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Abstract
Frameless stereotactic neuronavigation provides tracking of surgical instruments on radiographic
images and orients the surgeon to tumor margins at surgery. Bipolar electrical stimulation
mapping (ESM) delineates safe limits for resection of brain tumors adjacent to eloquent cortex.
These standard techniques could complement the capability of intraoperative MR (iMR) imaging
to evaluate for occult residual disease during surgery and promote more complete tumor removal.
The use of frameless neuronavigation in the high-field iMR imaging suite requires that a few
pieces of standard equipment be replaced by nonferromagnetic instruments. Specific use of ESM
in a high-field iMR imaging suite has not been reported in the literature. To study whether
frameless neuronavigation and electrical stimulation mapping could be successfully integrated in
the high-field iMR imaging suite, the authors employed these modalities in 10 consecutive cases
involving patients undergoing conscious craniotomy for primary brain tumors located in or
adjacent to eloquent cortices. Equipment included a custom high-field MR imaging–compatible
head holder and dynamic reference frame attachment, a standard MR imaging–compatible
dynamic reference frame, a standard MR imaging machine with a table top that could be translated
to a pedestal outside the 5-gauss line for the operative intervention, and standard
neuronavigational and cortical stimulation equipment. Both ESM and frameless stereotactic
guidance were performed outside the 5-gauss line. The presence of residual neoplasm was
evaluated using iMR imaging; resection was continued until eloquent areas were encountered or
iMR imaging confirmed complete removal of any residual tumor. Mapping identified essential
language (5 patients), sensory (6), and motor (7) areas. The combined use of frameless stereotactic
navigation, ESM, and iMR imaging resulted in complete radiographic resection in 7 cases and
resection to an eloquent margin in 3 cases. Postoperative MR imaging confirmed final iMR
imaging findings. No patient experienced a permanent new neurological deficit. Familiar
techniques such as frameless navigation and ESM can be rapidly, inexpensively, safely, and
effectively integrated into the high-field iMR imaging suite.
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The fundamental goals of brain tumor surgery are to maximize resection of neoplasm and
minimize the morbidity that could result from injury to adjacent healthy brain tissue.

Frameless stereotactic neuronavigation has been in use for more than 20 years28 and has
proven valuable in guiding the neurosurgeon to the anatomical margin of the tumor.12

Electrical stimulation mapping is a method of delineating functional areas during brain
tumor surgery and preventing inadvertent injury to eloquent cortical and subcortical
structures.36 Intraoperative MR imaging has been reported to identify residual tumor during
surgery, thereby prompting additional tumor resection during the same procedure.1,15 The
combined use of neuronavigation, ESM, and high-field iMR imaging has not been
previously reported. In this paper we describe our experience using neuronavigation, ESM,
and high-field iMR imaging in conscious patients undergoing craniotomy for tumor in, or
adjacent to, eloquent cortex. We sought to determine: 1) if we could make minor
modifications in our preexisting equipment to permit the use of our standard
neuronavigation equipment in the iMR imaging suite; 2) if ESM was technically feasible in
the high-field iMR imaging suite; and 3) if iMR imaging would augment these techniques
by identifying residual tumor and promoting more complete tumor removal.

Methods
Patient Population

Ten patients (6 men and 4 women, mean age 41 years, range 25–57 years) with symptomatic
primary brain tumors in, or adjacent to, eloquent cortex were enrolled in the clinical research
protocol, Evaluation and Treatment of Neurosurgical Disorders (NINDS 03-N-0164).
Presenting symptoms included seizures (in 7 patients), hemi-paresis (1), headaches (1), loss
of balance (1), language disturbances (1), and syncope (1). Tumors were located in the left
temporal lobe (in 4 patients), posterior left frontal lobe (1), posterior right frontal lobe (3),
left parietal lobe (1), and right parietal lobe (1). The Institutional Review Board of the
NINDS approved this research protocol, and informed consent was obtained from each
patient.

Imaging Before Surgical Incision
On the day before surgery, fiducial markers (Izi Medical Products, Inc.) were placed on the
patients’ scalps and they then underwent MR imaging of the brain with and without contrast
using 2D T1-weighted, T2-weighted, FLAIR, and 3D T1-weighted fast-field echo
sequences. The 3D imaging series were transmitted by direct cable connection to the
surgical navigation system (StealthStation, Medtronic, Inc.). On the day of surgery, local
anesthetic was injected into the scalp, a sedative was administered intravenously, and the
head was fixed with a 3-pin MR imaging–compatible head clamp (Integra LifeSciences
Corp.). The head clamp was linked to the iMR imaging table using a custom-designed MR
imaging- compatible table attachment (Integra LifeSciences Corp.) (see Fig. 2A), and a
preliminary scan was obtained to confirm imaging quality and adequacy of patient
positioning (see Fig. 2D).
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Operative Procedure—Stage 1
All patients underwent craniotomy with local anesthesia and intravenous sedation. The
procedure was performed on a modified angiography table within an iMR imaging suite
containing a high-field, fixed-position MR imaging unit (Achieva 1.5T, Philips, Andover,
MA), similar to the configuration described by Tummala et al.35 The table, fixed outside the
5-gauss line, swiveled into docking position with the MR imaging gantry. The patient was
transported from the operating position to the imaging position by docking the angiography
table with the iMR imaging gantry and sliding the table top into the MR imaging bore (Fig.
1). An MR imaging–compatible patient reference frame (Polestar, Medtronic, Inc.) was
attached to the head holder using an MR imaging–compatible, custom- designed patient
reference frame holder (Integra LifeSciences Corp.) (Fig. 2B). The scalp was treated with
antimicrobial solution and draping was performed. The neuronavigation system
(StealthStation) was registered in a standard manner. The surface representation of
underlying tumor margins assisted in selection of an appropriate trajectory and operative
corridor.

Intravenous sedation was withdrawn after performing the craniotomy but before opening the
dura mater. The dura was opened after the patient became fully conscious and cortical
mapping was then performed.

Electrical Stimulation Mapping
All ESM was performed using a bipolar electrical stimulator probe (5 mm between tips)
connected to a pulse generator (Ojemann Cortical Stimulator, Integra LifeSciences), which
was placed outside the 5-gauss field to prevent electrical interference (Fig. 1). Stimulation
was performed over the entire exposed cortical surface using biphasic square wave pulses
(0.5 msec per pulse, 50 Hz, 2-second duration) beginning at 2 mA and increasing in 1-mA
increments until a functional response was detected. Stimulation intensity did not exceed 10
mA for motor and sensory regions or 16 mA for language. Motor cortex was localized by
eliciting movement in the face or limbs. Somatosensory cortex was identified when the
patient reported paresthesias in response to cortical stimulation. Essential cortex for
receptive language (the Wernicke area) was localized to sites on the cortex where
stimulation induced speech arrest and anomia during object naming. Electrical stimulation
that resulted in speech arrest during number counting identified cortex for expressive
language (the Broca area). Numbered sterile tags were placed over each point of stimulation
that elicited a functional response (Fig. 3). Points that did not elicit an effect on stimulation
were deemed noneloquent and were covered by tags marked with letters. Digital
photographs of the cortical maps were produced; the resulting images were reproduced on a
color printer and mounted on a stand near the surgeon. Patients were serially tested for
speech, sensory, and motor function throughout the resection. This testing included frequent
evaluation of spontaneous movement and strength in the contralateral limbs during removal
of tumors that were adjacent to motor cortex.

Operative Procedure—Stage 2
Cortical resection was performed at least 1 cm from areas of motor, sensory, or essential
language function as identified by ESM. A neurologist, neuropsychologist, or
anesthesiologist monitored motor and speech function throughout the procedure, increasing
the frequency of checks when the surgeon approached an identified area of eloquence.
Tumor removal was performed by dissecting circumferentially around the border of the
tumor as determined by registered preoperative radiographic images displayed on the
neuronavigation system and by visual cues of a transitional zone between normal and
neoplastic tissue. Resection of the tumor was guided by the surgeon’s intraoperative
observation and assessment of tumor margins with assistance from the neuronavigation
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system (Bronze Probe, Medtronic, Inc.). Prior to iMR imaging to evaluate extent of
resection, the dura and skin were loosely approximated. A temporary sterile sheet was
placed over the field. Surgical drapes that were hanging below the operative table were
trimmed to allow easy passage through the iMR imaging bore.

Imaging During Surgery
For lesions that enhanced on preoperative images, iMR imaging sequences were limited to
T1-weighted images with and without contrast medium. For low-grade or nonenhancing
lesions, FLAIR and T2-weighted sequences were obtained. Images obtained from the iMR
imaging workstation were transmitted by computer network and uploaded to the picture
archive retrieval and storage system for evaluation by the neuroradiologist. No other iMR
imaging was performed if complete radiographic resection was noted. Conversely, if the
neuroradiologist detected residual disease that the surgeon felt could be removed safely,
resection continued until the radiographic extent of the tumor was removed or the border of
an eloquent area was reached. Confirmation of complete tumor removal in these patients
required additional iMR imaging sessions. All patients were evaluated after surgery by MR
imaging and neurological examination and were followed up in a longitudinal fashion.

Results
The surgical navigation system accurately localized the tumor and facilitated planning of
craniotomy margins in all cases. Intraoperative MR imaging did not cause any demonstrable
interference with the neuronavigation system. Similarly, the nonferromagnetic
neuronavigation reference frame did not cause any artifact during iMR image acquisition.22

Electrical stimulation mapping identified eloquent cortex in all patients and was not affected
by the iMR imaging. Areas of essential language function were identified in 5 patients,
sensory areas in 6, and motor areas in 7. Five tumors enhanced and 5 tumors did not enhance
with contrast medium administration. After initial resection, iMR imaging identified
complete resection in 1 case and residual neoplasm in 9 (Fig. 4). In 2 of the 9 cases of
residual tumor no further resection was undertaken because residual tumor invaded areas of
eloquence identified by ESM (Wernicke area) or by iMR imaging (posterior limb of internal
capsule). The patients in the remaining 7 cases underwent additional tumor resection based
on the findings of the iMR imaging. In 6 of these 7 patients tumor resection was continued
until it was radiographically complete. In 1 patient additional tumor was removed up to the
point where tumor invaded eloquent cortex and white matter, as identified by ESM and iMR
imaging.

Neurological function was unchanged in most patients immediately after surgery. Three
patients developed mild speech deficits in the early postoperative period. These resolved to
the preoperative baseline after administration of a short course of dexamethasone. The
average total operative time was 6.8 hours (range 3.8–8.7 hours). The average number of
intraoperative scans was 2 (range 1–3). Each scanning session extended the operating time
about 1 hour, as it took 10 minutes to transition between the operating and scanning
positions and 30–40 minutes to perform the necessary MR imaging sequences.

Discussion
Magnetic resonance imaging is the standard method used to assess the extent of surgical
resection of primary brain tumors. Prior to the advent of iMR imaging technology, extent of
tumor resection was gauged during surgery with neuronavigation based on registered
preoperative images, real-time ultrasonographic imaging, or surgeon assessment based on
personal experience. The first generation of iMR imaging systems used low-field strength
magnets (0.12–0.5 T); because resolution is lower on low-field scans than on high-field
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scans, residual tumor that was imperceptible on intraoperative low-field imaging could be
apparent on postoperative, high-field scans (≥ 1.5 T). The introduction of high magnetic
field strength iMR imaging suites allowed the neurosurgeon to evaluate for residual tumor
during surgery using the same standard used postoperatively. Intraoperative MR imaging
provided a method to serially evaluate and improve the extent of resection during the
operative procedure, which could avert early reoperation to remove residual tumor.1 Despite
these advantages, high-field iMR imaging required movement of either the magnet or the
patient for imaging and extended the length of surgery,18 which theoretically increases the
risk of infection, deep venous thrombosis, and pulmonary embolism. Interestingly,
utilization of iMR imaging has not been reported to increase the rate of these
complications.4,15,16,18

The benefit of maximizing resection of primary brain tumors has been a matter of long-
standing debate, though evidence is mounting to support aggressive attempts to increase
extent of resection. In a recent review of the literature published over the past 18 years,
Sanai and Berger29 found significant survival benefit associated with greater extent of
resection. Although available data were insufficient for full meta-analysis, their evaluation
of available studies showed that, compared with partial resection, complete radiographic
resection improved mean survival time from 61 to 90.5 months for patients with WHO
Grade II gliomas, from 64.9 to 75.2 months for those with Grade III gliomas, and from 11.3
to 14.2 months for those with Grade IV gliomas. Given the ability of iMR imaging to
improve extent of resection, patients treated with the aid of iMR imaging would thus be
expected to have a survival advantage compared with patients in whom intraoperative
assessment of residual tumor is performed using less sensitive methods. The results of initial
studies relating iMR imaging use to survival time have been conflicting, however, and the
total number of patients studied in this manner remains small.7,18 Some may question
whether a potential but unproven survival benefit supports the cost of building and
maintaining an iMR imaging suite.

Avoidance of neurological deficit during brain surgery depends on protecting eloquent
cortex and tracts from direct or ischemic injury. Primary motor, somatosensory, and
language areas of the cerebral cortex are considered to be eloquent because their removal
will result in irreversible and disabling neurological deficits. Penfield and Boldrey23 mapped
the motor and sensory homunculi by stimulating the cerebral cortex with a monopolar
electrode in conscious patients undergoing brain surgery for medically intractable epilepsy.
Bipolar ESM was later used during tumor surgery and for language area localization.36

More recently, ESM has also been used to identify critical subcortical white matter
tracts.9,10 In our study, ESM precisely delineated eloquent areas of the cortex in all patients.
Other investigators have reported that the risk of transient language deficit is 36% and that
of permanent deficit 0% when resection is limited to a distance of more than 1 cm from the
nearest language site; with a margin of 0.7–1.0 cm, the risks of transient and permanent
language deficit were 91 and 22%, respectively, and with a margin < 0.7 cm, the risks were
100 and 43%.14 Our results support these findings: we maintained a 10-mm margin and
avoided permanent neurological morbidity.

Mapping using SSEPs to detect phase reversal across the central sulcus13 can be used in
patients who cannot tolerate awake surgery. Likewise, the motor cortex can be mapped
using ESM in patients under general anesthesia, but testing under general compared with
local anesthesia requires more current and often simultaneous electromyographic monitoring
rather than simple visual observation.13 Ideally, techniques could be developed to accurately
localize eloquent structures outside the operating room, which would reduce the operative
time that is devoted to ESM or SSEP mapping. For identification of primary motor and
somatosensory areas, MR imaging can be used to locate the central sulcus as an anatomical
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landmark.5,37 Functional mapping techniques have been developed, including fMR imaging,
PET, diffusion tensor imaging, magnetoencephalography/magnetic source imaging, and
SSEPs.2,19,20,27,30 The application of fMR imaging to brain mapping in tumor cases is
limited by tumor-related changes in blood oxygen level–dependent (BOLD) signal,11,25

task-dependent variability in language mapping,6 and intraoperative brain shift.3,8,17 In
contrast to fMR imaging and other methods that identify the position of functional areas
within the cranium based on 3D coordinates derived from landmarks on preoperative
images, ESM of the cortex creates a topographic (surface) map of brain function that
remains recognizable despite shifting and deformation of the brain. Using ESM as a “gold
standard,” reports have shown up to 2 cm inaccuracy in SSEPs and fMR imaging
identification of eloquent cortex.24,26,31 Inaccurate mapping of functional areas with
methods other than ESM could create inadvertent injury to eloquent structures, whereas
overestimation of the extent of essential functional areas with noninvasive techniques could
result in suboptimal resection.

In this series of 10 patients undergoing brain tumor surgery in or adjacent to eloquent cortex,
neuronavigation, ESM, and iMR imaging were useful individually and in concert.

Neuronavigation and ESM facilitated the identification of pathological and eloquent
margins, respectively. In our study, the ability to perform MR imaging in the operating room
led to a conservative first resection. At the conclusion of surgery, there was a 70% gross-
total resection rate. Total radiographic resection could not be performed in cases in which
tumor extended into eloquent cortex. A gross-total resection rate of 35–38% was reported in
2 recent, large series in which iMR imaging was not used.21,32

Conclusions
The tools of stereotactic neuronavigation, ESM, and high-field iMR imaging have been
extensively reported in the literature as independent adjuncts to brain tumor surgery. Tools
that are developed to enhance the neurosurgeon’s ability to localize normal and pathological
tissue should be validated individually and as adjuncts to existing technology.33,34

Stereotactic neuronavigation, ESM, and iMR imaging were found to be complementary
tools that promoted maximal resection of neoplastic tissue and preservation of eloquent
structures.
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Fig. 1.
Schematic illustration of the iMR imaging suite. Personnel and equipment are organized
outside the 5-gauss (5G) field line to permit cortical mapping (inset) and frameless
stereotactic navigation. A surgical assistant stands next to the surgeon but is not shown in
this illustration.
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Fig. 2.
Artist’s illustrations. A: Specially designed, MR imaging–compatible, 3-pin head holder
extends from end of the operative table and provides convenient access to the surgical site.
The MR imaging coil is positioned below the patient’s head throughout the procedure. B:
Operative configuration (drapes not shown). An MR imaging–compatible patient reference
frame is added for frameless stereotactic navigation. C: Scanning configuration. An
additional MR imaging coil is added above the area of interest. D: Configuration within the
scanner.
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Fig. 3.
Intraoperative photograph showing the view from the surgeon’s perspective after a left
frontotemporal craniotomy. The left temporal lobe is in the upper part of the photograph.
The sylvian fissure is marked with an arrow. During the mapping process, sterile tags were
used to mark eloquent areas of the cortex, which were associated with the following
responses to stimulation: 1 and 2, paresthesias in mouth; 21, speech arrest during counting in
English (Broca area); 24, errors induced during English confrontation naming test (English
Wernicke area); 23–27, speech arrest during Mandarin confrontation naming test (Mandarin
Wernicke area). Letters indicate regions that were not associated with any observable
response to stimulation.
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Fig. 4.
Axial T1-weighted images (from the same case as Fig. 3) demonstrating improvement in
resection of nonenhancing tumor using iMR imaging guidance. A: Noncontrast image
obtained in the iMR imaging scanner immediately prior to craniotomy demonstrates a
hypointense mass in the left anterior temporal lobe (white arrow). B: Intraoperative MR
image obtained after initial resection documents CSF signal in the resection cavity (asterisk),
hyperintense signal representing blood at the margins of the cavity (black arrow), and
residual tumor posterior to the resection cavity (white arrow). The operation was extended.
C: Postoperative MR image shows extension of the resection cavity (asterisk) to include the
region of residual tumor. No residual tumor or blood products can be identified.
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