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Obsjective: To clarify the clinical usefulness of preoperative fibre-tracking in affected pyramidal tracts for
intraoperative monitoring during the removal of brain tumours from patients with motor weakness.
Methods: We operated on 10 patients with mild to moderate motor weakness caused by brain tumours
located near the pyramidal tracts under local anaesthesia. Before surgery, we performed fibre-tracking
imaging of the pyramidal fracts and then transferred this information to the neuronavigation system. During
removal of the tumour, motor function was evaluated with motor evoked potentials elicited by cortical/
subcortical electrical stimulation and with voluntary movement.

Results: In eight patients, the locations of the pyramidal tracts were estimated preoperatively by fibre-
tracking; motor evoked potentials were elicited on the motor cortex and subcortex close to the predicted
pyramidal tracts. In the remaining two patients, in which fibre-tracking of the pyramidal tracts revealed their
disruption surrounding the tumour, cortical/subcortical electrical stimulation did not elicit responses dlinically
sufficient to monitor motor function. In all cases, voluntary movement with mild to moderate motor weakness
was extensively evaluated during surgery and was successfully preserved postoperatively with appropriate
tumour resection.

Conclusions: Preoperative fibre-tracking could predict the clinical usefulness of intraoperative electrical
stimulation of the motor cortex and subcortical fibres (ie, pyramidal tracts) to preserve affected motor function
during removal of brain tumours. In patients for whom fibre-tracking failed preoperatively, awake surgery is
more appropriate to evaluate and preserve moderately impaired muscle strength.

number of anatomo-functional evaluations of the
Apyramidal tracts have been developed to help preserve
motor function while maximising the removal of brain
tumours located in close proximity to the pyramidal tracts.
Integrated functional neuronavigation and preoperative neu-
roimaging, such as functional MRI (fMRI), magnetoencepha-
lography (MEG) and fibre-tracking, have been combined with
intraoperative electrical stimulation to establish the clinical
significance of the findings of each evaluation method.**
Despite these developments in mapping and monitoring
techniques, little is known about their clinical utility for
patients suffering from motor weakness caused by brain
tumours. As the tolerance of affected pyramidal tracts for
surgical manipulation is weaker in comparison with that in
patients without motor weakness, intraoperative evaluation
plays a critical role in the surgeon’s ability to maintain motor
function. Decreased motor function itself, however, may affect
the accuracy of intraoperative evaluation.

White matter fibre-tracking using diffusion tensor imaging is
capable of visualising the integrity of white matter.!* ™"
Although fibre-tracking of the pyramidal tracts does not always
correlate with the degree of motor weakness, it does reflect the
functional condition of the fibres.” To predict the clinical
usefulness of intraoperative evaluation by presurgical non-
invasive fibre-tracking imaging in patients with motor weak-
ness, we compared the results of pyramidal tract fibre-tracking
with the results of intraoperative direct electrical stimulation of
the motor cortex and subcortical fibres (ie, pyramidal tracts)
and spontaneous movements.

www {nnp.com

PATIENTS AND METHODS

Patients

We examined 10 patients, aged 28-67 years, who suffered from
mild to moderate preoperative motor weakness due to brain
tumours located close to the pyramidal tracts (table 1). The
tumours included five cases of glioblastoma multiforme, three
of anaplastic astrocytoma, one of diffuse astrocytoma and one
cavernoma. All lesions were located within the language
dominant frontal lobe; before operation, five patients had mild
motor aphasia. In response to stimulation of the bilateral
median and tibial nerves, scalp somatosensory evoked poten-
tials (SEPs) were recorded in all patients. To evaluate cortical
activity during voluntary movement, we evaluated finger/foot
tapping during fMRI and MEG studies.

MRI data acquisition and diffusion tensor imaging (DTI)
data processing for fibre-tracking and fibre-
tractography reconstruction

Detailed methods for fibre-tracking have been described else-
where.* Preoperative DTI and anatomical T1/T2 weighted
volume imaging used a 3T MR scanner (Trio; Siemens,
Erlangen, Germany). T1 weighted volume data were obtained
using a three dimensional magnetisation prepared rapid
gradient echo (MPRAGE) sequence. T2 weighted volume data
Abbrevigtions: DTI, diffusion tensor imaging; fMRI, functional MRI; MEG,
magnetoencephalography; MEP, motor evoked potential; MPRAGE,
magnetisation prepared rapid gradient echo; ROJ, region of interest; SEP,
somatosensory evoked potenti(ﬁ
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Table 1 Clinical characteristics of the 10 patients
Pafient Age. . . -
1. 67 Mo Ghoblastoma mulhfonne : I.eﬁ Fronro-pcnetol
2t 58 F-. Glioblastoma miltiforme.. < - _-Left Fronfo-msulo-'emporo parietal
3 53 M Anaplasiic ostroéytomna . Left Fronto-parietal -
4. 28 .M " . :-Glicblastoma mulifsrme. - ... - . Lefi fronto- panetul
‘5 . 40 ES " -Glioblastoma mulhforme “Left frontal-- -
6 40 F -~ Cavernoma tekt fronto-parietal .

7 48 . M . .. Diffuselastrocytona. . .. Left fronto-parietal -
8 ¢ .56~ M "7 “Anaplastic astrocytoma - Left frontal  -:. -
-9 60 F .Andplastic astrocytoma Aeft fronto-insylo-temporal
10 50 M . Glicblastoma multiforme nght fronfo-ponercl -

were obtained using a three dimensional true fast imaging with
steady precession sequence. DtiStudio software was used to
perform fibre-tractography based on the fibre-assignment by
continuous tracking method.’ ** Fibre-tracking was initiated in
both retrograde and orthograde directions according to the
direction of the principal eigenvector in each voxel. Results that
penetrated the manually segmented regions of interest (ROIs)
were assigned to specific tracts. To reconstruct the pyramidal
tract, two ROIs were segmented on axial b = 0 images: the first
ROI at the cerebral peduncles and the second ROI at the
precentral gyri.’ '* *¢ If the pyramidal tracts were not detected
between the two ROIs because of .the presence of tumours, the
hyperintensity area at the internal capsule on the b =0 image
was selected as the second ROL"

Fibre-tractography data processing for navigation
system

To convert tractography into a DICOM format dataset, three
processing steps were applied. The first step was to change
tractography to a voxel dataset. An 8 bit voxel dataset with
binary contrast was created from the original tractography
using DtiStudio, with the same matrix size as b = 0 images. In
this voxelised tractography, marked voxels where fibre-tracts
penetrate displayed the largest value, and other voxels the
smallest ones.'* The second step was to create merged images of
tractography and b = 0 images with the same matrix size as the
MPRAGE images. The 3-orthogonal coordinates of each voxel
in MPRAGE and b = 0 images were obtained from the DICOM
header information. Trilinear interpolation was applied for

voxel value calculation. Merged images were generated from
interpolated tractography and interpolated # = 0 images. The third
step was 1o convert merged images into DICOM format, according
to the MPRAGE header information. DICOM format tractography
with the same imaging matrices as MPRAGE were obtained.

Preparation in the navigation system

The MPRAGE images, fast imaging with steady precession
images and DICOM format tractography images were trans-
ferred to the navigation system (StealthStation TRIA plus,
Medtronic Sofamor-Danek, Memphis, Tennessee, USA; or
Vector Vision Compact Navigation System, Brain LAB AG
Heimstetten, Germany) using Cranial 4.0/VV Cranial 7.5 soft-
ware. We then applied non-rigid image fusion based on a
mutual information algorithm using ImMerge/iPlan2.5 soft-
ware. The day before the operation, we performed axial whole
brain CT with a contiguous slice thickness of 1 mm and six
independent scalp point markers for anatomical registration.
The CT dataset was also input into the navigation system. CT,
MPRAGE and DICOM format tractography were automatically
registered; the anatomical registration points were verified to
minimise navigation errors. As the differences in distortion
between DTI and MPRAGE were within a few millimetres
according to a phantom for the neuronavigation system, we
determined that the spatial accuracy of the single shot echo
planar sequence would be reliable; the potential error of the
navigation due to image distortions would be limited to a few
millimetres. At navigation setup, the accuracy of image
registration was less than 2 mm. Fibre-tracking tractography

‘ ossessments

Tuble 2 Resu|ts of eva|uahon of motor Funchon by preoperohve ond mtrcoperahve B

ond 75

4 . T o X o

) Bracjium 3/5 - X X x X .x ' o
T leg /5 xS X X, X . x o.

2 ;. . Hond, bruqlum |/5 s B S P x _ °

' leg.475 .- RN ST SRTS x x o (<1 ¢m) o
..8" . Hand, brcqlum 3/5-_ ¢ 0. .0 o.: o o (<1em) -
4. " Hond 4/5° T T o o o x-B sol<teml. .. o
5 Hand 4/5 NA o o o o [<1.em) o

~ 6" : Hand 4/5 e Lot o o’ ) o<1 am) o
7.7 Hond, bracjivm 4/5. - 0. .00 -0 o o<1} o
8. " Hand 4/5 "NA 0 .0 o x {>2 cm} o
9. " Hand 4/5 ~NA "o o o “x (1 em<<2cem) . o
10 “ Hand 4/57 - "o . 0. o o x (1 am<<2 cm) °

fMRI Functlonol mugnehc resonance |magmg, MEG; mognetoencephalography MEP motor evoked poienhal NA, rot

available; o, motor.function. detected; SEP, somatosensory evoked potentials; X, motor-function was undetected.

The dlsronces between points of subcomcal stimulaiion and the fibre-tracking pyramidal | fracts are shown as |ess than -

1 em (<1 cm), between 1 und 2.cm (l cm<<2 em} or more than 2 cm (>2 cm).

www.jnnp.com



718
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Figure 1 Upper: preoperative T2 weighted MRI in patient Nos 3, 5, 6, 7, 8, 9 and 10, with brain tumours showing a hyperintense area that is close to the
pyramidal fracts {red), identified by fibre-tracking. Lower: postoperative T2 weighted MR! demonstrated the extent of tumour removal. Postoperative fibre-
tracking in patient Nos 3, 6 and 9 revealed preservation of the pyramidal tracts (red).

of the pyramidal tracts between the cerebral peduncle and the
precentral gyrus was successful in 50 surgically treated brain
tumour patients without motor weakness (data not shown).

Intraoperative electrical stimulation

The bilateral abductor pollicis brevis, biceps brachialis, deltoid,
gastrocnemius, quadriceps femoris and tibialis anterior muscles
were chosen for electromyogram recording using neurological
monitoring (Epoch XP, Axon Systems, New York, USA). After
induction, general anaesthesia was maintained by intravenous
infusion with propofol for craniotomy. Muscle relaxants were
administered only for intubation and were not continued
during surgery. The highest N20-P20 phase reversal of cortical

SEPs was recorded using 4 x5 subdural electrodes to identify
the central sulcus. If SEPs were not sufficient to define the
central sulcus, intraoperative visual inspection of the sulci
combined with neuronavigation was used to orient the
anatomy. After discontinuing the propofol infusion, patients
awoke without further deficits.

To monitor motor function of the corticospinal tracts
electrophysiologically, we first stimulated the precentral gyrus
to identify a positive control motor evoked potential (MEP) and
the intensity -appropriate to stimulate subcortical fibres. The
intensity of cortical stimulation was increased from 5 mA to a
maximum of 25 mA. If afterdischarges were induced, we
repeated the test at the same intensity or using a 1 mA lower

Pl N

H

Cortex

_Joouwv

Subcortex 10 msec

Figure 2 Patient No 4 had a left fronto-parietal glioblastoma multiforme. (A) Preoperative fibre-tracking identified symmetrical pyromidal tracts (red lines)
from the cortex to the cerebral peduncles. {B) Brain T2 weighted MRI revealed a hyperintense area in close proximily to the left pyramidal tract, identified by
fibre-tracking {red). Cortical stimulation of the left precentral gyrus, which had been defined by a somatosensory evoked potential, elicited a motor evoked
potential (MEP) in the right abductor pollicis brevis muscle {Cortex). During removal of the lumour, subcortical stimulation elicited MEPs ot the bottom of the
tumour (infersection of the yellow lines in the infraoperative navigation image), 1 cm from the edge of the predicted pyramidal tract {red) (Subcortex). To
avoid causing additional neurological deficits, no further removal was performed. {C) Postoperative T2 weighted MRI demonstrated preservation of the
pyramidal tracts identified by fibre-tracking (red).

www._{nnp.com
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Figure 3 Patient No 1. Fibre-tracking of th?l erg'ramidal tracts was disrupted in o 67-year-old man with a left fronto-parietal glioblastoma multiforme.

Upper: preoperative T2 weighted MRI identi

a focus of hyperintensity in the left perirolandic region with gadolinium enhancement of the rostral

precentral cortex. Stimulation of the left cortex rarely ‘elicited weak motor evoked potential (MEP) responses on the right abductor pollicis brevis muscle.
Subcortical stimuli, even on the approximated posterior bank of the precentral gyrus on neuronavigation {intersection of the yellow lines in the intraoperative
navigation image), did not elicit MEPs. Middle:.a relative anisotropy map indicated the principal eigenvector (green, anterior-posterior; red, right-left; and
blue, inferior-superior). Fibre-tracking of the left pyramidal tracts {red lines) near the tumour was disrupted during its course to the cortex. Lower:

postoperative MRI with gadolinium enhancement.

current. During removal of tumour tissue within 2 cm of the
pyramidal tracts by intraoperative neuronavigation, we performed
repetitive subcortical electrical stimulations. Electrical stimuli
were applied across a relatively wide area to avoid any anatomical
shift caused by the tumour. Five trains of monophasic square
waves with a duration of 0.2 ms were applied. Current was
delivered by a pair of adjacent electrodes (3 mm in diameter) with
a centre-to-centre inter-electrode distance of 1 cm.” A 50 Hz
electric current was delivered for language and sensory testing.
Language functions were assessed by the reading of a paragraph,
spontaneous speech, naming and comprehension activities.'” We
confirmed the points of stimulation by visualisation using the
navigation system. In all patients, the minimum distances
between points of stimulation and the fibre-tracking pyramidal
tracts were measured using three dimensional MRI by intrao-
perative neuronavigation.

Surgery

All patients underwent removal of their tumour under local
anaesthesia using the combination of tractography integrated
functional neuronavigation and direct cortical/subcortical stim-
ulation. During removal of the tumours around the pyramidal
tracts, motor function of all four extremities was continuously
monitored using the muscle manoeuvre test.'* Language

function was evaluated using similar testing as that used for
electrical stimulation, depending on'the location of the tumour.
In three patients in whom part of the tumour extended into the
left angular gyrus, single digit multiplication was evaluated. All
procedures were approved by the ethics committee (No 542);
written informed consent was obtained from all patients. As
the presence of subcortical MEPs during resection of the
tumour is an important sign warning of permanent motor
weakness, we avoided further resection after obtaining the first
MEP response.'®

RESULTS

Results of evaluation of motor function by preoperative and
intraoperative assessments are summarised in table 2.
Preoperative fibre-tracking identified the pyramidal tracts of eight
patients, including seven with mild hand motor weakness
(patient Nos 4-10) and one with moderate motor weakness (3/
5) of his upper limb (patient No 3) (figs 1, 2). In all patients, MEPs
were elicited for all of the muscles evaluated, including the
weakened muscles, by electrical stimulation of both the precentral
gyrus and the subcortex within 1 cm of the pyramidal tracts,
identified by intraoperative functional neuronavigation. The
tumours were removed while confirming stable MEP responses
by repetitive electrical stimulation. Motor function was either

www.jnnp.com
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Figure 4 Patient No 2. Left: fibre-tracking of the pyramidal tracts (red lines) demonstrated disruption around a left fronto-insulo-temporo-parietal ]
glioblastoma multiforme. Middle: during removal of the tumour, cortical stimuli did not elicit any motor evoked potentials (MEPs). Subcortical stimuli very
close to the predicted pyramidal tracts {red) on neuronavigation (intersection of the yellow lines in an intraoperative navigation image), however, elicited
MEPs of her affected rig t lower extremities, but not her right upper extremities. Right: Postoperative T2 weighted MRI demonstrated that the pyramidal tracts

identified by fibre-tracking (red) were preserved.

maintained or improved both during and after the operation. In
addition, we demonstrated preservation of the pyramidal tracts by
postoperative fibre-tracking (patient Nos 3, 4, 6 and 9).

In two patients (patient Nos 1 and 2), fibre-tracking of the
pyramidal tracts around the tumour failed. Patient No 1 (fig 3)
suffered from preoperative right hemiparesis (3/5 on the
brachium, 4/5 on the hand and 2/5 on the leg) because of left
fronto-parietal glioblastoma multiforme. Cortical SEPs exhib-
ited weak responses on stimulation of the right median nerve;
no response was observed after stimulation of the right tibial
and sural nerves. Cortical stimulation of the anatomically
confirmed precentral gyrus by neuronavigation elicited a rare
MEP in his abductor pollicis brevis muscle; no MEPs were
elicited in his biceps brachialis, deltoid, gastrocnemius, quad-
riceps femoris or tibialis anterior muscles. Neurological
examinations soon after the patient recovered from general
anaesthesia demonstrated no additional deficits. As the tumour
was removed piece by piece, continuous evaluation of muscle
strength helped preserve motor function of the lower extre-
mities and improve motor function of the upper extremities to
4/5. Subcortical electrical stimulation did not elicit MEPs at any
point during resection of the tumour. Patient No 2 (fig 4)
exhibited right hemiparesis (1/5 on the upper extremity and 4/5
on the leg) preoperatively, caused by a left fronto-insulo-
temporo-parietal glioblastoma multiforme. We operated on this
patient with the goal of preserving motor function of the lower
extremities. She also displayed mild motor aphasia. Cortical
SEPs could not be elicited. Despite the absence of MEP
responses following cortical stimulation of the wide area
surrounding the anatomically identified precentral gyrus by
neuronavigation, subcortical stimulation elicited MEPs of her
lower but not upper extremities. Through continuous evalua-
tion of muscle strength intraoperatively, motor function of the
lower extremities was preserved during removal of the tumour.
Postoperatively, she exhibited adequate removal of the tumour
without any further neurological deficits.

DISCUSSION

To maintain the quality of life of patients with motor weakness
undergoing surgical treatment of brain tumours, it is essential to
evaluate motor function intraoperatively. The damage done to the
pyramidal tracts, however, may affect the results of the evalua-
tion. As MEPs elicited by direct intraoperative electrical stimula-
tion remain the most reliable index of motor function,®-? it is
important to predict if MEP responses will be elicited from the
affected motor cortex and the pyramidal tracts during removal of
the tumour. Presurgical evaluations, such as the degree of motor
weakness (muscle strength), MEG, fMRI, positron emission
tomography, transcranial magnetic stimulation and fibre-tracking

www.innp.com

are all potential candidates for predicting intraoperative MEP
responses.

In this study, the degree of preoperative motor weakness did
not always correlate with the incidence of intraoperative MEP
responses. Muscles that were moderately affected by compres-
sion caused by the tumour elicited MEPs following cortical/
subcortical stimulation (patient No 3), a result that is
consistent with previous case reports.?* MEP responses,
however, could not be elicited from only mildly affected
muscles in two patients (patient Nos 1 and 2). MEG, fMRI
and positron emission tomography images provide information
concerning motor function at the cortical, but not subcortical,
level. Repetitive voluntary movements are often necessary to
elicit motor evoked fields by MEG and bold effects by fMRI.
While preoperative scalp SEPs correlated with the incidence of
MEP responses in our patients, the results of SEP assessments
do not directly reflect motor function.

Fibre-tracking of the affected pyramidal tracts was first
compared with the incidence of intraoperative MEP responses
by direct cortical/subcortical electrical stimulation. Subcortical
MEPs were always elicited in regions in close proximity to the
pyramidal tracts that had been predicted by fibre-tracking in
patients with mild to moderate preoperative motor weakness.
In addition, continuous fibre-tracking of the pyramidal tracts
from the motor cortex to the cerebral peduncle indicated the
positive response of cortical MEPs. On the other hand, cortical
MEPs were never elicited as reliable responses in patients with
disrupted fibre-tracking pyramidal tracts. These data suggest
that preoperative fibre-tracking of the pyramidal tracts provides
anatomical information as well as functional information in
predicting the clinical usefulness of intraoperative cortical/
subcortical electrical stimulation.

Several limitations to fibre-tracking as a preoperative evalua-
tion, however, should be mentioned. Selection of the seed ROIs
and the thresholding of fractional anisotropy, which define the
parameter of the algorithm used in the procedure, may
subjectively affect the errors in track trajectories.® # * In the
present study, individual muscle maintained various degrees of
motor activity preoperatively instead of disruption on the fibre-
tracking pyramidal tracts, which may reflect the limitations of
fibre-tracking from technical errors and pathological conditions.
Part of the pyramidal fibres tracking from the precentral gyrus in
lower convexity may fail to trace the precise course because the
pyramidal tract intersects with callosal fibres and the superior
longitudinal fasciculus at the level of the centrum semiovale.* ¥’ 2
Lack of visualisation of some upper limb fibres would account for
some of the discrepancies between extent of weakness and ability
to visualise fibres. To compare the pyramidal fibres tracking and
MEP responses more precisely, taking intraoperative brain shift®
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into consideration, DTI image processing during the course of
surgery with the use of intraoperative MRI is needed.’ **' In
addition, individual pathophysiological factors resulting from the
brain tumours may affect the results of fibre-tracking, ' % »
although it is controversial whether the tumour itself or
peritumoral oedema on the pyramidal tracts can be distinguished
by DTI metrics.* * In the two such patients evaluated in this
study, preservation of motor function indicated that secondary
effects, such as oedema or mass effect, rather than tumour
infiltration, caused the motor deficits. Relatively large amounts of
peritumoral oedema in these patients compared with the other
eight patients might cause unsuccessful fibre-tracking of the
pyramidal tracts. Although a wide area was stimulated electrically,
a portion of the pyramidal tracts may have been shifted by
compression of the tumour. Further studies with a larger number
of patients will be necessary to study the physiological significance
of fibre-tracking of affected pyramidal tracts and to clarify the
clinical -relationship between preoperative fibre-tracking and
intraoperative cortical/subcortical electrical stimulation. The
tendency for patients not to be operated on until they begin to
suffer from moderate motor weakness due to growing brain
tumours may, however, limit these studies. In addition, post-
operative fibre-tracking of the pyramidal tracts and neurological
status should be compared with the extent of tumour resection for
further verification of the clinical value of preoperative fibre-
tracking.

Despite the clinical utility of complete pyramidal tract fibre-
tracking in reliable MEPs of the motor cortex and pyramidal
tracts, disruption of estimated pyramidal tracts suggested that
electrical stimulation is insufficient to permit the preservation
of motor function during tumour removal. For patients with
mild to moderate motor weakness in whom pyramidal tract
fibre-tracking failed preoperatively, awake surgery would be
better suited to evaluate motor function by voluntary move-

ment during removal of the tumour. As awake surgery allows .

spontaneous movements to be easily monitored continuously, it
would be useful for a subset of pathological conditions.>
During removal of a tumour under local anaesthesia, injuries
to motor associated areas must also be considered. Motor
weakness is not observed immediately after resection of the
supplementary motor area’” whereas an injury to the negative
motor area after resection would cause an immediate and
transient disturbance in fine movement."”
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Clinical impact of integrated functional neuronavigation and
subcortical electrical stimulation to preserve motor function
during resection of brain tumors
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Object. The authors evaluated the clinical impact of combining functional neuronavigation with subcortical electri-
cal stimulation to preserve motor function following the removal of brain tumors.

Methods. Forty patients underwent surgery for treatment of brain tumors located near pyramidal tracts that had been
identified by fiber tracking. The distances between the electrically stimulated white matter and the pyramidal tracts were
measured intraoperatively with tractography-integrated functional neuronavigation, and correlated with subcortical
motor evoked potentials (MEPs) and clinical symptoms during and after resection of the tumors.

Motor function was preserved after appropriate tumor resection in all cases. In 18 of 20 patients, MEPs were elicit-
ed from the subcortex within 1 cm of the pyramidal tracts as measured using intraoperative neuronavigation. During re-
section, improvement of motor weakness was observed in two patients, whereas transient mild motor weakness oc-
curred in two other patients. In 20 patients, the distances between the stimulated subcortex and the estimated pyramidal

* tracts were more than 1 cm, and MEPs were detected in only three of these patients following stimulation:
Conclusions. Intraoperative functional neuronavigation and subcortical electrical stimulation are complementary
techniques that may facilitate the preservation of pyramidal tracts around 1 c¢m of resected tumors.

KEYy WORDS < pyramidal tract <
motor function ¢« neuronavigation

RESERVING motor function while maximizing brain

tumor resection is a major goal of neurosurgery. Pre-

surgical noninvasive functional imaging, including
positron emission tomography, functional MR imaging,
and magnetoencephalography, enables the visualization of
cortical areas involved in motor function, and has been in-
tegrated into functional neuronavigation. Cortical and sub-
cortical functional connectivity can be clarified using intra-
operative electrical stimulation.® To define the subcortical
fibers from the primary motor cortex (the pyramidal tracts)
as well as to monitor their motor function, MEPs elicited by
direct electrical stimulation remain the most reliable index.
Despite the use of presurgical cortical functional mapping
and evaluation of MEPs, 7 to 20% of patients with periro-
landic tumors suffer permanent motor weakness postoper-
atively, mainly due to resection of subcortical lesions near
the pyramidal tracts.3313

Abbreviations used in this paper: CT = computed tomography;
DICOM = digital imaging and communications in medicine; DT =
diffusion-tensor; MEP = motor evoked potential; MPRAGE = mag-
netization prepared rapid gradient echo; MR = magnetic resonance;
ROI = region of interest.

J. Neurosurg. / Volume 106 / April, 2007

fiber tracking + motor evoked potential *

The fiber-tracking technique based on DT imaging
shows the 3D macroscopic architecture of fiber tracts 5122
331 Recently, investigators have developed a new method
for anatomofunctional mapping, using tractography-inte-
grated functional neuronavigation combined with direct
fiber electrical stimulation (MEP recording).'#?* We have
reported on the use of this method by using 3-tesla MR
imaging.? To understand the clinical impact of this new
technique on motor outcome during the resection of brain
tumors located near the pyramidal tracts, we have direct-
ly compared the results of fiber tracking and subcortical
electrical stimulation during intraoperative neuronaviga-
tion. Neurological evaluations of motor function were per-
formed during the surgery and postoperatively.

Clinical Material and Methods

All procedures were approved by the ethics committee,
and written informed consent was obtained from all pa-
tients.

Patient History
We examined 40 patients, 15 to 69 years of age, with

593



tumors located close to the pyramidal tracts. These tumors
included one pilocytic astrocytoma, 10 diffuse astrocyto-
mas, 14 anaplastic astrocytomas, eight glioblastomas mul-
tiforme, two oligodendrogliomas, one ependymoma, and
four cavernomas (Table 1). In all patients, the lesion mar-
gins were less than 2 cm from the pyramidal tracts identi-
fied by preoperative fiber tracking. Mild motor weakness
was observed preoperatively in five patients.

Diffusion-Tensor Data Acquisition and Processing for
Fiber Tracking

Detailed methods used in fiber tracking have been de-
scribed elsewhere by one of the authors.>* A whole-body
3-tesla MR imager (Trio, Siemens) was used to perform
preoperative DT imaging as well as anatomical T,- and T)-
weighted volume imaging. The T,-weighted volume data
were obtained using a 3D MPRAGE sequence, and the T-
weighted volume data were obtained using a 3D true fast
imaging with steady-state precession sequence.

Fiber Tractography Data Processing for use in the
Navigation System

Fiber tracking was performed using all pixels inside the
brain (that is, with the brute force approach) and was begun
in both the orthograde and retrograde directions, according
to the direction of the principal eigenvector in each vox-
el. Results that penetrated the manually segmented ROIs
based on the known anatomical distributions of tracts were
assigned to those specific tracts. To reconstruct the pyrami-
dal tract using tractography, two ROIs were segmented on
axial non—diffusion weighted images: the first ROI at both
cerebral peduncles, and the second ROI at both precentral
gyri.212691

In the process of converting tractography data into a
DICOM-format data set, three steps were used. In the first
step, tractography data were changed into a voxel data set.
Using DtiStudio software version 2.02 (H. Jiang, S. Mori:
Department of Radiology, Johns Hopkins University), an
8-bit voxel data set with binary contrast was created from
the original tractography data with the same matrix size as
non—diffusion weighted images. In this voxelized tractog-
raphy data set, marked voxels (where fiber tracts showed
penetration) showed the largest value, whereas other vox-
els displayed the smallest value.”

In the second step, tractographic images and non—diffu-
sion weighted images were merged, using the same matrix
size as that for MPRAGE images. The three orthogonal
coordinates of each voxel on MPRAGE and non—diffusion
weighted images were obtained from the DICOM header
information. To calculate voxel values, trilinear interpola-
tion was used. Merged images were generated from inter-
polated tractographic images and interpolated non—diffu-
sion weighted images.

In the third step, merged images were converted into
DICOM format according to the MPRAGE header infor-
mation. Tractography studies in DICOM format with the
same imaging matrices as MPRAGE studies were ob-
tained.

Preparation in the Navigation System

The MPRAGE images, fast imaging with steady-state
precession images, and DICOM-format tractography imag-
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TABLE 1

Summary of the clinical characteristics
of 40 patients with brain tumors

Tumor Type & Location No. of Patients

histological type

pilocytic astrocytoma 1
diffuse astrocytoma 10
anaplastic astrocytoma 14
glioblastoma multiforme 8
oligodendroglioma 2
ependymoma 1
cavernoma ‘4
anatomical location (rt/lt)

frontal lobe 4/16
temporal lobe 2/5
insular cortex 2/5
parietal lobe 22
brainstem 2

es were transferred to the navigation system (StealthStation
TRIA plus with Cranial 4.0 software, Medtronic Sofamor-
Danek; or Vector Vision Compact Navigation System with
VYV Cranial 7.5 software, BrainLab AG). We applied non-
rigid image fusion to the images using ImMerge or iPlan
2.5 software, based on a mutual information algorithm. The
day before the operation, we performed axial whole brain
CT with a contiguous slice thickness of 1 mm by attaching
six independent scalp point markers to the patient for ana-
tomical registration. The CT image data set was also trans-
ferred to the navigation system. Computed tomography im-
ages, MPRAGE images, and DICOM-format tractography
were registered automatically, and the anatomnical regis-
tration points were verified to minimize navigation error.
The differences in distortions between DT imaging and
MPRAGE imaging were within a few millimeters ac-
cording to our study using a phantom for the neuronaviga-
tion system, and therefore spatial accuracy of the single-
shot echo planar sequence would be reliable. The potential
for error during neuronavigation due to image distortions
would be limited to a few millimeters. The accuracy of
image registration was within 2 mm at navigation setup.

Intraoperative Electrical Stimulation

The bilateral abductor pollicis brevis, biceps, brachialis,
deltoid, gastrocnemius, quadriceps femoris, and tibialis an-
terior muscles were selected for electromyographic record-
ing by using neurological monitoring (Epoch XP, Axon
Systems). General anesthesia was induced and maintained
with intravenous infusion of propofol during the craniot-
omy. Muscle relaxants were administered only for intuba-
tion procedures and not during surgery. A peripheral nerve
stimulator was used to confirm train-of-four muscle con-
tractions. To identify the central sulcus, the highest N20 to
P20 phase reversal of somatosensory evoked potentials was
recorded using 4 X 5 subdural electrodes. For electrophys-
iologically monitoring the motor function of corticospinal
tracts, the precentral gyrus was first stimulated to identify a
positive control MEP as well as the intensity that was to be
further used to stimulate the subcortical fiber. The intensity
for cortical stimulation was increased by 1-mA increments,
from 5 mA to a maximum of 15 mA. If afterdischarges
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were induced, the test was repeated with the same current
level intensity or at a current level 1 mA lower.

During the removal of tumors within 3 cm of the pyra-
midal tracts using intraoperative neuronavigation, subcor-
tical electrical stimulations were carried out repetitively.
Bipolar stimulation of five trains with monophasic square
waves and a duration of 0.2 msec were applied with a fre-
quency of 1 Hz. For language and sensory testing, a 50-
Hz electrical current was delivered.® Language functions
were assessed during spontaneous speech, naming, reading
a paragraph, and were also based on reading comprehen-
sion.” Sensory function of both positive and negative symp-
toms was evaluated by the examiner.

We confirmed the points of stimulation by visualization
on the neuronavigation system. In all patients, the mini-
mum distances between the points of stimulation and the
fiber tracking of the pyramidal tracts were measured with
3D MR imaging during intraoperative neuronavigation.

Surgical Procedures

All of the patients underwent tumor removal with the
combined use of tractography-integrated functional neu-
ronavigation and direct fiber stimulation. After the ad-
ministration of local anesthetic agent, motor function of the
four extremities in 28 patients was continuously monitored
using the muscle maneuver test’ during removal of tumors
near the pyramidal tracts. In these patients, language func-
tion was evaluated with the same testing procedures as
those used for electrical stimulation, depending on the lo-
cation of the tumor. Single-digit multiplication was per-
formed by three patients in whom part of the tumor extend-
ed to the left parietal lobe. Resection of the lesions was
ceased when a subcortical stimulation elicited an MEP res-
ponse or language dysfunction. All elicited responses were
recorded on video and later confirmed.

Results
Motor function was preserved postoperatively in all pa-

tients. In five patients with preoperative mild motor weak-
ness in the upper or lower extremities, motor ability im-
proved to full strength on the 2nd postoperative day (Table
2). Three resections were terminated due to the appearance
of a disturbance in reading and naming ability caused by
electrical stimulation.

Among 21 patients in whom MEPs were elicited, the dis-
tance between the estimated pyramidal tracts and the site of
the positive MEPs was 1 cm or less in 18 patients (Fig. 1).
Mild preoperative motor weakness in the upper extremi-
ties improved intraoperatively in two of four patients over-
all. Mild and transient motor weakness of the contralateral
hand occurred when the first MEP was observed in the oth-
€r two patients.

The distance between the estimated pyramidal tracts and
the site of stimulation was 1 to 2 cm in 15 patients, and
MEP recordings were negative in 12 of these patients. Two
of these 15 patients suffered postoperative supplementary
motor area syndrome,'® which lasted for 2 weeks. In the re-
maining five patients, MEPs were never elicited by stimuli
more than 2 cm from the estimated pyramidal tracts.

Discussion

This study showed the clinical impact of integrated func-
tional neuronavigation and subcortical electrical stimula-
tion for preserving motor function while attaining adequate
tumor resection. Various methods, including positron emis-
sion tomography, functional MR imaging, magnetoenceph-
alography, and electrical stimulation, have been shown to
be effective for functional mapping and monitoring to pre-
serve motor function at the cortical level. For better surgical
outcomes, DT fiber tractography and/or subcortical electri-
cal stimulation have been used to evaluate both the anatom-
ical and functional condition of the pyramidal tracts. Sev-
eral limitations to these approaches, however, have not
been resolved.

Errors in track trajectories estimated by fiber tracking are

TABLE 2
Relationships among distance, MEP response, and motor function in 40 patients with brain tumors*
MEP Re- Preop Motor Intraop Change Postop Motor
Distance No. of cordings (no. Weakness (no. in Motor Function (no. Function Results (no.
(cm)¥ Patients of patients) of patients)} of patients)§ of patients)ll
0-1 20 positive (18) present (3)
upper, Grade 4/5 improved to Grade 4+/5 improved to Grade 5/5
upper, Grade 4/5 improved to Grade 4+/5 improved to Grade 5/5
lower, Grade 4/5 no change improved to Grade 5/5
none (15) no change (8), worsened (2)  no deficits (15)
negative (2) none (2) no change (2) no deficits (2)
1-2 15 positive (3) pone (3) no change (3) no deficits (3)
negative (12) present (1)
upper, Grade 4/5 no change improved to Grade 5/5
none (11) no change (6) SMA syndrome (2), no deficits (9)
2-3 5 positive (0) NA NA NA
negative (5) present (1)
upper, Grade 4/5 no change improved to Grade 5/5
none (4) no change (2) no deficits (4)

* NA = not available; SMA = supplementary motor area.

t Distance between the electrically stimulated white matter and the pyramidal tracts on intraoperative neuronavigation,

1 Motor function graded according to the Dejong scale.

§ Intraoperative change in motor function is the change in clinical symptoms during awake surgery (in 28 patients) caused by tumor

resection, not by electrical stimulation.

Il Postoperative motor function was compared with preoperative motor function on the 2nd day after the operation.
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FIG. 1. Subcortical MEPs elicited intraoperatively in a 36-year-old woman with a right frontal diffuse astrocytoma. Her
neurological examination was normal preoperatively. ~ A: Intraoperative T,-weighted MR images showing a hyperintense
area (yellow area in upper left panel) close to the pyramidal tract identified by fiber tracking (green). During the removal
of the tumor, subcortical stimulation elicited MEPs at the bottom of the wumor (intersection of yellow lines) 8 mm from the
edge of the estimated pyramidal tract. No further removal was performed to avoid causing neurological deficits. B: Post-
operative MR images demonstrating that the pyramidal tracts identified by fiber tracking (red) are preserved. C: A typ-
ical waveform of MEP response elicited from the left biceps muscle by subcortical stimulation during tumor removal.

known to be caused by low signal-to-noise ratios, the selec-
tion of the seed ROIs, the setting of thresholds for fraction-
al anisotropy, the algorithm used in the procedure, or the
effects of crossing fibers.>*!® Intraoperative brain shift dur-
ing surgery should also be considered.”® In addition to the
technical factors mentioned, other factors such as preoper-
ative motor weakness and tumor-related edema can also af-
fect the resuits of fiber tracking and MEP responses.'¢ Ad-
ditionally, MEP responses are affected by the condition of
electrical stimulation;'? the type of electrodes;? and errors
in electrical stimulation due to current spread, electrical
conductivity, and resistance.>"'?’? These possible errors in
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the results of MEP recordings may cause postoperative mo-
tor deficits following resection of subcortical lesions near
the pyramidal tract.*®

Taking these limitations into consideration, complemen-
tary use of fiber tracking and subcortical MEPs in the pres-
ent study offers clinical anatomical-functional information
that aids in the preservation of pyramidal tracts. Combined
use of these two methods in the present study has shown
better surgical outcome in the preservation of motor func-
tion than outcomes repeated following MEP monitoring
alone®®" or fiber tracking alone.'*2 From the neurooncolog-
ical point of view, subcortical electrical mapping has sig-
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nificantly improved the survival rate of patients undergo-
ing low-grade glioma resections.® We believe that com-
bined functional neuronavigation and subcortical electrical
stimulation during removal of nonmalignant gliomas will
contribute to further improvement of the survival rate and
maintenance of a high quality of life.

Because intraoperative MR imaging frequently cannot
be performed during tumor resection, evaluation of the dis-
tance between the site of resection and the pyramidal tracts
on intraoperative neuronavigation would be important for
determining the optimal time to apply subcortical stimula-
tion. During the removal of tumors located approximately
1 cm from the pyramidal tracts in the course of neuronavi-
gation, repetitive subcortical electrical stimulation should
be applied. The presence of subcortical MEPs during resec-
tion of a tumor is an important warning sign of the occur-
rence of permanent motor weakness, and therefore further
resection after obtaining the first MEP response should be
avoided.!®15 Alternatively, lesions could be removed with-
out injury to the pyramidal tracts if the estimated fibers
were more than 2 cm away on intraoperative neuronaviga-
tion. To clarify the critical distance between the subcortex
to be electrically stimulated and the estimated pyramidal
tracts, further studies with DT image processing during the
course of surgery with the use of intraoperative MR imag-
ing are needed.* In addition to its use in subcortical map-
ping of the pyramidal tracts, MEP monitoring using cor-
tical or transcranial electrical stimulation should also be
considered as a way to preserve motor function. 7233233

Conclusions

In 40 patients with brain tumors located near the pyra-
midal tracts, MEPs were elicited from the subcortex in 18
of 20 patients when the distance between the stimulated
subcortex and the estimated pyramidal tracts on tractogra-
phy-integrated intraoperative neuronavigation was within
1 cm. In the other 20 patients, with distances greater than
1 cm between the stimulated subcortex and the estimat-
ed pyramidal tracts, MEPs were elicited in only three pa-
tients. During removal of tumors located within 1 cm from
the pyramidal tracts on functional neuronavigation, subcor-
tical electrical stimulation should be applied to preserve
motor function.

References

1. Beppu T, Inoue T, Kuzu Y, Ogasawara K, Ogawa A, Sasaki M:
Utility of three-dimensional anisotropy contrast magnetic reso-
nance axonography for determining condition of the pyramidal
tract in glioblastoma patients with hemiparesis. J Neurooncol 73:
137-144, 2005

2. Berman JI, Berger MS, Mukherjee P, Henry RG: Diffusion-tensor
imaging-guided tracking of fibers of the pyramidal tract combined
with intraoperative cortical stimulation mapping in patients with
gliomas. J Neurosurg 101:66-72, 2004

3. Cedzich C, Taniguchi M, Schafer S, Schramm J: Somatosensory
evoked potential phase reversal and direct motor cortex stimula-
tion during surgery in and around the central region. Neurosur-
gery 38:962-970, 1996

4. Clark CA, Barrick TR, Murphy MM, Bell BA: White matter fi-
ber tracking in patients with space-occupying lesions of the brain:

J. Neurosurg. / Volume 106 / April, 2007

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

‘a new technique for neurosurgical planning? Neuroimage 20:
1601-1608, 2003

. Coenen VA, Krings T, Axer H, Weidemann J, Kranzlein H, Hans

FJ, et al: Intraoperative three-dimensional visualization of the
pyramidal tract in a neuronavigation system (PTV) reliably pre-
dicts true position of principal motor pathways. Surg Neurol 60:
381-390, 2003

. Coenen VA, Krings T, Mayfrank L, Polin RS, Reinges MH, Thron

A, et al: Three-dimensional visualization of the pyramidal tract in
a neuronavigation system during brain tumor surgery: first expe-
riences and technical note. Neurosurgery 49:86-93, 2001

. Dejong RN: Case taking and the neurologic examination, in Bark-

er AB (ed): Clinical Neurology. New York: Hoeber-Harper,
1955, Vol 1, pp 1-100

. Duffan H: Lessons from brain mapping in surgery for low-grade

glioma: insights into associations between tumor and brain plas-
ticity. Lancet Neurol 4:476-486, 2005

. Duffau H, Gatignol P, Mandonnet E, Peruzzi P, Tzourio-Mazoyer

N, Capelle L: New insights into the anatomo-functional connec-
tivity of the semantic system: a study using cortico-subcortical
electrostimulations. Brain 128:797-810, 2005
Duffau H, Lopes M, Denvil D, Capelle L: Delayed onset of the
supplementary motor area syndrome after surgical resection of the
mesial frontal lobe: a time course study using intraoperative map-
ping in an awake patient. Stereotact Funct Neurosurgery 76:
74-82, 2001
Haglund MM, Ojemann GA, Blasdel GG: Optical imaging of bi-
polar cortical stimulation. J Neurosurgery 78:785-793, 1993
Hendler T, Pianka P, Sigal M, Kafri M, Ben-Bashat D, Constan-
tini S, et al: Delineating gray and white matter involvement in
brain lesions: three-dimensional alignment of functional magnet-
ic resonance and diffusion-tensor imaging. J Neurosurgery 99:
1018-1027, 2003
Hem JE, Landgren S, Philips CG, Proter R: Selective excitation of
corticofugal neurones by surface-anodal stimulation of the ba-
boon’s motor cortex. J Physiol 161:73-90, 1962
Kamada K, Todo T, Masutani Y, Aoki S, Ino K, Takano T, et al:
Combined use of tractography-integrated functional neuronaviga-
tion and direct fiber stimulation. J Neurosurg 102:664-672, 2005
Keles GE, Lundin DA, Lamborn KR, Chang EF, Ojemann G, Ber-
ger MS: Intraoperative subcortical stimulation mapping for hemi-
spherical perirolandic gliomas located within or adjacent to the
descending motor pathways: evaluation of morbidity and assess-
ment of functional outcome in 294 patients. J Neurosurg 100:
369-375, 2004 :
Kinoshita M, Yamada K, Hashimoto N, Kato A, Izumoto S, Baba
T, et al: Fiber-tracking does not accurately estimate size of fiber
bundle in pathological condition: initial neurosurgical experience
using neuronavigation and subcortical white matter stimulation.
Neuroimage 25:424-429, 2005
Kombos T, Suess O, Ciklatekerlio O, Brock M: Monitoring of
intraoperative motor evoked potentials to increase the safety of
surgery in and around the motor cortex. J Neurosurgery 95:
608-614, 2001
Lin CP, Tseng WY, Cheng HC, Chen JH: Validation of diffusion
tensor magnetic resonance axonal fiber imaging with registered
manganese-enhanced optic tracts. Neuroimage 14:1035-1047,
2001
Masutani Y, Aoki S, Abe O, Hayashi N, Otomo K: MR diffusion
tensor imaging: recent advance and new techniques for diffusion
tensor visualization. Eur J Radiol 46:53-66, 2003
Mikuni N, Ohara S, Tkeda A, Hayashi N, Nishida N, Taki J, et al:
Evidence for a wide distribution of negative motor areas in the
perirolandic cortex. Clin Neurophysiology 117:33-40, 2006
Mori S, van Zijl PC: Fiber tracking: principles and strategies—a
technical review. NMR Biomed 15:468-480, 2002
Nathan SS, Sinha SR, Gordon B, Lesser RP, Thakor NV: Determi-
nation of current density distributions generated by electrical stim-
ulation of the human cerebral cortex. Electroencephalogr Clin
Neurophysiology 86:183-192, 1993

597



23

24,

26.

27.

28.

29.

Neuloh G, Pechstein U, Cedzich C, Schramm J: Motor evoked
potential monitoring with supratentorial surgery. Neurosurgery
54:1061-1072, 2004

Nimsky C, Grummich P, Sorensen AG, Fahlbusch R, Ganslandt
O: Visualization of the pyramidal tract in glioma surgery by inte-
gration diffusion tensor imaging in functional neuronavigation.
Zentralbl Neurochir 66:133-141, 2005

. Okada T, Miki Y, Fushimi Y, Hanakawa T, Kanagaki M, Yama-

moto A, et al: Diffusion-tensor fiber tractography: intraindivid-
ual comparison of 3.0-t and 1.5-t MR imaging. Radiology 238:
668-678, 2006

Okada T, Mikuni N, Miki, Y, Kikuta K, Urayama S, Hanakawa T,
et al: Corticospinal tract localization: integration of diffusion-ten-
sor tractography at 3-t MR imaging with intraoperative white mat-
ter stimulation mapping—preliminary results. Radiology 240:
849-857, 2006 :
Pouratian N, Cannestra AF, Bookheimer SY, Martin NA, Toga
AW: Variability of intraoperative electrocortical stimulation map-
ping parameters across and within individuals. J Neurosurg 101:
458-466, 2004

Reinges MH, Nguyen HH, Krings T, Hutter BO, Rohde V, Gils-
bach JM: Course of brain shift during microsurgical resection of
supratentorial cerebral lesions: limits of conventional neuronavi-
gation. Acta Neurochir (Wien) 146:369-377, 2004

Taniguchi M, Cedzich C, Schramm J: Modification of cortical

598

N. Mikuni et al.

stimulation for motor evoked potentials under general anesthesia:
technical description. Neurosurgery 32:219-226, 1993

30. Witwer BP, Moftakhar R, Hasan KM, Deshmukh P, Haughton V,

31.

Field A, et al: Diffusion-tensor imaging of white matter tracts in
patients with cerebral neoplasm. J Neurosurgery 97:568-575,
2002

Yamada K, Kizu O, Mon S, Ito H, Nakamura H, Yuen S, et al:
Brain fiber tracking with clinically feasible diffusion-tensor MR
imaging: initial experience. Radiology 227:295-301, 2003

32. YuCS, Li KC, Xuan Y, Ji XM, Qin W: Diffusion tensor tractog-

33.

raphy in patients with cerebral tumors: a helpful technique for
neurosurgical planning and postoperative assessment. Eur J Ra-
diol 56:197-204, 2005

Zhou HH, Kelly PJ: Transcranial electrical motor evoked poten-
tial monitoring for brain tumor resection. Neurosurgery 48:
1075-1081, 2001

Manuscript submitted June 2, 2006.

Accepted November 7, 2006.
Address reprint requests to: Nobuhiro Mikuni, M.D., Ph.D., De-

partment of Neurosurgery, Kyoto University Graduate School of
Medicine, 54 kawahara-cho, Shogoin, Sakyo-ku, Kyoto 6068507,
Japan. email: mikunin@kuhp.kyoto-u.ac.jp.

J. Neurosurg. / Volume 106 / April, 2007



—

fL

i
A

JEC -

| RS~ REOLREEE~

FEIEE DR

#eFEit—Rp*

Wruec

MM HNITRBELES) L0 ORMERWTIRR
W, LHALARAMS, BERERRLAEZEORWVWARIZEA
EWiRnENZ 50, REEOREFEEILI0 FAIZ 12~
4 ABETHD, BEES0AIZLIALNSDT M
ABTHD. BEERELTRMRDIENS, REEOZHIZ
X7 (EOHFERED) TEMSHRES.

W E R

REGOSRIE, EENTAEERERFERE TS
N3, FFIEER LV HHEEMIIREYNS S L TR
IHERTHD. BEEBEOLSIKP-<NEREL<RS
BHEOHEE, MEEOEHCMEHRIEOR N &Ik
D, EERNERENST, TORE, EHENScm 28X
BEORKERBHECLRBOERELELZV I E b b
3. —F, BHEEBETIIMATIEEINE, I5IAR
CERARKREEED 2 ENBNED, MIREBTHHE
RMTRETHIEBBLIAN. hicHl, BRERIIE
BOLD B BERTHS. BT BERBEIN -
EOLTHED, MAREAEZEOERERTHLAEDTS
AMOBE CREMNOEBMRE, POBOROBE TR
HAUOBRERE, RERTIR, RANOBTEE (FLE
B, AR (S < I2ZER) BT TR %3 (A

TE B MREAEED), RsREETII BRI i (FEREMRA,

*Soichiro SHIBUT : EAIA%At > ¥ —h RFBRIIEN HE K

12 : 396

) &%/ T, BB TSNS DERAEERS 5
Bon AR THRAICETT 5 ONGBTH BN, LR
BBALMLERED, BERETSHELEBEDEELE
75, |

y3Y ‘

&hﬁ - -
FREBBBOREFRIRATHS. MBS,
By - U KOR, REEELEL SRENEEND
Mo TRBHDHBBH, KEDRBENBEBIZDOVTIL,
RENFEE D, ARBEMEHSN TN HOREN.
MBS & EHE T & 2 BB ORMBBEEER | ITRT.
BHBNONMEEE(Y) A —T), RICHERE TE&
BREE, MEWE, FEWEELSOREEENEL. &E
DO E LT, BBEES TEAREABMOBERICHY,
F)—TORBIRBPLTND L, SEAERREOES
U NERRBITRIL TWBZ &R ENBIFENS.

}&g E{RESHA

MEROEEZEH 2 HB5LDIE, WL BBy
ZHBEHTHS. EHOHENTFFI YL - 2FY
NRETREOBHIITETSH S5, REHBILERR
BEEMTHIET, MARBTIMIIRD. ESIBAET
BRETHELBHICERINSESICRoTVS. L
Laits, BROBTH, WHME#EILTHEKTOHHA

BWALETH Y, EEICEARD OREEAE RN 5H
RZBHEHAUTDENTETH 3.

12448 (2007 May/Jun) HAEHE



p&1 BEASLEHHICIDRERIEHE .- = 1)
EEDEE(1991-1996 F£8 el T e - —
S EH) I 3 L P e 1 - >10

HEBE 27.3% 57.7% 24.3% 26.9%
HEE 26.2 2.0 26.2 42.3
TE&RE 15.2 1.9 17.2 10.1
HEYE 10.4 1.1 11.8 7.1
FRAHTRE 3.5 9.0 3.3 1.6
Bt o N\[E 2.9 0.4 ’ 2.6 6.7
mEFE 1.7 0.4 2.0 1.0
BREER - MRER 1.6 1.6 1.7 0.5
FRsRRatE 2.8 15.4 2.0 0.0
ZO# 8.4 10.5 8.9 3.8
a & 100.0 100.0 100.0 100.0
(n=>51,818) (n=4,070) (n=41,653) (n=6,095)

(B L EEHZ AL  Neuro Med Chir 43 (suppl), 2003)

A1 SHRIED MRI T1SIBES (4 U = ABE)

» RERRAE @ 1)

B (MR, JER, BBOXORET B0, EHIIM
#IROoNh3., REEETHY, MRI TRERERAT,
WEATRY DU ICTHREREINS. Bril:
27 TRMIZSWN, FREAELT, HRIRE, K,
KEBEERMER, BEER BE BEEEHBLENH2.
2MIC X DBET A, MK VIR AE#SZIB SR
YT THEBEBITONS.

PAEE 12548 (2007 May/Jun)

® TEERE R

MTERESORET S BEBET, FIVEIEFWEE
BrENVEVDUMABE(TOSIFY, REFILVEY,
BEEENERVEY, PREREEVES, BRFVE
v, BEFIVEIRSTISNSG. BIERFVECOHE
EE HEZRAWBECLIEREETS. MTEADHE
FR\REICH0, BERLEHITERT IR, #
5 BFEEERET. HEMICRAEEREE(EEED
AEESOBBFXRB)Z2TS. BEELT, LERZEY

12 : 397



BE CHEB~BHOLHELEL~

A LUERIERMRZFERNIThhsZ LB8B0A, BEIZN
RBERAVERANFHRLITONTWS. REBEICHL
TREMNBREFEBITOIhS. TSI F U EAROBE
B7OEIVTFoR0BNNTY O NBEHT 5.

¥ AhiZSHAE (= 3)

FENREREOXE, PMRBARICRET 2R
BB THS. HRUZOUARTER IO ERBHLEE
T, EREBRTIIEbHD. BAREHRKT DRIEMH
BRANSRETHENZNOT, DRDAEREBETY
BABR->TNB I EMNHZ. ZOf, =R, FERk
fLOETE - HE - BIFEE), BHEMRICBRO NS, HBfRs
VCTRFRBEGTH S, EE3Icm UTOBBEIINL
TRAZIFATHANSNTNS, BERICESEHEE

12 : 398

4E 2 TFTEERIED MR

IR <@ 3 ERSES(HEHIE O MRI

LT, EMEEE TIIBmMERE BRIRLESB T,
EFE - I TREREAEBICRS. BERE L TR
BEAE 1T 5 TRIBE FAE R IR N 2.

B AERIE(OYF—-7)

MEBNO YY) 7HEN S RETZRBT, BAEREL
B0%BEE LH 5. EHRMITEREI LD grade 1 H5
AETEAREINTHY, grade 1 I BEEMMREY: B ARE,
grade 2 1R TN % A BRI, grade 3 1B RE AN
I8, grade 4 IBHIEEFITN, grade 1 BT B S
DOERBIZAS. Grade LIZ/NBOPMBIZRET D EHE
WS, FOMIZRANEETHS. Grade 21T MRI D T1
WAERTIIEL, T2 BLUFLAIR Hiz TH< A
N, BRI BREMLAVN(EL. ZhicHL,

12%45 (2007 May/Jun) DAEE



PE 4 UEAMEIDE
% : &% MRI T BEER, & T2 RAEE

PEIS BFED MRI

grade 3 B4 1L, ERAITHBEINDZ Z &AFN (K
5). Grade 3, 4 [T U TIX, Ff, BHHR LFEEZE
AEDREBERMTDODN TS, MEOSFEFRIT
23%, BEITUEETHS. BOLEHEOBVWEHFET
b, FRMICHETELDOOEFRNE LD, FHER
RO ZITY, BEORBOKTEL &% /= Ric 50~
60 Gy O SHRIBHATON S, OB, BRI
BzptRs 5. '

% BRI3 AR AR (R0 6)

ERMREEE, BABED20~40%IzH5N3EN
bh, FERENEED I0EEBERETEEINTNS.
BRBALLTEDLDENVONMMNA(B2%), BHTHM

DABE  12%48 (2007 May/Jun)

BREDZE

A (9%), KIBHSA(9%), BHMAG%), BHAG%)M
BIFSN3. $EULRSRTHD. GBHEMEEICHT
LI T, BERBEEESEHL IS O
NTHY, 6 » AREOEMTEIMHEEIN, ERE3cem
BRA DK B R EE I LTI REN I F W R T
W, WERESEEETS. MNREE, SREEEID
WIS ESEE I N5, BEOBEBUMC, B
ETIRHIFA 7RI DT v 2 I & BEAMBFHIEEMN
WO ANSATNS, ESHMIERIRVBIZEIZKD,
HERIERICMEERIETT 2, HETLEERD
—BTHBEERFCEE, BRICHEILENSS.

12 : 399



I MBS~ BB & B~

AR 6 FiFRSREEKEBO MRI

;ﬁsbum

B3, EROEOEREEICH CT © MRI it
B0, FBRBEORENTELLS IRk, TOBE
FEROBMAZS B EENREING - &M< hoT
3. MEEOBHOSE—FiE B> CETHD, EBC

12 : 400

IDMENMBICHSERNBELLTRBIINTNS
BRLPBRBVOTEREZET 5.

o3 W

1) REE2SEHISEES  Brain Tumor Registry of Japan.
Neurol Med Chir 43 (suppl), 2003

12345 (2007 May/Jun) HAEHE



3

% &

| piEm~m s BE~

RS D WM ERaR - (LM

BeIhiE—Rp*

WY 14 1o an =
EHNEGIRELICRET S0, FRICXHBHOD
BTRERERERET. TIT, HROKMEGRIT
bNBH, TONREBDBEDLERENHAINS T
LB, &L ICEAMEEE (V) F—3) T}, =ho
U LT ROANAFE DRANS <, LERIHRIERE
LTEOREMNEHE NS,

!

; EEam

ENEamE T, RENER(ZEF ) ICBfTEN,
BHATRLBENROMS T IRREEHEING. &
*, EQRBIC BN T HEERBARINDERETH DM
B —TIcDNTIE, BushROMFTEEAR
M, BHERTELEEABENMTON TS OB
THD. EERBEEELTL DI, —EORMBIC

RO BEKRRBAVETH S, EITKRRRT VS AL

HBHRBIIIEFADO L IMEL, EEEORHNER
REEHTIENTEB (X, 7 LMELERRILIE
MARBRE B Thh, REROTERFICHNL, HHEOH
BHTEAWMBROMNBEURTZLOTHS. BRI, B
LROFEHEB (Y KRV M) ELTAERS DI NIRAE
FHENGEEN, AEEHENICHETS. B2RO%
MHIEBE L TIREYRCTLMRI TOBENR)CHESE

VHE1 IEFLALRLEHET L — F (KEEKRERSF
% : ASCO)

R ETEFLALNAL

—

. BEOREEBRRBOAITT UL R, KRREFA(LL
BHR

. 1 DB EORBORBRMTE, /RIRMIE B HBEER

. BEOERRMOTE GEEEAL, aK—- )

. LTS L OFRROUBER, EFIFRR

. EFIRE

<=2 BHH

B2 K. .

*Soichiro SHIBUT : @ # At > & —H R Bl RN RHE &

12 : 416

co  TE i, B
Level I, E/(3EHD Level I, I, VOBRINA—K(GA
{EHHNB)
B. Level I, I, NOBREN—BETS L 585N D)
C. Level I, M, NOREHT—E(EH&HZBIH V)
D. Evidence BL (fThRUL L 58HHND)

>

SREBRENMRIND. AEOLBRORKR, KANICHE
STWAHOMNROEERRE L TRDZ&EITRS. E
U, TVERA OO THRENSHEERIWTSIC
i3, B<OEMBMBLEERD, SRERIROEKRRRY
WARERS.

Y BV A TRBOIET YR

Bk TR, 1970 ERB¥ LD, KRBERBERARNE
BEXhTHD, Eﬂtﬁ")?—?@i&!ﬁt&ﬁ‘élt‘?‘zx
MEILTELENZS. TOKE, BEREMRBHICS
VT, 45Gy & b 60 Gy £ T4 ICRHEERE BTSN,
SEYAFMMSKINICERICERL, 25K, ZhaY
L7 EHRNAFIOBCNUOIWVLAF ) 2HBTSH I

12848 (2007 May/Jun) D AEE



E ¥R grade 3 + 4
D 50%LLEN T b EICTEE
w3 AL 14 BLA
£ 20~69 B, PSO0~2 (BEERIZL S PS3)

- BRI SUHLER
grade 3/4, HERR, fE (60 MKH/
60 LIt FEFEE (HY/kL)

I
[ . ]

AR B¥
ACNU RiZh¥ ACNU * PCZ i HIE%
TIBHAR MR
RT 60 Gy+ACNU Bii% RT 60 Gy+PCZ - ACNU #t8
IR HFEERGE
ACNU ik PCZ - ACNU #tA
881 3~X1223—-X gl12—-X1223-2X

AE 1 EHE0E grade 3-4 (LT3 JCOG BRRBDL z —
- _

ET, WoESEDHMEMNEEDZ ENEHINAE 20
RBRESD 205 Y ALBRRROBREEZ DS
ETYH, —FOVYLTRANARERATEZET, &
SHRBMBEIZH AN, 1 EEET6%, 2EEFTE%D
ERMREN, BRSSOV L 7AEEGEE X h
BESIciof. {L¥MEAE LTI BCONU Bk, W53
WARERIMEAVSNTERY, ThULODEERTS
DOARBH o . ERTI, REEBEMEEEHEE+
ACNU(ZARF)OHRELBLAEBAS OEEN MR
—DIEFIREVWDNDEHBDTHEN, SDSNIEH
BOMESHD, EPRICBNTRENBE-LDOD, £
FRIAEBRENBDShho. TOH BENTOX
HRECERBEBRERORRIZIALVEFEFSAIESTVS
M, B#E, BFXRBKBERS I —7(JCOG) DhkkER Y
W=7 BRTOERKRBEERITIIEEEANELT,
B8+ ACNU & B8t +ACNU+ 7 OHMNS L OE
I/MERBET->TNS, Zhid, ACNUIZHT BH
#H# DU & D TH 3 O6-methylguanine DNA-methyltran-
sferase (MGMT) EWSERZTOINNTSUMRETEH
ZENSTEEMAL, Th#EACNU 5L D 1ER
MEBIAT 25 & EkD ACNU Bz &k 2 (b2 a 8
BRERBETEHDTHS(E ).

DABE 12848 (2007 May/Jun)

REBOBIERARK - LR E

FEYOSFICK DM

20051z, I—OyNEHFYORRHFEIN—F

(EORTC/NCIC) 1 5 4 DB U o+ — < O H 1l
FETIEENZINE Chil, BEBEICHL, 05
BARFEV/OI K& L R R &
WEOPRELBUIS T MERBTH B, BOBOD
280 2B A BREMIC L B EFMM P REL, KATEH
BN 121 3y ATH-EOIZHL, TEVOI RBART
R146 5 B LD, 2EEFBHAEN 10.4%, HEM
265% &, BEEICAHTHEMELTIE, MO THARE
WEEBICLE->2ENSHOTHSE2). ZOHE
&0, RKTOEMY U A —< o 3 EEREIZT £/
O3 RERD, ROBEELT, TOREHES DN,
O DBBEDROTRNMEE> TS, BATH
2006 (F5% 18) 4 9 A ICRBRBR TOMAMTEITRD,
WogWicEbhaLdickok, —RMREAEAER
EEEHE, RESBREFARICLE 1 EZERICTS
mg/m? DFEVUI REMBL, 6BMOKEREEY
MTRAERET 2. BRI THEIZ, 4E/MEIC]
H 150 mg/m? % 5 HRIMA L 23 HEKET 5. 20
i, HEBROEEICSUHBER, REBEMER,
28HZ LIS HRIBMT 24505 6 ERDET (7 3).
FEVOI KL, BOHRSIKE- THEOMCRNIN, &
B pH THIAMRE W THEBHRERET 240, A
BELBEEALERNWEVNDRTWAERT, LrbiNEs
BADBITHBEBN TV EHEINTWS, a5z, k%
FEH ORI BN TOEELBIEATH 5 SRHIHNE
ETHD, BRNFEED CEBTEIRALHS. b
3 h, BHEANE RUDTTIREL, BENHE<IZY
CRREOHERFICRED SN, FNLEAOVEDLE
ZBNBHYUSFAANEEINTSY, TOTFEHEN
BETHS.

R A

o,

BTV F o 2B RIS, B, LERE
HEoBtATITbIhS. DO TOBRKOERARTIIZM

12: 417



