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Summary

Background. Radical resection of gliomas can increase patient’s
survival. There is known concern, however, that aggressive tumour
removal can result in neurological morbidity. The objective of the
present study was to evaluate the usefulness of low magnetic field
strength (0.3 Tesla) open intraoperative magnetic resonance imfaging
(iMRI) for complete resection of glioma with emphasis on func-
tional outcome.

Methods. From 2000 to 2004, 96 patients with intracranial glio-
mas underwent tumour resection with the use of iMRI in Tokyo
Women’s Medical University. There were 50 men and 46 women;
mean age was 39 years. Tumour volume varied from 1.2.ml to
198 ml (median: 36.5 mL). Resection rate and postoperative neuro-
logical status were compared between control group (46 cases, oper-
ated on during the initial period after installation of iMRI), and
study group (50 most recent cases, in whom surgery was done using
established treatment algorithm and improved image quality).

Findings. Overall, mean resection rate was 93%, and medial re-
sidual tumour volume was 0.17 ml. Total tumour removal was
achieved in 44 cases (46%). Compared to control group, reseéction
rate in the study group was significantly higher (91% vs. 95%;
P < 0.05), whereas residual tumour volume was significantly smaller
(1.7 mL vs. 0.025 mL; P < 0.001). Nine patients in the control group
(20%) and 24 in the study group (48%) experienced temporary post-
operative neurological deterioration (P < 0.01), however, the rate of
permanent morbidity evaluated 3 months after surgery did not differ
significantly between the groups investigated (13% vs. 14%).

Conclusions. Use of IMRI during surgery for intracranial gliomas

permits to attain aggressive tumour resection with good functional
outcome. Nevertheless, surgical experience with the iMRI system,
establishment of treatment algorithm, and improvement of image
quality are of paramount importance for optimal results.

Keywords: Glioma; surgery; outcome; intraoperative MRI; intra-
operative neuronavigation; intraoperative brain mapping.

Introduction

Gliomas are the most frequent primary brain tu-
mours, management of which is extremely challeng-
ing. Despite advances in modern treatment modalities,

including resective surgery, radiotherapy, chemother-
apy, and immunotherapy, outcomes of patients with
malignant gliomas remain poor. Furthermore, there is
still significant controversy with regard to the goals of
surgical resection [12, 25]. Some believe that since the
relationship between resection rate and patient prog-
nosis has not yet been established {7, 23], the possible

" benefit of radical removal of tumour is overshadowed

by the relatively high risk of postoperative neurolog-
ical morbidity. At the same time others argue that cor-
relation between resection rate and prognosis has suffi-

~ ciently been defined [1, 8, 14, 15] and that total tumour

removal is the most effective treatment for malignant
glioma. '

Regardless of this controversy, most investigators
agree that better demarcation of the tumour border in

‘the eloquent areas of the brain would result in an in-

creased resection rate with reduced risk of postopera-
tive neurological deterioration. The objective of the
present study was to evaluate the usefulness of low
magnetic field strength (0.3 Tesla) open intraoperative
magnetic resonance imaging (iMRI) for complete re-
section of glioma with emphasis on functional out-
come. Co

.

Methods and materials

From 2000 to 2004, 244 neurosurgical procedures with the use of
iMRI were performed in Tokyo Women's Medical University.
Ninety-six patients had resection of intracranial glioma and these
cases were selected for the present retrospective analysis. The vast
majority of procedures were performed by the same neurosurgeon
with subspecialization in surgical neuro-oncology-(Y.M.). Informed
consent was obtained before surgery from each patient and his/her
nearest family member. Resection rate and postoperative neuro-
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Table 1. General clinical characteristics of 96 patients with intracranial gliomas operated on with the adjunct of the iMRI system

Case characteristics Total cohort (N = 96) Comparative subgroups P-value -
Control group (N = 46) Study group (N = 50)

Mean age + SD (years) 39+ 16 39 + 18 40 +15° P=0.78*

Gender (men/women) 50/46 22/24 - 28/22 P = 0.43%*

Tumour (initially diagnosed/recurrent) 66/30 26/20 40/10 P = 0.04**

Tumour WHO histological grade P = 0.25%*

-1 ' 3 (3%) 2 (4%) 1 (5%)

- 11 27 (28%) 10 (22%) 17 (34%)

- 1. 33 (34%) 15 (33%) 18 (36%)

- v 30 (31%) 16 (35%) 14 (28%)

Tumour functional grade’ P = 0.39%*

-1 16 (17%) 7(15%) 9 (18%)

-1 29 (30%) 17 (37%) 12 (24%)

- I 51 (53%) 22 (48%) 29 (58%)

Median tumour volume in mL (95% CI) 36.5 (28.7-43.9) 35.5(19.8-46.1) 41.3 (26.7-52.4) P =0.52%

* According to Student’s t test; ** according to chi-square test; bold: statistically significant difference (P < 0.05),% Sawaya functional grade;

grade I (non eloquent), grade II (near eloquent), grade I1I (eloquent) [26].

logical status were compared between control group (46 cases, oper-
ated on during initial period after installation of iMRI), and study
group (50 most recent cases, in which surgery was done using estab-
lished treatment algorithm and improved image quality).

General clinical characteristics

General clinical characteristics of patients are presented in Table
1. There were 50 men and 46 women; mean age was 39.0 years
(range: from 6 to 78 years). Initially-diagnosed neoplasms were
found in 66 cases, whereas recurrent neoplasms were seen in 30. Six-

teen tumours (17%) were located in the non-eloquent areas of the )

brain (Sawaya functional grade I) [26], 29 (30%) in near eloquent
areas of the brain (Sawaya functional grade II), and 51 (53%) in elo-
quent areas of the brain (Sawaya functional grade III) [26]. The tu-
mour volume varied from 1.2 ml to 198 ml (median: 36.5 ml).

Typing and grading of gliomas were done according to criteria of
the World Health Organization (WHO) classification. There were 29
glioblastomas multiforme, 19 anaplastic astrocytomas, 15 diffuse as-
trocytomas, 7 anaplastic oligoastrocytomas, 6 oligodendrogliomas,
5 oligoastrocytomas, 4 pilocytic astrocytomas, 3 pleomorphic xan-
thoastrocytomas, 2 anaplastic ependymomas, 2 ependymomas, and
one subependymoma. Three tumours (3%) corresponded to WHO
grade 1, 27 (28%) to grade 11, 33 (34%) to grade III, and 30 (31%) to
grade IV. In 3 recurrent cases histological typing and grading of
tumour were not possible due to presence of extensive radiation ne-
crosis.

Intraoperative MRI and MR compatible operating devices

The internal organization of our “intelligent operating theatre”
presented on Fig. 1A. MRI was selected as an intraoperative imag-
ing method, because it provides excellent spatial resolution without
radiation exposure {13]. Intraoperative MRI scanner (AIRIS II,
Hitachi Medical, Tokyo, ‘Japan, Fig. 1B), as available at Tokyo
‘Women’s Medical University, has a disc-shaped permanent magnet
with a magnetic field strength of 0.3 Tesla and a gantry gap of 43 cm

"in width. Low magnetic field strength creates narrow S-gauss line,
and the patient can easily be moved outside of the field but still re-
maining in the operative theatre, which permits to use some conven-
tional surgical devices (for example, high-speed drill). Nevertheless,
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all surgical devices and instruments that are used within the 5-gauss
line, such as operating table (MOT2000-MRI, Mizuho Ikakohgyo,
Tokyo, Japan, Fig. 1C) and operating microscope (MRI-30, Mitaka
Kohki, Tokyo, Japan, Fig. 1D), are constructed from non-
ferromagnetic mateual to prevent accidents and avoid image arti-
facts.

Body coils for the scanning of the abdominal region were used as
receiver coil in the control group, while original coils for the scanning
of open brain surgery with higher signal-to-noise ratio were devel-
oped later on (Head Holder Coil, Hitachi Medical, Tokyo, Japan,
Fig. 1E) and used in the study group. Although the field strength of
this scanner is low, it can provide images of sufficient guality for
identification of residual tumours, and allows generation of 3-D re-
constyuction images, magnetic resonance angiography (MRA), and
cine-MRIL.

During surgery MR images were obtained at 3-mm slice thickness
(1.5-mm slice intervals, 100 slices) under the following conditions:
field of view (FOV), 230 x 230 mm; TR, 27 msec; TE, 10 msec (for
Ti-weighted spin echo), and FOV, 230 x 230 mm; TR, 3000 msec;
TE, 120 msec (for T>-weighted turbo). An MRI contrast agent (ga-
dolinium diethylenetriamine pentaacetic acid) was administered in-
travenously at 0.2 ml/kg in the control group and at 0.4 mi/kg in
the study group. Scanning duration was 3 min and 36 sec for T;-
weighted images and 5 min for T;-weighted images. All MRI-data
were displayed on the in-room display screen.

Intraoperative "'real-time” update neuronavigation

A surgical navigation system (PRS navigator, Toshiba, Tokyo,
Japan, Fig. 1F) was used in 35 recent cases to facilitate tumour re-
moval and detection of its remnants. The navigator was based on a
conventional infrared location-identification device, which shows the
location of the suction tip and position of the suction tube in 3 sec-
tional planes. Navigation DICOM format files of MR images were
transferred to a computer through a local area network. Images

" were available for use in less than 5 minutes after MR scanning.

Surgical procedure

In 84 cases surgery was performed with patients in the supine po-
sition, whereas 12 patients were in prone position. After induction of
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Fig. 1. The internal organization of the “intelligent operating theatre” at the Tokyo Women’s Medical University: general view (A) with
marked S-gauss line (dotted line), 0.3 Tesla open iMRI (B), MR~compatible operating table (C), MR-compatible operatmg mxcroscope (D),
original receiving coil for scanning of open brain surgery (E), surgical neuronavxgatlon system (F)

anesthesia, the patient head was fixed in a four-point head holder
coil. Craniotomy was performed in a usual manner, followed by

opening of the dura mater and arachnoid. Thereafter, fiducial

markers were fixed to the skull, the covering coil was connected to
the four-point head holder coil, and the operating table was covered
with the second transparent drape. Patient’s head was moved in the
center of the MRI gantry by sliding the upper portion of the operat-
ing table. MR imaging was performed, and data were transferred
onto a computer for further neuronavigation. The fiducial markers
were registered in the computer, which permitted use of “real-time”
update neuronavigation during tumour removal.

- If the tumour was located near or in eloquent brain areas, cortical
mapping, neurophysiological monitoring, and/or stimulation of the
cranial nerves were performed — as appropriate before resection of
neoplasm — for identification of the motor area, speech area, cranial
nerves and its nuclei. Somatosensory evoked potentials (SEP) and
motor evoked potentials (MEP) were routinely monitored during
surgery. |

After removal of the neoplasrn iMRI was performed again to
assess the completeness of tumour resection, identification of the re-

sidual neoplasm or possible adverse effects such as haemorrhage. If
residual tumour was identified and considered suitable for additional
resection, the newly obtained MRI data were transferred to the nav-
igation computer and further resection of the neoplasm was per-
formed using this updated information. When resection of the tu-
mour was completed, final iMRI was done to evaluate the resection
rate. ’

Such treatment algorithm permitted us a more precise orientation
in the operative field compared to conventional neuronavigation sys-
tems, which are based on MR images obtained before surgery and
constitute a risk for possible mislocalization errors due to brain shift
after rernoval of CSF and the tumour itself [18, 19].

Outcome evaluation

Comparative evaluation of neurological signs and symptoms was
done before surgery, within 2 weeks after tumour resection, and 3
months thereafter.

Comparison of pre- and post-operative MRI was performed to
assess resection rate and residual tumour volume. The latter was
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defined as an area of increased signal intensity on contrast-enhanced
T,-weighted images [28], or, if the tumour did not show contrast en-
hancement, as an area of increased signal intensity on Tz-weighted

images corresponding to the defined mass lesion. An area of ab-
" normal signal intensity was computed for each slice and multiplied
by the stice width (1.5 mm), and a cumulative value was obtained
by adding the values for the individual slices.

Statistics

Statistical analysis was performed using Statview 5.0 (SAS Insti-
tute, Cary, NC). The level of significance was determined at
P < 0.05.

Results

In all cases second iMRI permitted to identify the re-
sidual tumour, and additional resection was performed

whenever possible (Flgs 2 and 3). If according to in-
traoperatlve brain mapping or neurophysiological
monitoring the residual tumor infiltrated eloquent
brain structures, it was left in situ. Overall, tota] tu-
mour removal was achieved in 44 cases (46%), mean
resection rate was 93 + 10%, and median residual
tumour volume was 0.17 ml (95% CI: 0-0.93 mL)
(Table 2). Residual tumour volume was greater in neo-
plasms of higher histological and functional grade, but
such trends did not reach statistical significance (Wil-
coxon signed-ranks test or ANOVA).

Early surgical complications included 2 cases of
wound infection (2%) (Table 3). No case of postopera-
tive haemorrhage occurred. Immediately after surgery
16 patients (17%) showed improvement in pre-existing

signs and symptoms, 63 (66%) remained unchanged,.

whereas 33 (34%) exhibited more or less prominent
neurological deterioration. Therefore, total short-
term morbidity was 36%.

At 3 months the neurological status of 13 patients
(14%) still remained worse than before surgery. In
long-term follow-up one patient died due to infection,
while another one exhibited deep pulmonary embo-
lism. Therefore, total long-term morbidity was 14%
and mortality 2%.

A comparison of the two groups of patients revealed
their compatibility in clinical characteristics. At the
same time, resection rate in the study group compared
to control group was significantly higher (91% vs. 95%;
P < 0.05), whereas residual tumour volume was sig-
nificantly smaller (1.7 mL vs. 0.025 mL; P < 0.01)
(Table 2). The number of cases with total removal
was also higher in the study group as compared to the
control group (52% vs. 39%), but this difference did

308

Y. Muragaki et al.

Fig. 2. Identification of residual tumor by iMRI and its further ag-

- gressive resection. In Case 1 (left column) primary multiple cerebral

astrocytomas in the right frontai lobe and left (dominant) hippocam-
pus (A) were removed during surgery, but residual tumour in the left
hippocampal tail (arrowhead) was disclosed by control iMRI (B),
and was removed thereafter (C) with total removal confirmated on
postoperative MRI (D); the patient had transient aphasia but no
permanent neurological deficit. In Case 2 (right column) a giant
glioblastoma in the right fronto-temporal lobe, insular cortex and
basal ganglia (E) was removed during surgery, but residual tumour
(arrowhead) in the insular cortex and deep frontal lobe was identified
(F) and subtotally (97%) removed (G), which was confirmed by
postoperative MRI (H); the patient did not have motor deficit after
surgery

not reach statistical significance. Further subgroup
analysis showed that residual volume of WHO grade
IV tumours (4.6 ml vs. 0.05 ml; P < 0.05) and neo-
plasms of Sawaya functional grade III, located in
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Fig. 3. iMRI before (upper row) and after (Jower row) aggressive resection of gliomas located in or near eloquent brain areas: 99% removal of
malignant (WHO grade IV) tumour from the left temporal lobe and insular cortex (A); 100% removal of the tumour (WHO grade II) with
contralateral extension through the corpus callosum (B); 97% removal of the tumour (WHO grade IIT) located in the Broadmann area 44
(classical Broca zone) (C); 98% removal of the tumour (WHO grade I1T) located in the right parietal lobe in the vicinity of the pyramidal tract
. (D) with preservation of functionally important brain tissue (Grrowhead)

the eloquent areas of the brain (3.8 ml vs. 0.23 ml,
P < 0.05), as well as resection rate of the latter (88%
vs. 95%, P < 0.05) were significantly improved in the
study group compared to the control group (Table 2).

Nine patients in the control group (20%) and 24 in
the study group (48%) experienced temporary post-
operative neurological deterioration (P < 0.05) (Table
3). However, the rate of permanent morbidity, which
was evaluated 3 months after surgery, did not differ
significantly between the groups investigated (13% vs.
14%) (Table 3). '

Discussion

Using intraoperative MRI

First iMRI systems were introduced in 1997 by
Black et al [3] and Tronnier et al. [32, 36]. Since then,
such devices have been used for real-time observation
of surgical manipulations, for assessment of the extent
of tumour resection, and evaluation of the intraopera-
tive complications. Different modifications include a
twin theatrer system developed by Tronnier and Stein-
meier et al. [29, 32}, a rotatable patient table system in-

* troduced by Rubino et al. [24], a ceiling-mounted mov-

able MR gantry system presented by Sutherland ef al.
(30], and high-field (1.5-Tesla) hamburger-type MR
gantry system used by Nimsky et -al. [21]. While in-
traoperative observation and guidance of surgery by
iMRI are theoretically presumed to produce the most
favorable outcomes, the available devices usually pro-
vide relatively narrow working space and necessitate
all surgical devices and instruments to be composed
of non-ferromagnetic materials. By contrast, systems
that employ MR imaging at some temporary break
points during surgical procedure, while [abor and time
increase for patient transfer to the MRI venue, can
“provide a higher degree of freedom to the surgeon and
‘permit to use standard (not MR-compatible) surgical
instruments. It should be noted that any type of iMRI
system increases the operation time, because MR
imaging by itself is a time-consuming process. .
Hadani et ol [11] previously reported experience
with compact mobile 0.15 Tesla MRI. Such system
has definite advantages in terms of cost-performance,
but needs a special magnetic shield to prevent artifacts
and limits space for surgical manipulations due to nar-
row MR gantry gap. On the other hand, high magnetic
field strength iMR1 scanners can provide higher image
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Table 2. Surgical outcome in 96 cases of intracranial gliomas operated on with the adjunct of the iMRI system

.

Surgical outcome parameters Total cohort (N = 96) Comparative subgroups P-value’
‘Control group (N =46) Study group (N = 50)

Median residual tumour volume in ml 0.17 (0-0.96) 1.6 (0-4.2) 0.025 (0-0.67) P =0.006*

(95% CI)
Median residual tumour volume in ml in

regard to WHO histological grade:
-1 0 0 0 P =0.10*
-~ 11 . 0.91 1.6 0.88 P=037*
- IV 0.13 4.6 0.05 P = 0.02*
Median residual tumour volume in mL in

regard to Sawaya functional grade:
! 0 0 0 P =0.07*
- 1I 0 0.2 0 P =0.32%
- I 0.93 3.8 0.23 P = 0.02*
Mean resection rate + SD (Yo%) T 93410 91 + 11 95 +10 P = 0.04*
Mean resection rate (%%) in regard to

‘WHO histological grade:
-1 94 93 96 P =0.41*
~ III 96 94 97 P=0.11*
- 1V 90 88 92 P =0.43*
Mean resection rate (%%) in regard to

Sawaya functional grade:
-1 97 93 100 P = 0.06*
- II ) 94 95 94 P =0.84*
- III . 92 88 95 P = 0.03*
Number of cases of total removal 44 (46%0) 18 (39%) 26 (52%) P =0.21%*
* According to Student’s t test; ** according to chi-square test; bold: statistically significant difference (P < 0.05).
Table 3. Functional outcome after removal of intracranial gliomas with the adjgmct of the iMRI system

Total cohort (N = 96) - Comparative subgroups P-value
Control group (N = 46) Study group (N = 50)

Neurological status
— improved 16 (17%) 11 (24%) 5(10%) P = 0.68%*
— unchanged 63 (66%) 26 (57%) 37 (74%) P =0.07**
— temporary deteriorated 33 (34%) 9 (20%) 24 (48%) P =0.01**
— permanently deteriorated 13 (14%) 6 (13%) 7 (14%) P = 0.04**
Surgical complications
~ infection 2 (2%) 2 (4%) 0 (0%) P =0.14**
- postoperative haemorrhage 0 (0%) 0 (0%) 0 (0%) -
— venous embolism 1 (1%) 0 (0%y). 1(2%) P = 0.99%*
— pulmonary embolism 1(1%) 0 (0%) 1(2%) P = (.99%*
Total short-term morbidity 35 (36%) 11 (24%) 24 (48%) P = 0.01**
Total long-term morbidity 13 (14%) 6 (13%) 7 (14%) P = 0.89**
Total mortality 2 (2%) 1(2%) 1(2%) P = 0.95%*

* According to Student’s t test; ** according to chi-square test; bold: statistically significant difference (P < 0.05).

quality, shorter scanning time, and variability of imag-
ing options, such as diffusion tensor imaging [20], func-
tional MRI [10], and proton MRS, Image distortion
during scanning, however, can cause geometric errors,

which can result in suboptimal conditions for neurona-
vigation during tumour removal. Risk of image distor-
tion is 5 times greater in 1.5 Tesla MR scanner com-
pared to 0.2 Tesla one [9]. It should be also taken into
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consideration, that maintenance of special conditions
for superconductive magnet requires high additional
expenses.

Currently in Tokyo Women’s Medical University
low magnetic field strength (0.3 Tesla) open intraoper-
“ative magnetic resonance imaging (iMRI) is used. As
it was shown in the present study such system is useful
for the resection of intracranial glioma. Moreover, our
latest experience shows, that such MR scanner permits
to obtain intraoperative diffusion-weighted images for
- the visualization of pyramidal tracts [22], as well as
functional MR images for identification of the motor
cortex. Using specially developed coils for the scan-
ning of open brain surgery that provide higher signal-
to-noise ratio, represents significant improvement of
image quality, especially of contrast-enhanced tu-
mours, which was reflected in a higher resection rate
of such neoplasms as reported in the “study group”.
Novel organization of the neurosurgical operating the-
atre with low magnetic field strength iMRI permits to
perform sophisticated procedures, using conventional
surgical devices and instruments. Spatial separation
of the operative table and MR gantry and removable
head-holder coil provides freedom for any surgical
manipulations, which can be done in both supine
and prone position of the patient. Therefore, it
seems that compared to other available systems our
device can have the best cost-to-benefit ratio, if under
“benefit” one will accept image quality and system
. effectiveness. ’

Extensive removal of glioma

The benefits of resective surgery in cases of glioma
include relief of compression of the tumor bulk on
the surrounding brain (important for neurological im-
provement), reduction of the volume of neoplasm (can
render adjuvant therapy more effective), and precise
histological diagnosis, which is important for the
choice of optimal treatment strategy and prediction of
prognosis. Many investigators have demonstrated the
benefits of complete resection for low-grade gliomas
[2, 5, 27], which is in complete agreement with
our own experience. Moreover, while not sufficiently
proved [12, 25], extensive removal of malignant glioma
can improve patient prognosis. According to a retro-
spective analysis of the brain tumor registry of Japan
[31], which included 6398 cases of malignant glioma
from 281 different hospitals, survival was longer if

total removal of tumor was achieved, compared to
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subtotal resection or biopsy alone. Similar results |

were reported by two recent, large, multi-center coop-

erative trials, in which identical treatment protocols

were used. Overall, 6 prospective studies published
from 1990 found significant correlation between resec-
tion rate of malignant glial tumors and patient survival

{1, 7, 8, 14-16, 23]. Therefore, while further well-

designed prospective studies on this topic will be
needed in future, currently available data suggest that
complete resection of glial neoplasms can be consid-
ered as a reasonable surgical goal.

Evaluation of residual tumor volume is not a simple
task. Albert et al. [1] reported that the use of different
methods for assessment of the resection rate could sig-
nificantly influence results. Particularly, the resection
rate estimated by the operating surgeon was signifi-
cantly higher compared to postoperative CT or MRI.
Still, there is no standard definition of “complete re-
moval of glioma”, which is reflected in the wide varia-
tion of reported total resection rates (from 6.2 to 71%)
[6, 33]. It may be suspected that some of such cases rep-
resent nothing more than biopsy. Our method of post-
operative evaluation of residual tumor volume based
on the enhanced area of Tlf@eighted MR images

- might be criticized, because autopsy specimens showed

that glioblastoma cells can be identified even beyond
hyperintense signal on Tp-weighted MR images. How-
ever, Wirtz et al. [35] and Lacroix et al [17] in their
clinical studies assessed the residual tumor in the same
way as we did and showed its importance for the pre-
diction of patient survival. For glioblastoma, a resec-
tion rate of 98% or greater can be considered as prog-
nostically significant break-point.

Complications after resective surgery for gliomas

Neurological morbidity after resective surgery for
gliomas varies from 6 to 28% [4, 34], and may be even
higher in cases of recurrent tumors, especially if pre-
vious. radiotherapy was effected [4]. Overall, 33 pa-
tients (34%) of the present series exhibited more or
less prominent worsening of their pre-existing symp-

toms after removal of the brain tumor. Moreover,

more aggressive tumor resection, as performed in the
“study group”’, was associated with astatistically sig-

nificant increase of temporary post-operative neuro-

logical deterioration.

Removal of tumors adjacent to the corona radiata
and posterior limb of the internal capsule was associ-
ated with a higher incidence of neurological morbidity.
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Our treatment algorithm, based on “update” neurona-
vigation, permitted precise orientation in the operative
field with a minimal risk of mislocalization errors.
Therefore, in our opinion, neurological deterioration
encountered in some patients of the present series was
mainly caused not by direct injury of the specific ana-
tomical structures, which usually are clearly identified
by neuronavigation and subcortical brain mapping,
but due to compromise of their vascular supply. Any-
way, removal of tumor located in the vicinity of the py-
ramidal tracts has to be considered high-risk surgery
for post-operative neurological deterioration, even if
the whole spectrum of the most sophisticated modern
neurosurgical armamentarium, including iMRI, is
available in the operating theatre.

It has to be noted that not one case of postoperative
hemorrhage was found in the present series. Previous
reports suggest that such complications occur at a
rate of 2-3% after surgery for parenchymal brain tu-
mors [4, 26]. It seems that aggressive tumor resection
that can be achieved with the help of iMRI, permits
to avoid a condition known as “hemorrhage in the re-
sidual tumor” or “wounded glioma syndrome”. Addi-
tionally, despite relatively longer operative time, the
rate of infectious complications in the present series
(2%) did not differ from those in other reports.

Conclusions

The use of iMRI during surgery for intracranial
gliomas allows identification of residual tumor and
performing aggressive resection with good functional
outcome. In 49% of cases of the present series total
removal of the neoplasm was attained, with a mean re-
section rate of 93%. Surgical experience with the iMRI
system, establishment of treatment algorithm, and im-
provement of image quality are of paramount impor-
tance for attainment of optimal results.

Acknowledgments

We thank Drs. Yoshikazu Okada, Ken’ichi Hirasawa, Masahiko
Tanaka, and Kohsaku Amano (Department of Neurosurgery, To-
kyo Women’s Medical University), Makoto Ozaki, Minoru No-
mura, Satoshi Nagata, Takayuki Kunisawa, and Kiyoshi Naemura
(Department of Anesthesiology, Tokyo Women’s Medical Univer-
sity), the scrub nurses and technical staff for tremendous help during
surgical procedures with iMRI. We wish to express our gratitude to
Takashi Sakayori, Madoka Sugiura, Hiroki Taniguchi, Kyojiro
Nambu, Kouichi Suzukawa, and Yoshiyuki Fujita for their invalu-
able technical support. Drs. Nobuhiko Hata, Yuji Okawara, and
Mikhail Chernov provided great assistance and made thoughtful

312

Y. Muragaki et al.

suggestions during preparation of the manuscript. The present study
was supported by the Industrial Technology Research Grant Pro-
gram in 2000-2005 (A450032) from the New Energy and Industrial
Technology Development Organization of Japan to Yoshihiro Mur-
agaki.

References

1. Albert FK, Forsting M, Sartor K, Adams HP, Kunze S (19%4)
Early postoperative magnetic resonance imaging after resection
of malignant glioma: objective evaluation of residual tumor and
its influence on regrowth and prognosis. Neurosurgery 34: 45—
60

2. Berger MS, Deliganis AV, Dobbins J, Keles GE (1994) The ef-
fect of extent of resection on recurrence in patients with low
grade cerebral hemisphere gliomas. Cancer 74: 1784-1791

3. Black PM, Moriarty T, Alexander E, Stieg P, Woodard EJ,
Gleason PL, Martin CH, Kikinis R, Schwartz RB, Jolesz FA
(1997) Development and implementation of intraoperative mag-
netic resonance imaging and its neurosurgical applications. Neu-
rosurgery 41: 831-842 ’

4. Brell M, Ibanez J, Caral L, Ferrer E (2000) Factors influencing
surgical complications of intra-axial brain tumours. Acta Neu-
rochir (Wien) 142: 739750

5. Britton JW, Cascino GD, Sharbrough FW, Kelly PJ (1994)
Low-grade glial neoplasms and intractable partial epilepsy: effi-
cacy of surgical treatment. Epilepsia 35: 1130-1135

6. Ciric I, Rovin R, Cozzens JW, Eller TW, Vick NA, Mikhael
MA (1990) Role of surgery in the treatment of malignant cere-
bral gliomas. Presented at Association of Neurological Sur-
geons, Park Ridge, IL

7. Curran WJ, Scott CB, Horton J, Nelson JS, Weinstein AS, Nel-
son DF, Fischbach AJ, Chang CH, Rotman M, Asbell SO
(1992) Does extent of surgery influence outcome for astrocy-
toma with atypical or anaplastic foci (AAF)? A report from
three Radiation Therapy Oncology Group (RTOG) trials. J
Neurooncol 12: 219-227

8. Devaux BC, O’Fallon JR, Kelly PJ (1993) Resection, biopsy,
and survival in malignant glial neoplasms. A retrospective study
of clinical parameters, therapy, and outcome. J Neurosurg 78:
767-775

9. Fransson A, Andreo P, Potter R (2001) Aspects of MR image
distortions in radiotherapy treatment planning. Strahlenther
Onkol 177: 59-73

10. Gasser T, Ganslandt O, Sandalcioglu E, Stolke D, Fahlbusch R,
Nimsky C (2005) Intraoperative functional MRI: implementa-
tion and preliminary experience. Neuroimage 26: 685693

11. Hadani M, Spiegelman R, Feldman Z, Berkenstadt H, Ram Z
(2001) Novel, compact, intraoperative magnetic resonance
imaging-guided system for conventional neurosurgical operat-
ing rooms. Neurosurgery 48: 799-807

12. Hess KR (1999) Extent of resection as a prognostic variable in
the treatment of gliomas. J Neurooncol 42: 227-231

13. Iseki H, Muragaki Y, Taira T, Kawamata T, Maruyama T,
Naemura K, Nambu K, Sugiura M, Hirai N, Hori T, Takakura
K. (2001) New possibilities for stereotaxis. Information-guided
stereotaxis. Stereotact Funct Neurosurg 76: 159-167

14. Kelly PJ, Hunt C (1994) The limited value of cytoreductive sur-
gery in elderly patients with malignant gliomas. Neurosurgery
34: 62-66

15. Kiwit JC, Floeth FW, Bock WJ (1996) Survival in malignant
glioma: analysis of prognostic factors with special regard to cy-
toreductive surgery. Zentralblatt fur Neurochirurgie 57: 76-88



iMRI for glioma surgery

16.

17.

19.

1.

22.

23:

24,

26.

Kreth FW, Warnke PC, Scheremet R, Ostertag CB (1993) Sur-
gical resection and radiation therapy versus biopsy and radia-
tion therapy in the treatment of glioblastoma multiforme. J Neu-
rosurg 762-726

Lacroix M, Abi-Said D, Fourney DR, Gokaslan ZL, Shi W, De-
Monte F, Lang FF, McCutcheon IE, Hassenbusch SJ, Holland
E, Hess K, Michael C, Miller D, Sawaya R (2001) A muitivari-
ate analysis of 416 patients with glioblastoma multiforme: prog-
nosis, extent of resection, and survival. J Neurosurg 95: 190-198

. Muragaki Y, Iseki H, Kawamata T, Sugiura M, Amano K,

Taira T, Hori T, Nambu K, Suzukawa K (2000) Development
of “real-time” navigation system updated with intraoperative
MR imaging for total removal of glioma. Funct Neurosurg (Jap-
anese) 39: 80-81

Nimsky C, Ganslandt O, Cerny S, Hastreiter P, Greiner G,
Fahlbusch R (2000) Quantification of, visualization, and com-
pensation for brain shift using intraoperative magnetic reso-
nance imaging. Neurosurgery 47: 1070-1080

. Nimsky C, Ganslandt O, Hastreiter P, Wang R, Benner T, Sor-

ensen AG, Fahlbusch R (2005) Intraoperative diffusion-tensor
MR imaging: shifting of white matter tracts during neurosur-
gical procedures — initial experience. Radiology 234: 218~225
Nimsky C, Ganslandt O, Von Keller B, Romstock J, Fahlbusch
R (2004) Intraoperative high-field-strength MR imaging: imple-
mentation and experience in 200 patients. Radiology 233; 67—
78

Ozawa N, Muragaki Y, Shirakawa K, Suzukawa K, Nakamura

R,.Watanabe H, Iseki H, Takakura K (2004) Developmtent of '

navigation system employing intra-operative diffusion weighted
imaging using open MRI In: Lemke HU, Vannier MW, Ina-
mura A, Farman AG, Doi K, Reiber HC (eds) CARS2004
Computer assisted radiology and surgery. Elsevier, Amsterdam,
pp 6791702

Prados MD, Gutin PH, Phillips TL, Wara WM, Larson DA,
Sneed PX, Davis RL, Ahn DK, Lamborn K, Wilson CB (1992)
Highly anaplastic astrocytoma: a review of 357 patients treated
between 1977 and 1989. Int J Radiat Oncol Biol Phys 23: 3-8
Rubino GJ, Farahani K, McGill D, Van De Wiele B, Villa-
blanca JP, Wang-Mathieson A (2000) Magnetic resonance
imaging-guided neurosurgery in the magnetic fringe fields: the

. next'step in neuronavigation. Neurosurgery 46: 643653
25.

Sawaya R (1999) Extent of resection in malignant gliomas: a
critical summary. J Neurooncol 42: 303-305
Sawaya R, Hammoud M, Schoppa D, Hess KR, Wu SZ, Shi

WM, Wildrick DM (1998) Neurosurgical outcomes in a modern

75

series of 400 craniotomies for treatment.of parenchymal tumors.
Neurosurgery 42: 1044-1055

27. Scerrati M, Roselli R; Tacoangeli M, Pompucci A, Rossi GF
(1996) Prognostic factors in Iow grade (WHO grade II) gliomas
of the cerebral hemispheres: the role of surgery. J Neurol Neuro-
surg Psychiatry 61: 291-296

28. Shi WM, Wildrick DM, Sawadya R (1998) Volumetric measure-
ment of brain tumors from MR imaging. J Neurooncol 37: 87—
93 .

29. Steinmeier R, Fahlbusch R, Ganslandt O, Nimsky C, Buch-
felder M, Kaus M, Heigl T, Lenz G, Kuth R, Huk W (1998) In-
traoperative magnetic resonance imaging with the magnetom
open scanner: concepts, neurosurgical indications, and proce-
dures: a preliminary report. Neurosurgery 43: 739747

30. Sutherland GR, Louw DF (1999) Intraoperative MRI: a mov-
ing magnet. CMAJ 161: 1293 :

31. The Committee of Brain Tumor Registry of Japan (2000) Re-
port of brain tumor registry of Japan (1969-1993) 10th edition.
Neurol Med Chir (Tokyo) [Suppl] 40: 1-106 '

32. Tronnier VM, Wirtz CR, Knauth M, Lenz G, Pastyr O, Bon-
santo MM, Albert FK, Kuth R, Staubert A, Schlegel W, Sartor
K, Kunze S (1997) Intraoperative diagnostic and interventional
magnetic resonance imaging in neurosurgery. Neurosurgery 40:
891-900

33. Vecht CJ, Avezaat CJJ, van Putten WLJ, Eijkenboom WMH,
Stefanko SZ (1990) The influence of the extent of surgery on
the neurologic function and suvival in malignant glioma. A ret-
rospective analysis in 243 patients. J Neurol Neurosurg Psychia-
try 53: 466-471 T

34. Vives KP, Piepmeier JM (1999) Complications and expected
outcome of glioma surgery. J Neurooncol 42: 289-302

35. Wirtz CR, Knauth M, Staubert A, Bonsanto MM, Sartor K,
Kunze S, Tronnier VM (2000) Clinical evaluation and follow-
up results for intraoperative magnetic resonance imaging in neu-
rosurgery. Neurosurgery 46: 1112-1120

36. Wirtz CR, Tronnier VM, Bonsanto MM, Knauth M, Staubert
A, Albert FX, Kunze'S (1997) Image-guided neurosurgery with
intraoperative MRI: update of frameless stereotaxy and radical-
ity control. Stereotact Funct Neurosurg 68: 39-43

Correspondence: Y. Muragaki, Faculty of Advanced Techno-
Surgery, Institute of Advanced Biomedical Engineering and Science,
Graduate school of Medicine, Tokyo Women's Medical University
8-1 Kawada-cho, Shinjuku-ku, Tokyo, Japan 162-8666. e-mail:
ymuragaki@nij.twmu.ac.jp '

313



BERFBZICL B 7Y A — < Fil

HOE B BT R W B T kR N o - f ol e
AR OB ETE OB A BTE 8 B

_ Information-guided Surgery for Glioma Removal

by
Yoshihiro Muragaki, M.D.*?, Takashi Maruyama, M.D.*2,
Ryoichi Nakamura, Ph.D.*?, Hiroshi Iseki, M.D.,*1*2,
Osami Kubo, M.D.*?2, Kintomo Takakura, M.D.*!, and Tomokatsu Hori, M.D.*?

Sfrom
*1Faculty of Advanced Techno-surgery, Institute of Advanced Biomedical Engineering and Science,
Graduate School of Medicine and *?Department of Neurosurgery, Neurological Institute,
Tokyo Women’s Medical University

The relationship between radical resection of glioma and patient outcomes has been controversial, partly
because of selection bias, publication bias, and methodological flaws, particularly in regard to the estimation of the
glioma removal rate. A recent study used volumetric analysis of removal rate to demonstrate that radical removal
resulting in better patient outcomes. However, new removal strategies to maximize removal rate and minimize
complication rates are needed to further improve outcomes. The goal of the present study was to develop an algo-
rithm for “information-guided surgery”, in which surgeons rely on objective information rather than subjective
experience to determine whether glioma removal is feasible. An operating system (intelligent operating theater)
was developed that detects anatomical, functional, and histological information obtained by intraoperative magnetic
resonamnce images/navigation, mapping/monitoring data, and data from frozen section, evaluate the validity of the
data, and subsequently integrates the data with update navigation. The present study focused on the benefits and
drawbacks of functional information and introduces illustrative cases of information—guided surgery.
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DHELINTEDY, UTRBRZ L) IKERIIH 2
2%, cytoreduction IZ X 2 EMFEEEIL, EFHIGEY
RHSBRETHA 5.

BWick hiEHEENELRZDL Lbic, BEREIC
o CTHHHEENEL-TL 3, fzE, BERibiaE
(astrocytoma; AC) TOBEMEEIRMAEIE (anaplastic
astrocytoma; AA) Tb, METIRE 2T R TH NI,
ERMCTERMEREETH L I LR cENE L
v, LaL, AC TRIBHIZE, AA TKREBIRERT) &
VI BREA R o EROBE, EERTEEREDRY
LFEINIEO A0, HLBREOHEETIMNE
hH 35, ZTEREMBEROEEHESGMBET 2EEICN
L7adnAsyy el WEERZ TS 2 58O
BTIE, HIEEDHHETOEMLERERE B
Biind,

bhbhoERSFEHE, ERO~O0ER L, @DH
PR OMRBED “£FH” chr, “LFE ik
SEMNEVIEC, A, ERE, AERES @48
EnffihHln) £fEH»d 3 (Fig.1) 28, F&8E BER
s, BRETOEEREREOSF/HELTWVS,
BAZD D 2BEREREOMICHEE L ERTHER
RED “&iH” L, MEENeELRNRICIZ 3
E ) EREARIOER L Ol —BRAKROFEE LR
RO EHEE — 12 13HT L R IBESLRE TS 5.

HLU GRS L LT, Tz 3 BEOEHN LS
WEACERFEFMEIREL T2 i MRI ®7
E - g vig EOBIIENER, WHPEREBEZR
EXEET RN COMBERE £ OEENER, HER
Az & 2 fiREBEZER -7 2/ LT Y VR (5-ALA)
2k B EERE LA 2 A ERENERTH D,
ThHEENTEEEOBVITHEHRTH 2.

AT, HREBEOFHEEIIN L FRCEME L OBER
BT B MSUREN 21TV, BRBEFMOER 2R3,
FThboy EVI/REDSY VIR EOEBHERICE
REYTE, LwHin, BEREOBEZITISA, &
bRERFENEFIHEEEORETHD, FINEHR
BEER—AEWREETEMD, Zn2EFELEL
BRAROFEHEBRE — T % DI I EREREENE
WHBBETHS, LaLl, BENERL SECRnE
HDERE AT — FEEHEEL , BATHRATVICE
Rl lthhrld, REFLLTSEBBCELYE
A EAPHETF IcowTiiR 2, 2 L TREIC,
LZHEEOMPERZRIBAOEN LHERA LR, #

RTBIDDEEET R RENT B, ELFMEMEE

LT, BMOBEEREEER (eloquent area) WHFET

Purpose Surgery

—histological diagnosis
- only diagnosis
- for decision of adjuvant therapy

biopsy

‘| partial removal
—mass reduction

- symptomatic improvement

- treat of life-threatening hernia

subtotal removal

total removal

—seizure control surgeon (gross)
—prolongation of survival time QT/MRI/PET
+adjuvant therapy histology

Fig.1 Resection planning for glioma surgery

ZHBEBEMAOREORHICBDISATES LBEbN3
DTEEBLTREERL,

THIZZ BRI & PR PEHIEL DR

EMUEBEDLEEMEE & FEREICHY
DiEH

BHEMRRBE (grade I, IV) KBV, LEHEES
FH & FHWE & MBI IZERESE O, 90 ERORE
W2 9D H B, BIM EHFAR (prospective study) #
i 6 iFT, BEMEBEICN T BB RARF
MOBBERICEFELHEBL Qi SHATREES

BolkhoW, F-EBEREMCET 2 120%
XTORTIE, 725% DM TRHEHMOIED b,
215% CHRZ L LOWETH %Y. Zho, BERED
E\> (controversy) DEEE L Tid, IF XML
D bias (NHSEFOBBEMNRIBIRIC X % selection bias
PREEAREE TR TIE S HIK E 19 v publication
bias) P, PWEELEEZIMAMRCELZZ L, ¥
WERLFEOREPEEINLTVS, FTbRLAREL
B2, BHEOEHLTMASEDENTH S, HEDCE
EVNELNITHEROBROBLR T 30,6218, 3—
2y NOEEWRE SNV — 7 TH 3 EORTC (European
Organization for Research and Treatment of Cancer) T,
“total resection” 1% 90% Bl FIGH L EEL TR YY), 7
BTOLFEHE EI1ZER B, Abert 5Vid, B—EFET
ERETELLE) 2%, AREOHSE (HE), i
CT, T H MRI (72 BERIBIA) I & - THIBT L 7245
&, SRR (REAPLBHEFADEIE) BZ2nTh
70%, 29%, 17T%ERESER>TWIIEEFRLE,
MZT, AREOHPHBcEfHTEL LT 2 ERIZ
ETFHRDS 38 BT, MIEREH MRI T2REH & HEFL
EFICOEFHM? 68 B ThHoT, Thbd, HRE
EFHOFEAEICL>T, ALEEHEE o THFHE
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BERLDZELERRLE. RIZED 120 HXOMETYH,
HHET MO B (total resection DIERE & FIEE) O
B0 625%bH Y, HFEORLEIH B 37.5%D
FTHARIEOHR THMME L T\ 3% 5% T, itk
BEERTOFHEIC X 2FHFED 24% (17 CT ® MRI TOEE
fili 21%, FHEZEEL COFME3%) 2AZL A>T
Vs 531)_

RiC, WHEZMH MRITEHET 3 L LT, FOH
NREBREOEEESE L TEEPEEL, HHELE
M9 202MEE 22, HRBEMROBEBENER
BHEOFTHELTRETH UL, B EREREZEN
EXEHTE2Y, SETHERETS I LIEETH S,
ZITREOEBZTHESAE L LT, B CERS
E2ERTIHEPEZI OGNS, AXLETR, HERBEF
F& (glioblastoma ; GBM) IZE BRI, EE I Nk AC
1 TG CEESHEZHR L T2RED1E WV,
HRpI< b 325, GBM (BEFEBN O T2 AREGSE
BEETEBEL TR LWIREISS B Ihb 5
Y, IOEBRREZT, EFEROAREHL B
100%FH (£FH) ks &ic#tflihnd s, Lal,
Z0SEOEHEBREBRENSEEEER T O TR
(, EEIN: ‘MREGLEOSHE Ths L2
LV, F, AARET, ERIILEBHBEERER
IIRTH 2 0AFE—FEL LI NI EEOESOEED
BEFED, EFINZ2VEETY TIRFEG: T2 R
HEGR D BEBHIKE B 5 EEERE O M A I 5
T RBEPRETH S, —7H, PFriMisELLTA
FA =y PETHENEERBUT WS, A+ T2V ELD
AL L ETERESEES 5%, PET BHSSOLEHEST
BRIFLAEEL T 5, GBM THHHDEE PET Bk
ERAIDSERSEE L — B LT\ il 7 E DIREDH D19,
BEERORZEICEFTCE S,

HE 2% MR BB OEFEROGHECHEL T
A L 7= Lacroix 590 416 il GBM DR, & 3 i,
fili#% CT = MR B CFHE L /- HAKES S EHE® I
BT 5 GBMEFID 5 EEFEDHEETIZ, BIEIZ 98%
DL R R, 281 5% DL EIEHEE & S8R thB Iz b
BLFBRRIFLOERTH . 7, AA%MA%H
FINIEE 2 EHET 6,398 flOKETThH, LEHEED s £
EFE 40%, 5% FEHEE22%, ZNUT 10~15%
EEBETEINTNEREZRD ., MRS L bHHE
EFRICBEEZR D 72, £RBIGEVHEEThwETF
BIEELLWLEORBRTH /.

HRBEOLSEREN - FRYEICHET 28
s .

BHE L T E OBBRI, “BIE” #EBIE (ow-grade
glioma) T¥ controversial T%H 3, “BIE” MR,
B L CFEREERPE(RERED, BED

HTOREFBEYE (, HHEOTEIEG TR
EBHV, 23— v RO EORTC KX %257 v b | low-
grade glioma 288 D FHFAE? T, total removal EEHS
LEBBITTIIEEREN RV E LIRS, SRIEM
HIWT L 72 90% BL_EFEH % total removal X LT3, H
FREE2ERETTD AC D 4,460 FlIRECIE, &FH
B, 95% L\ LHEHAE, 75% LU LIEHIEE, 50% b g B,
EBREFD b FEFRIL, ZNTN 88%, 75%, 64%, 59%,
54% &7 D, 75% LR L Tw3 3 Bt &tk
LTHEEZRD DS, 7V EBELFES, 2,602
PITIXEFEHEEL 5% U EBEMNZ N T OB & B L
EEEZZ2RY, PRYSFHIGEWEEIFRICEET
2LDWETH oI,

“RIE” MRBIEEMIEND ZE23H B AC Th 395,
S5EEFRIE, HALEMHTDH 67%, EOTRG TbH
low-grade glioma & 65%% &, fhodig & H%Z», Z2hbl
TOWBERBMETHE, GBMOAFHEDOEX (6.3%) »
MEAI N T w328, “hREE” L XiZNns AATH 5E
EFERIZ 2% TLRV, IFVA v ENpifm s

FOBRZFZTITOT R0, IEREESHT

BROIEMNEMBERTHBIL, TEFVALULR
B RUPERBHIOGEOEESFRRERZFREL TV
ZEho, YENICED X IEELRBRAETH B F i
DIRENIREVEEZ OGNS, FHLBHIORVLIEHE
TELGE, REREPIFTEATF o4 FEIHBAE I,
D, TAPARED IV P —AbBEREICRZV L0
FEbd s,

HEBEOSEHIE

T, BRTER s vwERBEZ2BHL T h
v E, XME62~71%E, BEICLDIEND 3.
FIRD & 5 1, &RBOEELTHMLE, F-8EM)
BRoTwahoThs, H2iE, BEMcEBH 24
DRVHEAEREHHEPERL, $-HEEM2BIRT
BRI selection bias 2SA B EMIENH 5, EBEH LS D
G, I L EFOEIEI: 6~20%RELELS
N5, LEFETIX GBM6.6%, AA6.7%, ACI0% &
BwbDTH o7, HEROAETLLICEEILEHT
E5,
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Fig.2 Information-guided surgery for

higher resection rate-+lower complication rate

L)

glioma resection

To maximize resection rate and minimize . . ]
complication rate, we need various kinds of Anatomical Inforr.nan?n J— Metab‘)l}c
information, such as, anatomical, functional, iMRI, update navigation Information
histological, and metabolic information. Anatomical image-guided surgery PET (methionine)
information is integrated to functional and UN UN s
histological information by update navigation (arrow,
see Fig.4 and 5. UN:update navigation). :
Functional inforr(nation h§S priority ove}r ot?er typesl. Functional ' Histological
of information (triangle). For example, functiona . .
tissue in tumor shown by mapping and navigation Information Information
would be preserved. Metabolic information such as mapping (awake) frozen sectoin
PET can be fused with MRI (line) and is associated || monitoring(MEP, SEP) 5-ALA
with histology (dotted arrow).

surgical field
mapping

o120 ToE
monitoring(BIS) |
=8

Fig.3 Intelligent Operating Theater for information-guided surgery
Intelligent Operating Theater gains various kinds of information.

iMRI : intraoperative MRI.

HERBERHWICBI 2 EHER
—7, HHZERLZ B L B8O HEDEME
ZRINB, Brell 53D 200 FlDHUEEPES (GBM 40%,
AA21%, AC23%, Meta 17%) IX¥ 2BBEM D&t
EDORE T, HRENRBEREEDEHERR
275%ThHh, MBHBREZHRBERLERCEEL T
WD, 7TV FTIEE, BEGREOBE, BFMNT
HY, eloquent area 7 & I HFHE L OBEEIZED &
Mo &I, Duffau 571, eloquent area @ glioma

Jpn J Neurosurg

HEMZzHREL T3, FELEE Ty EV S 2T
L, 30%DEFICHEE E2FE, 50%DEScHLFEZ
HEAT L 72, THES OMRFENEHHERIE 80% L ERICH
Hy2b00, 3AHMAKZDI LD 95%HEEL,
FERBEL DB 6% THo7 &I, Eloquent area
BRBEOBRARKEZBE LGS, —BHCTbLIESY
KECEERTHEERETEY, FET 24808
vy BV TRMET L CoTE, KRENLAFHERIZER
TEBHLEZILND,
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BOIICAPHERZERM LALEL2 BT 52 0iciE, #
EBEIOS T 2 FHBBSLELEL NS,

THEZERH O OBHRFEEFI (Fig.2)

CT % MRI % &£ DFEI¥ENEGER 2 AW EaKF
MieFEF —v a VEEIC X 2 FE, EGESESRM
WENTw3, HEBEORHEZRAMUL, AHE:
BMLT B0 bbb NARET 2 # 7 2 FHTHIE
W, ERBERMAOZ I ERERE2AMEL 32—
EHFEFEM—Tdh sV, 3 hiEIERENA
L TERIICFMEtEE R L, MirhoHelicd sz
Lk, —BREHTITLRLTWE, LeL, HEEROA
TR Z OO E FHEIZTETHERICHNS
LT ER VYD, BREEFMCRECHPERE
vz i, EkomiEigeEic LzF ey —v s
VTR, BERBEHPEERE R I L oT, Mg
LD ERS “brain shift” =k 2EEED 4~8mm FHkT
2P b Tw3, INE2MOBEIEI 575, T
Thbifihic MRIZBEEL, Z0HE*HEEFECY —
¥ a VITEE L CHV T (update navigation ; UN), 8
EZOSipwr ey - a v g, MR, ik MRE
RIS K D R T COBERTHE S HRBEOBETY
% MR B LTS Z L RBEROFST, HHEER L
BERTH 3,

BiE, BRFEFM T, MP MR & UNIC X 2
iRy (BEEER) BR, MPEEZNREREBEOM
FERAER G & 58 5 N B HEBEIIIESR, % L CHEE
AT k BTSN 5-ALA Ik 2 EB R ED
2RV ABENERE L EAEEEZREL TV S
7% (Fig. 3), EFNC & D PET It X 2 REHER BT L
Tw3, PET IfifaiEH TdH %53, MRI & @ fusion H
BH3H UM MRIIC X b update L7=fEHR & LTHIA
T35,

BHBER DD iZ, Hx0BERE LW EREICT A
LEA L) ERCERTE BRRAEICT BRI,
SO ELIBHOBREHATEIILODETH B,
ZOEHEEDEITE 5D, fiiF MR BRI X% UN
ThB. HlziE, BREBC X 2REgEy Y Ick
hEEREPHIEE BENER), Zo%M%E UN
TR T UL BEENBRL OFE), EF (825<
FEE) EEANCTH IR TES, /- UN LTHEHE
HEBBEEEEERIOGE D »EES (BRI%IER)
Z DE G ORES R MR CIEEMESBEL T
2k R GEBFENERL OHE) Thig, HBHaEH

DEBREICERATH S,

BERFEFMIC ST DHEEERIBER

MR IR T T, B ERVEE CtH 5. Intra-
axial JEIECH 2 MFIBIER, BRLETLEBEHA2EEL
5, BEOSREES, "EEN LoBERE2YT
5 EiLhY, AHERZTFHT 2RI, EEOBHE
PADOMEREREROIDEIC 25, 7z, 2 F o 1HE
DIHIEBIERICFE L ER % 7% (28/413 61) 23D
7L OWENH VY, BEEHEESCEBEEERET
HRENEETER Y,

L7255 T, eloquent area iEfFdH 3 VI O EERBIE
T, AFETH O/ ORBENERSBEIC 2 5, BE,
FEEERYIBIRE AN % 7= D OFEBER L 5 & LT, BMER
i 7% & DRI & O4FEHE, IMRI % MEG & &
3% % . Diffusion tensor imaging % tractgraphy (3 £E4&T
MRS EZ T 25 Th 50, $#EED X 9 cHEiE
RERER L bDEXRRICLBEICIE, Bl
PEALERESZ MBS NER k. —, B8
Wbt LT, HOEREROREEICLZERT R
b (Wada 7 2 1), BHEETEELEETFHOBE
D7U—T 2N L BRFBIC X2 A E2ERH 5. &
NoDEREACTED &) R TEM 21T ) D> DU
REETOT R A%, FREEOHEHRLICFET
BIRE TR S,

EEERE DGR

BHRERERT) B ORMOENL, HWEOREE
RS & B, HALE, EEESEPE I TRIER
BAMO=FEE & AEH (Brodmann D 44 B, 45 EF)

- o RLEIEITERIC T, BEESHEPRCIEESE

LR THIERSEE 41 %, 425, 228, 37%), 2
LU CHEEEOZEE, AHE (40 5, 39 %) »HENT 3.
EHESEHLEESEH2EIS LN T w3 BIREHE
(EHER) EBRETOEIGE 2 B, F7-, MBEERED
BELSEGDBIIEELTED, Z0oMERBITS
N5, LFESCORZICREND D, »OUT i3
FETREQIDEIEIRTH 2854, H 5\ IEAERR
ThHAIARENPLTHH 54, BEFREEZTIE
Wehn,

BRIFGRE
BRI ED OUDBEBUERTHZ L bR TVE
b, ABEETRBETRESHELRVEICEbDNS,
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L L, BEFICH AT E TEEMERDOES D 9% (8/
01 41) BEEL, O BEDD LA EHAVERETH-. b
LABTIC BRI EZ T > TR TS BREETO
Fi L, FEAOKREEL A L ATREIH >,
X7, BAEREER I EEENZ IMRI L wEEZ
SN2 D, HHAEEORED - DICIZEBEEIIE:, = v
vy SRR X B BMEREERR & ORI E
W, MRIIC & BEEMCI 14% (7/50 ) TRMEIZ
STFABHTOREEWIDSTHBY, ThbbEE
RCiddH 5535, BERERRAEICIKNIERFICE T 2K
W L BFERT AL (Wada TR L) BBRETH 3,
727 Wada 7 A M iC X BEMEBRIREDRBENLETH
2, FBEOFEAENSTNIERESSHE L R iR
EWTALT, PRTNUIEREROKENETE URE
DRI B, E, TWEEEROBETIRZNETN
DERTEL 2 EEERVHE CHEHEEE 25, HE
DEERSAE2EOC, BAEEHIYRE LEHICH 5
LEEETERWEAR, MUTIRBARSFECHETRE
2179, L IELERERTIOTHNEERETE
BMEIREEZTE, BIREDH B ESLRE, B
BREVSHREINS,

HEEEBFRIE ST EDEIR
BRBREDL DI, BE, BRI & 3Rk
Ty By IO BB LEEOEWHETH S, MR ZE
CrEFREE & BRI REMEIME (, 213D IMRI OfEER
DA TEHHHEE L RETERY, WHRIRIICLS
fMRI CDBSHEEERAL 12, BRI TRIGH S - B D
2% LEETES, WHRLEFHERS R 2ADRET
L3R 50%DEMZRETELDATH B, BT
REDETIo, OEDALFEBEEETEmEE ALk
BESAEY, QEETEMSICAESE2 AL BRI
BHD, bhbild, —RETIIRVISER S ED
LOBEAERTIZLICLTwS, O, ToRiEEz
FTURELEETORETITA 20K, X hBEED
BREO R, LhEER Yy EV S 2BTTE 20
5TH B,
BUHEETEEL EDAE A —RAAAETE, &
BTEMcRSESETHENIH 2. OMEEELIY
KEBpEE-y BV, QBEEHETOMAE (KET)
BRI XA EE ey ¥y, OISR
FENTLanEI pORBEIET=Y ) v/ ThH 5,
BUEFEETEROEDALLEAIR, OREETEET
Dy BV OFERER L 2 ) EBREENEN, 28
HR@QL@c s, ERiERic k), EEARENOE

By BV IsRT TUI2EMRBCBATS 2 HEE R
5IEbHY, ZOBADLORTLRL,

SEET VY - EoAUVS

HEETEMCL3EEHEICR I 20HEANH 2. @
WEEERNEC X 2RE~y ¥V, QEEREFD
WMEE (KET) BRHBICL2RE Ty EVY, ®
FHRICEENEFEIN TR IR E ) ORI =
Y ITHBN,

EEIvEYY

HEETFER oy ¥, BET LV &R
MBEIREINTBYTLERREET TRV L LR
FES 225 3 Z L 2REHICBVWTITHORITNERS
B, 2y BV IROBRE ERSHANERET TR
W) BREBLRRBEROZ L%, BEE ERIEH
RWHTEEE) RESHBOEGRLs A 7 HHEER L
HOTDITBY Thipo7 Z EITE B 2 LM%\, BiE
ERETHDICE, TOREFHEC X 28E2T
I, 2y v S OBRISERREEZIZIEof I L, &
DREIGEVIREETIT . BEOBEREBIOES I,
A, FlERE, MERDOEEI AT L 3 DOFHK
WBhHh, ETELEsEbEERMPICHEENIZTI Z
EIERHEETH B, LMo TRy ¥y 72T
HZEWREBET, BELLIEELRRELRT S,

FIEERGE Tld Broca BFOMEN T VE Y R E: 5 b5
IR 1.7 cm, FOLEDSHIAICTES Ldem, ZAD
ascending ramus &£ YV E T ABOR AL LB EHFICF
¥ 23cm THok®, EHEEEE TR, BFIE, 200
msec, 50 Hz D&MC, EEEF, RIEESET, HEM
HEEEROMBREME N ZN F 84mA, 9.3mA,
123mA THo7 LI, ZFES R 7 ZVEFHRE R
CHEFFHROEAAEDOE N EETFREDORZEIE 1o
f:12).

Tk, ERMBICX ) SEELT IHIZSEE
EENTBRD, ZRDIHIBEESIE (REICEET
ZHADIUEIC X WV EEIFILLT 2) LEEESET (BR
Mgz 3 L HEAEHVEETERGTEELEINS
HEEELTS) OWREN DB, SEHSMbD2E
EHMYLTRAZETE, BEATH-BE (BBFIT
52%), WHEREBATES. Lirl, BEESHELIAE
ETERVEES (BREIT48%) bdHh, FEEELT
T TCEBHFVREETE TRV (FEEREL Y 2 7
BA+DLEECEETREVMBECHRERNEE I F
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ELTW35HE), ERET L2 SBHNEELLVEE
BEZ ons, BROITRBEOSEENE(, SHEL
DIALDNEFEA TR T NIF—REH & RAigETH2, Ly
LElE DEATH, BEEBLO-y BV /28
To7 ) ACHEZRABL, Hlddw@RERc—BE
BL, BECHEETIRETH I,

BEYvEYIETE=SUDY

BE <y Yy /i3, landmark 2% { FHHREDEF T
FEAITL 20 iR nwi b2 Ers, FEevEY S
LB LEMIRIC b KD REETH B, 2 2T, BEIFHN
B F L) ZTOPEDO Iy BV I BURETH
3 HEy BV TN W ERERL Tu,
ey VIR To MESOBEIZRATETH B
23, BEORERH L VEVCEERS Iy BV I ashE
Wio T 3, &, =7 Y VT TEEBOINEHTHE
THRP o RBEARTES —v a v L EEREREIE:
o EBETIEALEKRD, vy BV THERLOD
fzED T, ERFE T 0 — 7%ime ko
WM T, REMSECHBERRSFN0LRUER,
FLRREROEF TERMBZHIT L vy € 21T
5.5 LEREREPEECHNITBRER o AREL,
EREMEZAE~y EV L W BERRT 2 2 L2590
BoH B, FAEvy EV I ORIBHHEEES, 20
WO OBER—RINCRIETRETH D, KdH%E
Ba, RUBERAL & EIROMRRME L EFEEIOEe 5 mm
BENLZNYUT) 22785 —v 2 o CHEETELE
Bl 2056 THB, FHE U TRERRETH RS
HET 32 E25% D, BB I IRESRA OS2 A0EER
BMATHB. |

IC, EEERCEETAIMBREL LT, BIRK
(arcuate fasciculus) & B TFH (subcallosal fasciculus) #%
BiFo N3 BRER, MEEETEAEEZEFREE
SIRHELL CDejerine b BNHEBABFEODLI LA
Burdach’s arcuate fasciculus & @ 4 L, Wernicke &
Geschwind B BEIC X DEEREBICH D I L E2REL
7o, E 7, BEILENCITAIEEE LAIE - HIE - REER
BEEMRO—BMTHBEELZONTWS, BED
" tractgraphy OFT R 6, SIREHIE, BICHIBHIE L AIEEZE
RERBEOAR ST, BWETRITEE L HEESE, HE
ELREERZHSREPORD LENTV3Y, 203
RHEZEFET 20 HEB I EE T RSB, 8
EEE 2HICES &, LETREEE TR M,
PRI EEE TR SM, TRIERES T2 ELRYEl
(FFRIEREIR) <H 3.

EETFMhomEgiEs—s) v JIBbVEETE
ZHETHY, MBHIPHEENLZVRY BRI R
VW, BB )y Sichaltbh a0, YA
TRGTRL-ROSTEERITI I LBV,

SIHIE
ELEHHER, BE, LRIELN, BIERL, mEsE,
EERETE, BRRELZEDRHE. BRIEETRIE
BHMEZ, BRHT 128%ICHEL TR, VY —X
TH 16%%, 56% LEEOE L, BHRIEDEWAIE
TH5 FTHEZEER (ImA; AEEBORTRIZ 5
mA ZHERE DO HRAREIX 1mA) » 5B, Ke
WM Tw» L (I~4mA BE), EAREREEC
30 MW EOMEERIT B2 REEY, BBIC XD +oRE
Bob LHEEREZEHBL TV, Ay 7ERBTE
RANBHEFIEN (after discharge) 2F = v 7L, FEL
TS AIREIBERE X ST B, ol AMDOE
2R T 2_ETHB, LHL, after discharge D35
(EERPHOHENRE L BARELSHRETH 3
B, CTFERL (A r®) B, My IRE
VTR T E R Bk, HAIZET G,
ZITERRBAER, BV VYSIAVREREEMIC»TEE
HBETHD, ey ErTRBICBKREABLTB{RET
H5%  MEEEICFEEDSD o EMIIERETHY,
7 HEE 5 U B Th o 2L LERL B Y,
[E# 1T after discharge S\ S & Lo THETIZTE %
(2R
EEROFEThbbUL, 1997~2004 FR F TR
B FOERETFMEZTFEL, 3841 (97%) Tev
VY SHMITTE, 95 2941 (76%) THEKRTET
BEDIV VU ITVRETER, ey VIR ETHH 1
Hlix, BABICHAEREL2-K-DTHhH, 2B
BrCHZEIT L, $RT28 ) v ISR TER
otz 9 FIOREIZ, EETR 646, EE 24, ¢AR
151 TH-7%, ILBEFEMEBIT LN 1HTH-
o, TOXILRE»S, RETENE2HTT 284,
BRIy OV IRy )V I BRI e
BLTHREERZZTCRPRITNE 26, £, &
7 39 PIDFERHETRIE 2% TH o7z,

Ry - ®FZ5UVIDOER

IDXIHE, 2y EYIREZSY VIBRER elo-
quent area SEFEDFMTD 2 VX, WHHRECERHIR
L&, ZhUBOBREORLEL OHEHTE LY
BBID, BhRET BRI L DB
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ZETHB, bLERMBHELES, ol ABIDERT
PRET 5. BERUBMORECEROBEES L,
BEELRREGSEEIGELEZ, R Z0MIIIRE
T3, e, Bl Y7 4—ALF - avky
Mok 28 CREZERT 3 Lo BEIEEEE
To5CEb b5,

SRMEERE “Surgical Infomatics”

EERYENCRSEEROTF— S R RI T Lk B
B3, Z ORI, Mid v I BRREBERCRY
BB LS, TihbbARHMESRSE “Surgical Infomat-
ics” BBETH B, K BEHIEHEECHRESE
BEWTH D, k5N 2ERIIRIEIHICEELE
REERTH B, BRI, BEEEIC IR MRI P E
Py aVRPBETH B, —RELBEEETONER

Fig.4 [Illustrative case 1 (see text p.393)

=AY

WRF—5 DBERGFEBEHRY AT LOON
A bR (TEEME)

FHIC X ESEREIH B0, fihF— s
CRBEREEBLIATUER OB, ThRbbREE
HasEe D b, SR CHERRSES L, BELR
ERETHEI L, MEBFOBEEZRTCEI LBV
BHEAHZEETHD I LRESBTONE. MR,
50 DBETLIIRBCERVWHERERLE LES,
F— s BN B AR CEMHER I TR L, BT
IR S M E R MR T — 5 L LCERATE
o, EEEEEIECHETHo TS, F—IhEn
BOBALBELTEL AT S AL, RORE
TEMTHEEMBICBTLEDDON2%HY, vyt
VIWTETHHEERTIE 2222w, fiihe=y
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Fig. 5 Illustrative case 2
(see text p.393)

Vv 7 ORKEESHFHEM (MEP) T 8%DEHT
LE L BRI o 7o & OB H B, MEL
LTid, oRES 2 IERNOFEZABEL TR
EDFETOND, FEKARERZFHAEBEILTYAT
LEBEDORNZAMRRARED B, bivbiud, FEF 1(Fig.
4) D& REHFRPEEFOMEEBETE, EETF
ik iERE=% Y 7, BRHE MEP, #Z¥FHZE MEP
E3BEDAECERLE ) ATHLZT) 2 0%
W, D EED, ZhTHEREBLNRVLBAON
%, MHEEBEE2TY?, 530 2HNFHET2, &
ExEBLTBILOBETH .

2 fiRF—5 DERELREEROBEN - BF
& (BB - Bi2)

RIS, T2 EBICHBEENS Y, F—F2ERL
T RRERR O RRECREME 100% Tk {, HBBE &
BRBETERENRE) PHEENEET L, 5
EHECHREDREIL LY ISV EDHLB I EHEELT

BLRETHB, BRI, FEF—vavrALsEe
b, QAT LBEOBRNLREE, OQEEDEAI X
BEE, @v—A—TNRER X 2EHOBE, Offih
DIEBEMIC L s BER LS T X ERMENEET 2,
@RELVHESThNTEY, MEEETEY 8 mm,
FHEETFY 4mm®, BEEEIE 8~15mm BE LT
Wi B E F S = a RV RES, IO
WRREIIERE L 23, S/, fiHE=F YV ELT
BREFRBEL (SEP) O 423 floEicit, BEOHE
1 (ffish SEP 1o Z5{bvs < FFR RIBEERHINE) # 19%,
BIGEZ 7% ICEBD L WwHO Lhsl, HENEWE
HSEREH 6 Lo T 55%DEBETRIBERE FHTE
TEWHIEZ S )V TOERABEYREET 2 DTIRR
v, BERBBEZSHTSY, ZOBERERLES
ACHRET— 5 2BIRT 5 2 LANETH B,

BRRERICDITDIEEET— DRV ER
FHRIEH COT—HDEE DM

HRERHDOEBEOT— I 2B L EA, WAL
ED &S REBERIEMNTCHVZ»OELH 3, AL,
BEOFEEZRT b O+ MR B & TR
ZWT L 5-ALA IS X 2R ENBZEINH 5. ZRTho
BiEMd b, 2neEr LB AERZHETL WS,
REBDWRABEOHBT L i MR BB L UNIZ X b iEH
U, AR 5-ALATRAEL TwB LI 2L, &
AL PR 2 T3 5. COF—o2
BELh2BROBEE B ZAIE5-ALA TR o TwaH
MRI B3 ESE) 0BBRER, M0oBEC L3,
Thbb, ERESHEEADY, 5-ALA B 2RHH
HDh, HEBFENEREEBETHLIC Lo CHEBER
3, ~
BRHOF—F TOUL Yo EL B, BbAE LM
FBlE, =y E VS ERIGDERD & N (KEIEER)
23 UN CTEEXFEOLN 2 MM (EIIZEWER) Khot
BETHD BREOBEHTEBETEIREEERZ2L, &
NROESHER BECITEFRLERZ LWIP LY ed
5, AfEORBREERTOEAN L) A THEEEST
3LV BEMOEENIoEN LTWEEEPRE,
DNONDERFHIZBEFETH S, ZOEHBLLT, #
RIBIER LR EEERRE L & OEBREY H2T 5
N5, XETE, WEFME, SRBERKCeyy S
TGS - o BFEL L, WERFMEey v
TTCRIEHS - BB EHERICe Y EV I TRIGHR
(B TBYEETELEMABREINTHLEY, 7,
TADPADEANTOEFRNCEEFOBE»ED sk
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EHOEHEO S, 0L RFEHEBEL VIO
Fere RETEIERBF— I BHFETIVLY DR
2, B 5h L OERNEFHSETEEERERFERE
WKEREECR S, Thbb F—y3BERED 7T LA
Do THDOT “BR L2, 90 TH5, HRTOE
At E 2N BERNOEAZMAERN T L 0FH2Z
HENCIRELTB LU ETH 5,
BHRFEFMC &> THE L 88, SEFORE
HERRT S,

(FEI 1] (Fig.4)

B H28m) B

BREE | EERE. ARHEED T1 BHAEG CEESE
(Fig.4A), T2 WFEEE & FLAIR B THEESE (Fig. 4B,
K) /R L, APV =7 L cEFINRVEE. SEP
THLEEFAEL (Fig. 4A BB & Fig. 4H), BEEH
DETRE] GESNEF) W& EHaisEmEgst (ANESHEF & MEh
BEE) THHILERERLL (Fig.4a). EETTE
KRB EATH &, PLETEEE (Pig.4A A, BEAENE
#) ICFOEBHIRD SN, Z OB UN TESE
BHTH o (BEHFNER L OFE). FHESHEF ORI
1Ty, FHHEI astrocytoma TH D (Fig. 4E; HAHEN
R, — B IDESTRNEE2BF T LbERS
7=, L% L Methionine PET CTHULEIEIAT L D hot D7
& (Fig. 4C; REMER), EMEITo 7 & T A anaplastic
astrocytoma (Fig. 4F; fASFERER) THH, UN 27
ALROAENEEOREZMA L. BoHEECk?
Todd’s palsy 2778, BEREFICLZE=5) v
FREEE R, BEFREBMICTE=Y Y VI 2HETL
7o, BRIDS—EBEL R, BEFLC X VIREBESEE
L7 (Fig. 41; BENER . BRE2HHL (Fig 4],
L), —@EREIZHERE L BB CEEL -, BEE
R, fiits 1 ELPHFRERD TR,

[FEHY 2] (Fig.5)

B E 33, AMEHEE

BHE  ESRE, APfEEIK T1 BFEEGR CEE
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