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Radical resection of low-grade gliomas can decrease the incidence of recurrence, the time to tumor
progression, and the incidence of malignant transformation. The authors present a series of 25 patients
who underwent craniotomy and resection of low-grade tumor in an intraoperative magnetic resonance
(MR) imager. This is an open configuration 0.5-tesla imager developed by The Brigham and Women's
Hospital and General Electric, in which a patient can be placed to undergo surgery. Gross-total removal
was accomplished under real-time image guidance. These intraoperative images allow definitive
localization and targeting of the lesions and accommodate anatomical changes that may occur during
surgery. The authors consistently found that the extent of abnormality seen on the intraoperatively
obtained films of resection was larger than that apparent in the surgical field of view alone.
Intraoperative imaging made accurate surgical identification of these abnormal areas and subsequent
resection possible. Patients with tumors adjacent to or within motor or language cortex underwent
resection while awake, with monitoring of neurological function. In these cases, an aggressive resection
without increased neurological morbidity was accomplished using the image guidance in conjunction
with serial testing. A 1-month postoperative MR image was obtained in all patients. These correlated
with the final intraoperative images obtained after the resection was completed. Only one patient had a
mild postoperative deficit that remained at the 1-month follow-up examination. As the long-term
outcome in patients with low-grade gliomas has been shown to correspond to the degree of resection,
surgical resection in which intraoperative MR imaging guidance is used can be an invaluable modality in
the treatment of these tumors.
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Throughout this century, advances in the treatment of many neurological diseases have been tied to
technological advances. This is clearly evident in the area of stereotactic neurosurgery in which the
evolution of stereotactic devices and the development of computerized tomography and magnetic
resonance (MR) imaging provided the neurosurgeon with increasing precision and accuracy. During the
last decade, navigational devices that couple the imaging capabilities of computerized tomography and
MR with stereotactic techniques have provided an unprecedented degree of surgical guidance. The recent
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development of an intraoperative MR imager is the next step on this continuum and has made the
concept of real-time intraoperative guidance a reality. The capability of integrating information from
images obtained intraoperatively with a navigational guidance system and correlating this with the
surgeon's field of view provides unequivocal accuracy of localization and guidance of resection. This
may potentially increase the safety and effectiveness of the surgical treatment of low-grade gliomas.

THE GENERAL ELECTRIC INTRAOPERATIVE MR IMAGER

The intraoperative MR imager was developed through a collaborative effort between the Brigham and
Women's Hospital (BWH) and General Electric beginning in 1990 that resulted in a prototype being
installed at the BWH in 1994.[5] Physical access to the patient in standard MR imagers is prevented by
the closed configuration of the magnet and the radiofrequency and gradient coils. The essential
innovation in the design of this 0.5-tesla magnet was the separation of the superconducting coils,
resulting in an open configuration imager with a central 54-cm wide vertical gap (Fig. 1). A surgeon can
stand on either side of the patient placed inside the imager and images can be obtained throughout the
procedure without the need for any movement of the patient table. The images can be simultaneously
viewed by the surgeon on monitors suspended within the patient access gap and by the radiologist at
consoles placed directly outside of the operating room.

Fig. 1. Photograph showing the intraoperative MR imager.

All standard neurosurgical procedures can be performed within this imager. Patients can be positioned
supine or prone on the MR table, and the table can be advanced through the bore of the magnet or
through the separated partitions of the magnet. The patient can also be placed inside the imager in a
removable chair that can be adjusted to accommodate any sitting position. In addition to the standard
surgical drapes, drapes are affixed to the inner aspects of the open configuration to assure a sterile field.
The surgeon wears a sterile vest over the gown to allow turning within this space without compromising
sterility.

Surgical instruments and tools need to be customized to be MR compatible: they cannot be ferrous or any
other material that may cause an artifact in the field during imaging. At the present time the full array of
MR-compatible surgical instruments required for a craniotomy is available, as well as an MR-compatible
headholder (Mayfield; Ohio Medical Instrument Co., Inc., Cincinnati, OH), microscope (Studor Medical
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Engineering Ag, Rhenfall, Switzerland), and craniotome (Midas Rex, Fort Worth, TX).

A flexible transmit/receive radiofrequency coil is applied to the perimeter of the planned surgical area
and is incorporated into the sterile drapes. The image volume is 30 cm in diameter and images can be
obtained in any plane. All standard image sequences are possible and contrast can be administered during
surgery to evaluate the enhancement of lesions. Although a 0.5-tesla imager cannot provide the image
resolution that is possible with the standard 1.5-tesla diagnostic imagers, the anatomical detail provided
is more than sufficient for intraoperative guidance. Obtaining a series of images in one plane requires
between 60 and 120 seconds, depending on the sequence being used.

A navigational system (Flashpoint 5000; IGT, Boulder, CO) was built into this imager to provide
real-time imaging for surgical guidance. When using this mode, single slice images can be updated
within 2 to 12 seconds.

CLINICAL MATERIAL AND METHODS

Twenty-five patients, nine women and 16 men between the ages of 21 to 54 years, underwent craniotomy
for tumor resection in the intraoperative MR imager. Preoperative MR imaging findings were consistent
with a probable diagnosis of low-grade glioma in all patients. Those patients with lesions in or near areas
of eloquent cortex, such as the motor strip or language areas, underwent the surgery while awake and
under local anesthesia and sedation. The remainder received a general anesthetic. The pathological
results included six astrocytomas, 12 oliogodendrogliomas, and seven mixed gliomas (Table 1).
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Both T1- and T2-weighted multiplanar image sequences were used to guide the resections. Images were
obtained prior to skin incision, craniotomy, and/or dural opening with a finger or a MR marker placed on
each to plan the optimal opening. Images were again acquired to plan the corticectomy, target deep lying
lesions, and evaluate the relationship of the lesion to pertinent anatomical structures during the resection.
The resection of tumor was guided by serial images until resection was considered complete by the
surgeon viewing both the surgical field and the images acquired. A contrast agent was administered
intravenously to patients in whom any areas of enhancement had been demonstrated on preoperative
imaging. Any tumor lying within eloquent cortex or deep nuclei/white matter tracts was not resected. In
the awake patients, tumor resection was discontinued if there was evidence of any change in neurological
function. If the T2-weighted abnormalities extended beyond the T1-weighted area of abnormality,
T2-weighted images were used to define the boundary of resection. Areas of tissue that were abnormal on
MR images but were difficult to localize in the bed of resection by visual inspection alone were localized
by using an MR-visible pointer during imaging, with repositioning and reimaging as necessary. Tissue
that did not look grossly abnormal to the surgeon but had an abnormal image characteristic was resected
if this could be accomplished safely. The percentage of resection achieved at the end of surgery was
assessed by both the surgeon and radiologist.

All patients were evaluated for any new postoperative neurological deficits. Magnetic resonance images
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were obtained 1 month after surgery and were compared with the final intraoperative MR images.

RESULTS

The craniotomies were performed in the intraoperative MR unit without any technical difficulties. A
complete resection of the tumor mass with the aid of image guidance was achieved in 18 patients. A
subtotal resection was achieved in seven patients, with a 90% resection in four and a 70 to 80% resection
in three. Intraoperative images in these patients revealed residual tissue abnormalities involving or
encroaching on deep structures or motor/language cortex. Five of these patients began to show some
change in neurological function at which time resection was discontinued.

Postoperatively, one patient in whom a 90% resection of a right frontotemporal glioma was
accomplished had a new left-sided paresis. This had improved by the 1-month follow-up evaluation but
had not entirely resolved. Four patients had mild transient deficits that had resolved at the time of the
1-month follow-up examination. All of these patients had undergone resections involving the
supplementary motor cortex.

DISCUSSION

The treatment of low-grade gliomas remains an area of controversy and debate. Treatment options have
included observation alone, biopsy sampling for confirmation of diagnosis followed by observation, and
surgical resection at the time of diagnosis, at the time of increased growth, or when symptoms worsen.
Radiation has been both recommended and discouraged and chemotherapy is recommended for some
classes of gliomas. Variations in the biological activity of low-grade gliomas have contributed to making
treatment decisions difficult.[7,16,18,21,22,24,25]

The imaging capabilities of MR and computerized tomography have allowed earlier diagnosis of these
tumors. This in turn provides the possibility for a treatment intervention well before a potential
dedifferentiation into a more malignant grade or an increase in tumor size causing secondary
neurological compromise occurs. Recent studies have shown that surgical resection of low-grade gliomas
can result in an improved survival time for patients and that the degree of resection correlates with a
better outcome.[4,23]

It is clear that the benefit from early surgery must be evaluated against the risk of causing a significant
neurological deficit. Deep-seated lesions or those that are close to or involve eloquent cortex are often
considered too perilous to resect aggressively. Conversely, subtotal resections can occur because the
gross appearance of the lesion may not seem to be abnormal to the surgeon throughout the entire extent
of the mass.

The intraoperative MR imager provides a method by which these issues can be addressed. Other
navigational systems such as frameless stereotactic systems and three-dimensional
reconstructions[2,3,6,8,1012,14,17,19,23,26,28] can provide a degree of increased accuracy and safety.
However, surgical inaccuracies can occur in framed stereotactic systems secondary to distortions of the
frame, errors in setting coordinates, and artifacts of imaging caused by the presence of a head frame or
dental hardware. In the frameless systems, errors in the registration process and image distortion can
make stereotactic calculations invalid.[9,15,20,27] However, the major limitation of these systems is that
the navigation is based on preoperative images alone. Anatomical changes can occur intraoperatively
secondary to cerebrospinal fluid egress, administration of osmotic agents, reactive edema, or the
resection of the tumor mass, which can result in brain shift or sag.[9] This can make navigation
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increasingly inaccurate as a resection proceeds.

The major advantage of intraoperative MR imaging is that it provides updated real-time information
whenever the surgeon wishes to have it. Magnetic resonance imaging is the modality of choice for
gliomas; both T1- and T2-weighted images and contrast administration for enhancing tumors provide
optimal operative image guidance. The skin incision as well as the skull and dural opening can be
planned and executed under image guidance at the onset of the procedure, allowing the size of the
craniotomy to be minimized. Pertinent anatomical structures such as the motor strip can be identified on
the images and definitively correlated with the anatomy presenting in the surgical field. The optimal
surgical approach can be chosen and executed under image guidance, allowing tumors to be accessed
with minimal injury to normal tissue. Real-time imaging with the LED guidance system can be used to
aid the approach to deep lesions. For subcortical lesions, serial images in which a pointer or digit is used,
can guide the corticectomy (Fig. 2).

Fig. 2. Intraoperative coronal MR images obtained in a patient with a parasagittal frontal
mass. A: A T2-weighted image of a bead placed on the skin to establish the lateral edge of
the planned craniotomy. B: A T2-weighted image of the posterior aspect of the tumor and a
bead over the midline (several slices posterior to A in the same series). C: A T2-weighted
image of finger localization prior to dural opening. D: A T2-weighted image showing
localization of optimal corticectomy. E: A T2-weighted image obtained to evaluate the
lateral margin during resection. F: A T1-weighted image obtained after dural closure to
evaluate any hemorrhage in the surgical bed.

The ability to identify and correlate definitively the surgical anatomy with the radiographic anatomy on
the serial images allowed the resections in these patients to be aggressive while still remaining safe (Figs.
3 and 4).
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Fig. 3. Magnetic resonance images showing the resection of an astrocytoma directly
posterior to motor strip. A: Initial axial T1-weighted intraoperative image demonstrating a
hypodense mass and finger for localization on the skin. B: A T2-weighted coronal image
revealing a finger placed in the resection bed to localize remaining radiographically
abnormal tissue. C: A T2-weighted image obtained to localize tissue still requiring resection
with a syringe pointer. D: Axial T2-weighted image obtained to evaluate the completeness
of resection prior to closing the dura. E: Final axial T1-weighted image postclosure showing
a fluid-filled resection cavity. Note the degree of sag of the brain tissue.

This was particularly important in the patients with tumors adjacent to the motor strip or areas of
language cortex. Additionally, it was helpful to be able to establish the exact position of major arteries,
identified as flow voids on MR imaging, prior to encountering them within the surgical field. The
margins of gross abnormality identified with the aid of magnification did not always correlate with the
margins of image abnormalities in the majority of the cases. In these cases the resections would have
been subtotal without the intraoperative image guidance.
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Fig. 4. Magnetic resonance images showing resection of a left frontal oligoastrocytoma. A:
Initial axial T2-weighted intraoperative image showing the lesion. B and C: Axial
T1-weighted images showing finger localization to guide resection of abnormal tissue. D: A
T2-weighted image obtained to localize the lateral abnormal tissue. E: A T1-weighted image
obtained after closure. Note the shift in the brain tissue.

The importance of delineating tumor margins cannot be minimized because the extent of resection of
gliomas may have a direct effect on survival rates in patients with low-grade gliomas. Small low-grade
gliomas (volume lt 10 cm3) show a significant decrease in the incidence of recurrence, the time to tumor
progression, and a decreased incidence of malignant transformation if radically resected. When larger,
the percentage of resection affects the time to recurrence.[1,4,13,22] The margins of a low-grade
astrocytoma are usually well defined on T2-weighted images but are often indistinguishable from
surrounding brain on visual inspection. There is a decreased incidence of high-grade recurrences in
patients in whom a 100% resection was achieved.

We recognize that accurate anatomical identification intraoperatively does not wholly protect against a
postoperative deficit. Although our results have been good using local anesthetic and sedation, with only
one patient developing a new deficit, electrophysiological correlation with the operative and image
anatomy would be optimal. Electrocorticographic technology in the intraoperative MR imager, not
presently available, is being developed and should soon be ready for implementation. It is also unclear
whether T1-weighted abnormalities or the usually more extensive T2-weighted abnormalities should be
used intraoperatively to guide the resection of low-grade gliomas for optimal long-term patient outcome.
Correlation of the pathological findings in tissue specimens with the intraoperative images will help to
provide an answer.
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The intraoperative MR imager provides a method by which the neurosurgeon can achieve an optimal
resection with maximal safety. The ability to accomplish this is unprecedented and we believe that this
will have a direct impact on the immediate and long-term outcome of patients with low-grade gliomas.
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