
easily pinpointed by the surgeon and removed
even when his or her own eyes tell him or her that
it is all brain along the walls of the surgical cavity.
Some tumors do not appear on TIl-weighted
images but show up nicely on T2-weighted or
fluid-attenuated inversion recovery images. It is
thus important to use all available sequences to
define the tumor.

Brain shift

One of the most important neuronavigational
issues that intraoperative MRI addresses is the oc-
currence of brain shift. It is common knowledge
that after the dura is opened, factors, such as
egress of cerebrospinal fluid, gravity, and brain
edema, change the position of intracranial struc-
tures [12]. The shifting occurs throughout surgery,
and the direction and magnitude of deforma-
tion are difficult to predict. The displacements
have been documented to reach 1 cm [13,14] and
can easily lead to directional errors. Such in-
tracranial shifting becomes even more pro-
nounced after initial tumor resection, when the
surrounding brain collapses toward the resection
cavity. It is for these reasons that other neuro-
navigational systems that make use of preopera-
tively acquired images fall short of the objectives
of precise lesion localization.

Brain shifting also creates tremendous prob-
lems for locating small pockets of residual tumor
after initial resection. Without intraoperative
updating of images, one cannot even tell whether
there is still tumor remaining in the resection area.
Correlating points in the resection walls to images
in a frameless stereotactic system cannot accurately

determine complete resection even if the limits of
the resection cavity seem to correspond to the
borders of the tumor in the preoperatively acquired
images. With intraoperative MRI, residual tumor
is readily visualized and can be easily targeted with
a coupled neuronavigational system.

Relation to important cortex

The surgical challenge is doubled when the
tumor is located near eloquent cortex. Oftentimes,
gliomas arise near the speech area or adjacent to
the motor strip, making it difficult to be aggressive
in taking out tumor. Being intrinsic tumors, gli-
omas are intimately related to surrounding brain
tissue, and their borders are frequently irregular
and tend to blend into brain. In such situations,
information and feedback on the surgical field are
essential for complete resection without injury to
important cortex.

The identification of speech, motor, or visual
areas can be facilitated by functional MRI, dif-
fusion tensor imaging (Fig. 1) [15,16], and awake
cortical mapping. Information from these modal-
ities can be combined and superimposed on the
intraoperative images and the surgical field for
precise and comprehensive neuronavigation (see
Fig. 1). This setup helps to reduce unnecessary hes-
itancy on the part of the surgeon by eliminating
the guesswork that is otherwise involved in de-
termining tumor edges and the continually shift-
ing brain structures. It may not always be possible
to achieve complete tumor removal, but

Fig. 1. Intraoperative image showing tumor (green) with
added information on white matter tracts (yellow)
derived from diffusion tensor imaging. (Courtesy of
Ton-Florin Talos, MD, Boston, MA.)
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Fig. 2. Surgeon in magnet bore. 3-D slicer probe (held by surgeon) serves as a pointer for localization of tumor and
structures. Overhead LCD monitor displays updated images and exact position of probe within the surgical field.

intraoperative MRI together with mapping tech-
niques can take us to the edge of maximal
resection just before it causes neurologic compli-
cations by removing all guesswork as to the
location of tumor and functional cortex. The role
of intraoperative MRI in defining the tumor
margins and updating the positions of intracranial
structures is invaluable in achieving the goals
of surgery for tumors in important areas of the
brain.

Extent of resection and survival

The issue of optimal resection is made para-
mount by the likelihood that greater resection
leads to longer survival for patients with gliomas.
Although there are reports that express doubt
over the relation between resection and length of
survival of patients [17], most agree on the recent
evidence that a more thorough resection translates
to longer survival time for patients with low-grade
and high-grade gliomas [18-22]. With this in
mind, it becomes clear that every effort must be
made to maximize our ability to achieve complete
tumor resection. In this regard, among all the
recent advances in neurosurgery, intraoperative
MRI is proving to be the most important in-
novation because it has enabled us to perform
surgical resection to standards that are more ex-
acting than ever.

Brigham and Women’s Hospital Magnetic
Resonance Therapy Unit experience with gliomas

The Magnetic Resonance Therapy (MRT) Unit
at the Brigham and Women’s Hospital houses
General Electric’s (Schenectady, New York) “dou-
ble-donut” intraoperative MRI system in a dedi-
cated OR setup. It uses a 0.5-T magnet system
within which surgery is performed. The patient
remains in the same position throughout surgery
between the immobile magnets. This system avoids
the troubles involved in moving the patient or
equipment during surgery, although it does some-
what limit the space for the surgeon. The machine
is coupled to a computer-based optical tracking
system that allows interactive imaging and navi-
gation through the use of a probe [23]. Overhead
liquid crystal display monitors positioned atop the
surgical space display the interaction between the
probe and the brain image (Fig. 2). The surgical
instruments are MRI-compatible.

Most cases that have been treated at this center
have been gliomas. Of the 871 procedures done at
the MRT Unit from June 1995 to January 2004,
618 (71%) have involved gliomas. This great pro-
portion bespeaks the particular utility of intra-
operative MRI in assisting glioma surgery. For
reasons cited earlier, gliomas pose certain chal-
lenges to the surgeon that are best addressed with
the use of intraoperative MRI. Indeed, a good
number of these tumors were otherwise regarded
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Table 1
Types of tumor in the intraoperative MRI

Tumor type No. of cases
Astrocytoma grade 1 16 (2.6%)
Astrocytoma grade 2 104 (16.8%)

142 (23.0%)
106 (17.2%)

Astrocytoma grade 3
Glioblastoma multiforme

Oligodendroglioma 127 (20.6%)
Anaplastic oligodendroglioma 20 (3.2%)
Mixed glioma 33 (5.3%)
Anaplastic mixed glioma 22 (3.6%)
Ganglioglioma 20 (3.2%)
Oligoastrocytoma 14 (2.3%)
Anaplastic oligoastrocytoma 5 (0.8%)
Pleomorphic xanthoastrocytoma 4 (0.6%)
Ependymoma 4 (0.6%)
Central neurocytoma 1 (0.2%)
Total 618

as difficult to resect because of their location or
previous incomplete resection [14]. The uneasi-
ness, if not unwillingness, that one may otherwise
have in a case if it were not done using intra-
operative MRI is greatly reduced.

There were 142 cases of anaplastic astrocy-
toma (23.0%), the most common tumor operated
on in the MRT Unit. This was followed by
oligodendroglioma, which numbered 127 cases
(20.6%). Glioblastoma multiforme and low-grade
astrocytoma were also often encountered, with
106 cases (17.2%) and 104 cases (16.8%), re-
spectively. The rest of the diagnoses were pilocytic
astrocytoma, mixed glioma, oligoastrocytoma,
ganglioglioma, pleomorphic xanthoastrocytoma,
ependymoma, and central neurocytoma (Table 1).
Of the 618 cases of intraoperative MRI-guided
glioma surgery, there were 517 tumor resections
and 101 biopsies.

The mean age of the patients who underwent
surgery with intraoperative MRI was 41 years.
The youngest was a 2-year-old boy with ganglio-
glioma, and the oldest was an 85-year-old woman
with glioblastoma multiforme.

Extent of tumor resection

Several efforts have been made to quantify the
added degree of resection afforded by intraoper-
ative MRI through updated images and naviga-
tional data. Frequently, when it appeared that
all the tumor had been taken out, intraoperative
imaging showed residual tumor that needed ad-
ditional resection (Fig. 3). Several reports

indicate that additional resection on the basis of
intraoperative MRI findings of residual tumor
occur in 48% to 67% of cases [24-26]. Repeated
imaging and subsequent resections are performed
until the objectives of resection are achieved. The
rate of total resection is consequently increased by
greater than 20%; as a result, total resection
is achieved in close to 90% of cases [6,27,28]. In
situations in which complete resection is not
possible without causing harm to the patient, the
objective is to leave the least amount of residual
tumor. Intraoperative MRI helps to bring the
resection to this limit and produces a decrease in
residual tumor from 32% to 4% for low-grade
gliomas and from 29% to 10% for high-grade
gliomas [29].

Safety and complications

Our experience has been that the surgery with
intraoperative MRI is exceedingly safe and does
not carry risks on top of those related to surgery
in a conventional OR setting. Wirtz et al [22]
reported no complications related to the imaging
procedure in 242 cases. The potential complica-
tions in intraoperative MRI are similar in in-
cidence to those in the conventional OR setting
[11]. In fact, it improves our chances of avoiding
postoperative hematoma complications by detect-
ing any hematoma formation early. The reliability
of intraoperative MRI in immediately detecting
hemorrhagic complications has been reported
[30]. In all our cases, an additional Heme sequence
is performed before closing the scalp to check for
any accumulation of blood in the operative site as
well as elsewhere in the intracranial cavity.

As to prevention of neurologic complications,
intraoperative MRI combined with cortical map-
ping techniques gives an unprecedented level of
patient safety. In a study done at our center, 90%
of patients who underwent the operation for low-
grade gliomas were functionally intact after sur-
gery [31]. The rest had temporary hemiparesis or
a mild proprioceptive deficit.

Comparison with other modalities

Image-guided frameless or frame-based stereo-
tactic systems enjoy widespread use in neurosur-
gery. These systems allow accurate localization of
tumors and guide the surgical approach through
tracking systems that employ neuronavigational
software. However, their accuracy can only be as
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Fig. 3. (A4) Intraoperative image of glioma before the start of resection. (B) Updated image after some resection. (C)
Near-complete resection. Note residual tumor (arrows) that could have been missed without the aid of intraoperative

MRI. (D) Complete resection.

good as the images on which they are based.
Because the images are acquired before surgery
and remain static, any change in the position of
intracranial structures during surgery can affect
navigational precision. Indeed, enough has been
said in the literature about brain shift affecting the
accuracy of such systems.

The same is not true, however, about other
systems that use intraoperative ultrasonography,
intraoperative CT, and x-ray fluoroscopy. They
have the ability to update images during surgery
and enable real-time or near—real-time navigation
to obviate the concern over brain shift. They also
do not require special instruments and equipment
like most intraoperative MRI systems do. Each has
its own set of drawbacks, however. Fluoroscopy
and CT imaging are unable to provide multiplanar

images, only two-dimensional images, and the
image quality for soft tissues is poor. In addition,
imaging can be limited by concerns over radiation
exposure for the patient, surgeon, and surgical
assistants. With intraoperative MRI, good-resolu-
tion multiplanar images can be easily acquired and
the process can be repeated as many times as
required until the goals of resection are achieved.
As for ultrasonography, images are real time, easy
to acquire, and good for cystic lesions. Intra-
operative ultrasound is poor in delineating the
borders of solid tumors, however, and is limited in
its capacity to visualize small tumors. This limita-
tion is particularly troublesome when looking for
residual pieces of tumor during the course of
resection. Although all these modalities currently
have intrinsic limitations in their intraoperative
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use, there are efforts to combine their strengths to
address their individual problems, such as using
ultrasonographic data to update preoperatively
acquired images in image-guided stereotactic
systems.

Summary

As intraoperative MRI expands its presence,
its use will undoubtedly increase in glioma sur-
gery. The foregoing discussion makes it clear that
its benefits are unsurpassed by any other existing
system. Because of their radiographic character-
istics and gross appearance, gliomas are partic-
ularly suited for intraoperative MRI-guided
surgery. It enables us to localize gliomas and
define tumor margins precisely when, during
surgery, the difference between tumor and brain
is not easy to discern. The images generated
during surgery serve as a detailed and updated
map within which navigation is performed with
utmost precision. Its significance is further high-
lighted when dealing with tumors in eloquent
areas of the brain, where uncertainties over the
location of tumor in relation to important brain
structures can hinder the removal of tumor. By
providing accurate positional information and in
conjunction with cortical mapping techniques,
intraoperative MRI enhances the confidence of
the surgeon to go forward with resection or to
stop when reaching important cortex. It allows
us to perform the resection to the desired limit
without causing injury to nearby important struc-
tures, thereby preventing postoperative neurologic
deficits.

The tracking system guides us in targeting each
minute part of the tumor with unprecedented ac-
curacy, and the ability to update images makes
possible the constant evaluation of the progress of
surgery. This near—real-time imaging can elimi-
nate the errors brought about by the brain shifting
that occurs throughout surgery. It also serves the
important purpose of verifying the presence and
position of any remaining tumor in the operative
field. By means of sequential imaging, additional
resection can be performed on any remaining
tumor until imaging shows completion. The un-
wanted occurrence of finding residual tumor on
a postoperative scan is thus practically eliminated.
As a result, the surgical goal of complete or
optimal resection can be achieved without any
guesswork. Ultimately, what this means for the
glioma patient is increased likelihood of longer

survival brought about by a more thorough tumor
resection.

Intraoperative MRI addresses many of the
surgical challenges posed by gliomas. As it be-
comes more available, there will come a point
when the prevailing persuasion will be that some
poorly defined tumors near eloquent cortex should
not be operated on without intraoperative MRI.
In the final analysis, not only is intraoperative
MRI worthwhile but it will, in all likelihood,
become a standard of care for many glioma cases.

References

[1] Lipson A, Gargollo P, Black P. Intraoperative mag-
netic resonance imaging: considerations for the
operating room of the future. J Clin Neurosci
2001;8(4):305-10.

Jolesz F, Morrison P, Koran S, Kelley R, Hushek S,

Newman R, et al. Compatible instrumentation for

intraoperative MRI: expanding resources. J Magn

Reson Imaging 1998;8(1):8-11.

Martin C, Schwartz R, Jolesz F, Black P. Transsphe-

noidal resection of pituitary adenomas in an intra-

operative MRI unit. Pituitary 1999;2(2):155-62.

Bernays R, Kollias S, Romanowski B, Valavanis A,

Yonekawa Y. Near-real-time guidance using intra-

operative magnetic resonance imaging for radical

evacuation of hypertensive hematomas in the basal
ganglia. Neurosurgery 2000;47(5):1081-9.

Tyler D, Mandybur G. Interventional MRI-guided

stereotactic aspiration of acute/subacute intracere-

bral hematomas. Stereotact Funct Neurosurg 1999;

72(2—4):129-35.

Buchfelder M, Fahlbusch R, Ganslandt O, Stefan H,

Nimsky C. Use of intraoperative magnetic reso-

nance imaging in tailored temporal lobe surgeries

for epilepsy. Epilepsia 2002;43(8):864-73.

King D, Baltuch G. Magnetic resonance imaging

and temporal lobe epilepsy. Acta Neurol Scand

1998;98(4):217-23.

Walker D, Talos F, Bromfield E, Black P. Intraoper-

ative magnetic resonance for the surgical treatment

of lesions producing seizures. J Clin Neurosci 2002;

9(5):515-20.

Vitaz T, Hushek S, Shields C, Moriarty T. Intra-

operative MRI for pediatric tumor management.

Acta Neurochir Suppl (Wien) 2003;85:73-8.

[10] Vitaz T, Hushek S, Shields C, Moriarty T. Interven-
tional MRI-guided frameless stereotaxy in pediatric
patients. Stereotact Funct Neurosurg 2002;79(3—4):
182-90.

[11] Hall W, Liu H, Martin A, Truwit C. Intraoperative
magnetic resonance imaging. Top Magn Reson Im-
aging 2000;11(3):203-12.

[12] Nabavi A, Black P, Gering D, Westin C, Mehta V,
Pergolizzi R Jr, et al. Serial intraoperative MR imag-
ing of brain shift. Neurosurgery 2001;48:787-98.

2

—

3

[y

[4

[l

[5

=

6

—_

[7

—

8

—_

[9

—



[13]

[14]

[15]

(1e]

(17

(18]

[19]

[20]

(21]

[22]

INTRAOPERATIVE MRI SYSTEM FOR GLIOMA SURGERY 141

Roberts S, Hartov A, Kennedy F, Miga M,
Paulson K. Intraoperative brain shift and deforma-
tion: a quantitative analysis of cortical displacement
in 28 cases. Neurosurgery 1998;43:749-60.

Black P, Alexander E III, Martin C, Moriarty T,
Nabavi A, Wong T, et al. Craniotomy for tumor
treatment in an intraoperative magnetic resonance
imaging unit. Neurosurgery 1999;45:423-31.
Westin C, Maier S, Mamata H, Nabavi A, Jolesz F,
Kikinis R. Processing and visualization for diffusion
tensor imaging. Med Image Anal 2002;6:93-108.
Talos F, O’Donnell L, Westin C, Warfield S, Wells W
III, Yoo S, et al. Diffusion tensor and functional
MRI fusion with anatomical MRI for image-guided
neurosurgery. Ellis RE, Peters TM, editors. In:
Proceedings of the Sixth International Conference
on Medical Image Computing and Computer-
Assisted Intervention. Springer-Verlag: Heidelberg,
Germany; 2003. p. 407-15.

Whittle 1. Surgery for gliomas. Curr Opin Neurol
2002;15(6):663-9.

Johannesen T, Langmark F, Lote K. Progress in
long-term survival in adult patients with supratento-
rial low-grade gliomas: a population-based study of
993 patients in whom tumors were diagnosed be-
tween 1970 and 1993. J Neurosurg 2003;99(5):
854-62.

Sakata K, Hareyama M, Komae T, Shirato H,
Watanabe O, Watarai J, et al. Supratentorial astro-
cytomas and oligodendrogliomas treated in the MRI
era. Jpn J Clin Oncol 2001;31(6):240-5.
Fernandez-Hidalgo O, Vanaclocha V, Vieitez J,
Aristu J, Rebollo J, Gurpide A, et al. High-dose
BCNU and autologous progenitor cell transplanta-
tion given with intra-arterial cisplatinum and simul-
taneous radiotherapy in the treatment of high-grade
gliomas: benefit for selected patients. Bone Marrow
Transplant 1996;18(1):143-9.

Berger M, Rostomily R. Low grade gliomas: func-
tional mapping resection strategies, extent of resec-
tion, and outcome. J Neurooncol 1997;34:85-101.
Wirtz C, Knauth M, Staubert A, Bonsanto M,
Sartor K, Kunze S, et al. Clinical evaluation and
follow-up results for intraoperative magnetic reso-

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

(31]

nance imaging in neurosurgery. Neurosurgery
2000;46(5):1112-20.

Jolesz F, Nabavi A, Kikinis R. Integration of inter-
ventional MRI with computer-assisted surgery.
J Magn Reson Imaging 2001;13(1):69-77.

Wirtz C, Tronnier V, Bonsanto M, Knauth M,
Staubert A, Albert F, et al. Image-guided neurosur-
gery with intraoperative MRI: update of frameless
stereotaxy and radicality control. Stereotact Funct
Neurosurg 1997;68(1-4 Part 1):39-43.

Bohinski R, Kokkino A, Warnick R, Gaskill-
Shipley M, Kormos D, Lukin R. Glioma resection
in a shared-resource magnetic resonance operat-
ing room after optimal image-guided frameless ste-
reotactic resection. Neurosurgery 2001;48(4):
731-42.

Staubert A, Pastyr O, Echner G, Oppelt A, Vetter T,
Schlegel W, et al. An integrated head-holder/coil for
intraoperative MRI in open neurosurgery. J Magn
Reson Imaging 2000;11(5):564-7.

Buchfelder M, Ganslandt O, Fahlbusch R,
Nimsky C. Intraoperative magnetic resonance imag-
ing in epilepsy surgery. J Magn Reson Imaging 2000;
12(4):547-55.

Knauth M, Wirtz C, Tronnier V, Staubert A,
Kunze S, Sartor K. Intraoperative magnetic reso-
nance tomography for control of extent of neuro-
surgical operations [German]. Radiologe 1998;38(3):
218-24.

Schneider J, Trantakis C, Schulz T, Dietrich J,
Kahn T. Intraoperative use of an open mid-
field MR scanner in the surgical treatment of cere-
bral gliomas [German]. Z Med Phys 2003;13(3):
214-8.

Rohde V, Rohde I, Thiex R, Kuker W, Ince A,
Gilsbach J. The role of intraoperative magnetic
resonance imaging for the detection of hemor-
rhagic complications during surgery for intracere-
bral lesions: an experimental approach. Surg
Neurol 2001;56(4):266—74.

Chabrerie A, Ozlen F, Nakajima S, Leventon M,
Atsumi H, Grimson E, et al. Three-dimensional im-
age reconstruction for low-grade glioma surgery.
Neurosurg Focus 1998;4(4).



	A low-field intraoperative MRI system for glioma surgery: is it worthwhile?
	Challenges in cortical surgery and rationale for intraoperative imaging
	Inability of the eye to discern tumor
	Brain shift
	Relation to important cortex
	Extent of resection and survival

	Brigham and Women’s Hospital Magnetic Resonance Therapy Unit experience with gliomas
	Extent of tumor resection
	Safety and complications
	Comparison with other modalities
	Summary
	References


