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scanning, image fusion, surgical planning, registra-
tion for navigation, and updating of navigation
images. The progenitor of our system was first
described by the Erlangen University group, and
that system has been improved stepwise over a
number of years.*¥ Our system is a fully integrated
architecture incorporating such improvements, so is
almost functionally equal to the current system in
Erlangen. In the first year following installation, we
operated mainly on brain tumors, but also other dis-
eases including cerebrovascular and functional dis-
eases. The effectiveness and feasibility of intraoper-
ative MR imaging for these diseases is still con-
troversial.54%

The present study describes the layout and fea-
tures of our intraoperative MR imaging system, and
analyzes our initial experiences of 100 consecutive
procedures performed in the first year, and discuss
the indications and limitations of this system.

Materials and Methods

1. Features of the operation theater

Figure 1 shows the appearance of our 10.5 X 6.8
m operating room, BrainSUITE®. The walls, floor,
and ceiling contain radiofrequency shielding based
on aluminum and copper mesh. The high-field-
strength (1.5 T) MR imager {Magnetom Symphony;
Siemens Healthcare, Erlangen, Germany) consists of
a superconductive magnet with a length of 160 cm
and an inner bore diameter of 60 ¢cm, and a gradient
system with a maximum field strength of 30 mT/m
and an effective slew rate of 125 T/m/sec. The per-
formance is equivalent to systems used for diagnos-
tic imaging. An elliptical line (8-m major and 5-m
minor axis) is drawn around the scanner to mark the
5-gauss field limit for safety. The operating table is
positioned parallel to the scanner during surgery so
that the patient’s head lies outside the 5-gauss line.
Therefore, standard surgical instruments can be
used regardless of magnetic properties (ferromag-
netic or non-ferromagnetic). The connection be-
tween the table and head-holder is a ball-and-socket
joint that allows the head-holder orientation to be
freely adjusted. When imaging is necessary, the table
is rotated manually by 180 degrees about a vertical
axis to align it with the scanner bore.

The head-holder has a bivalve shape, consisting of
two parts, and contains an 8-channel receiver array.
The upper part of the head-holder is sterilized with
plasma and placed above the operating field for MR
imaging, but is removed during surgery. Rapid auto-
matic image registration is realized with a reference
array attached to the upper part of the head-holder.
The array contains 14 MR imaging-visible fiducial
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markers as well as 4 infrared reflector spheres that
are continuously tracked by a ceiling-mounted in-
frared camera, Navigation is accomplished with an
error of less than 0.6 mm.

The anesthesia equipment is MR imaging-com-
patible (Estiva 5; Datex-Ohmeda, Inc., Madison,
Wisc,, U.S.A.). Inhalation and exhalation ducts are
approximately 6 m in length to allow the table fo
rotate and move into the scanner. The neuro-micro-
scope {NC4 multivision scope; Zeiss, Oberkochen,
Germany) is ceiling-mounted outside the 5-gauss
line. Navigation-related information is sent to the
neuro-microscope so that the configuration of ob-
jects (e.g. tumor and pyramidal tract} can be su-
perimposed over the surgical field in the microscope
view. Surgical equipment in contact with the
patient’s body (e.g., scalp clamps, aneurysm clips)
must be MR imaging-compatible to prevent burns
and image degradation.

II. Patient population

One hundred consecutive patients, 51 males and
49 females aged 13 to 80 years {mean 50.7 years),
were treated in the BrainSUITE® at Nagoya Central
Hospital between August 2006 and August 2007.
Surgeries that were thought to have the potential to
benefit from intraoperative MR imaging and naviga-
tion were scheduled. Emergency surgeries were not
performed. Patients were treated for brain tumors (n
= 87, 87%)}, vascular discases (n = 11, 11%), and
functional diseases (n = 2, 2%). Histological exami-
nations revealed gliomas (n = 38; World Health Or-
ganization grade 2 n = 7, grade 3 n = 10, glioblasto-
ma multiforme n = 21), meningioma (n = 14), pitui-
tary adenoma (n = 9}, metastatic tumor (n = 9),
schwannoma (p = 6}, craniopharyngioma (n = 3),
germinoma {n = 2), malignant lymphoma (n = 2),
epidermoid (n = 1), cavernoma (n = 1)}, tuberculoid
granuloma (n = 1), and arachnoid cyst {n = 1}.
Craniotomy and tumor removal were performed in
70 patients (70/87), and navigation-based stereotac-
tic biopsy was performed in 17 patients {17/87). Sur-
gery for vascular diseases consisted of clipping for
cerebral aneurysms (n = 7; unruptured 6, ruptured
1), superficial temporal artery-middle cerebral artery
(STA-MCA]) bypass for internal carotid artery occlu-
sion {n = 3}, and removal of an arteriovenous mal-
formation (n = 1). Surgery for functional diseases
included subthalamic nucleus-deep brain stimula-
tion (STN-DBS) for advanced Parkinson's disease (n
= 1), and microvascular decompression (MVD] for
trigeminal neuralgia {(n = 1). The local ethical com-
mittee approved the clinical utilization of intraoper-
ative high-field MR imaging as well as the naviga-
tion system, and signed informed consent was
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Fig. 1 Photograph showing the integrated intra-
operative magnetic resonance imaging and
neuro-navigation system (BrainSUITE¥®):
The 50-gauss (red) and 5-gauss (yellow) lines
are marked on the floor. The imager, operat-
ing table, and operating microscope are all
integrated with the navigation system,

provided by all patients prior to surgery.

III. Brain tumor surgery

Surgical planning was based on multiple se-
quences of MR images taken 1 or 2 days before
surgery. Target lesions and important anatomical
structures were coded as colored objects (Fig. 2A).
Image fusion was used to integrate and display
metabolically interesting areas of gliomas suggested
by [*Fifluorodeoxyglucose-PET, {"'CjL-methionine-
PET, or MR spectroscopy. Diffusion tensor imaging
was performed to visualize the major white matter
tracts such as the pyramidal tract or optic radiation.
Preoperative functional MR imaging was used to
identify the primary motor cortex or language cen-
ters. On the day of surgery, the first MR imaging was
performed after positioning, but before the opera-
tion started, to provide a reference for navigation
{reference MR image). This process was necessary to
ensure a low registration error. The preoperatively
coded objects described above were then incorporat-
¢d through automatic image registration and fusion,
a process requiring less than 20 seconds. During
craniotomy and microsurgery, standard surgical
instruments were utilized. If the tumor was located
in or around the pyramidal tract, electrophysiologi-
cal monitoring such as somatosensory-evoked
potential and/or motor-evoked potential (MEP)
monitoring was used (Bravo; Nicolet Biomedical,
Madison, Wisc., U.S.A.) in combination with diffu-
sion tensor imaging tractography.

Intraoperative MR imaging was performed when
the surgeon considered that the goal of surgery had
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Fig. 2 A 35-year-old male with an anaplastic as-

trocytoma in the right frontal lobe extend-
ing to the third ventricle. A: Preoperative
magnetic resonance {MR) images (upper
row) and surgical planning images (lower
row) showing the pyramidal tract (rainbow)
and the tumor (yellow). The pyramidal tract
was shifted posterior and laterally by the
tumor, B: Intraoperative MR images (up-
per row) revealing a tumor remnant (orange
line) anterior to the pyramidal tract, result-
ing in resumption of resection, and total
removal of the tumor (lower row). The
patient developed hemiplegia postoperative-
ly, which completely resolved after 1 week
(supplementary motor area syndrome).
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Table 1 Sequences and parameters used in BrainSUITE®

TR TE

T1 FOV  Thickness No. of Parallel Scan time

Sequences (msec) {msec) (msec) FA (%) {mm]) (mm) slices imaging (min.sec)
Tumors (gliomas) 3D T1WI (3D FLASH) 11 5.2 g 15 282 1.1 160 5,06
3D T1WI (3D MPRAGE) 2160 4.38 1100 15 282 1.1 160 + 3.55
3D T2WI (3D TSE) 3200 580 0 variable 282 1.1 160 + 4.43
3D FLAIR (3D TSE) 6000 402 0 variable 282 2.2 64 + 4.50
DTI {SE-EFI) 7500 99 0 90 320 2.5 50 + 5.39
Cs1 1600 136 0 90 120 <120 20.0 1 7.41
MR imaging (FID-EPI) 3500 50 0 90 192 3.0 35 4.16
Pituitary tlumors 2D T2WI (2D TSE) 3630 105 0 90 190 1.6 14 + 5.60
3D T1WI1 (3D FLASH VIBE) 10 3.65 0 12 190 0.7 128 + 6.32
Vascular diseases  DWI {SE-DWI) 3500 107 i} 90 260 5.0 19 -+ 1.19
MR angiography (3D TOF) 39 7.1 i} 25 240 0.9 40 + 6.05
PWI (FID-EPI} 230 1000 0 90 40 5.0 10 + 1.28
Functional diseases 2D STIR 8900 92 180 180 230 1.5 25 + 7.18
3D T1WI (3D FLASH) 11 5.2 0 15 282 1.1 160 5.06
CIsS 10.18 5.09 0 70 200 0.8 60 - 5.46

CISS: constructive interference in steady state, CSI: chemical shift imaging, 3(2)D: three{two)-dimensional, DTT: diffu-
sion tensor image, DWI: diffusion-weighted image, EPI: echo planar image, FA: flip angle, FID: free induction decay,
FLASH: fast low-angle shot, fMR: functional magnetic resonance, FOV: field of view, MPRAGE: magnetization pre-
pared rapid gradient echo, PWI: perfusion-weighted image, SE: spin echo, STIR: short time to inversion recovery, TE:
echo time, TT: time to inversion, TOF: time of flight, TR: repetition time, TSE: turbo spin echo, TH2)WI: Ty,-weighted
image, VIBE: volume interpolated breath-hold examination.

been met, or after a significant brain shift had oc-
curred. Frequently used imaging parameters are
shown in Table 1. Contrast enhancement used 0.2
ml/kg of gadolinium. Diffusion tensor imaging was
obtained intraoperatively as well.??) If intraoperative
MR imaging indicated incomplete resection, surgi-
cal planning was revised with the newly obtained
images, and the surgical procedure was resumed un-
der the updated navigation information (Fig. 2B).

1V. Surgery for cerebrovascular and functional

diseases

Three-dimensional (3-D) Ty-weighted MR imaging
{fast low-angle shot |[FLASH], magnetization-
prepared rapid gradient-echo), MR angiography,
and diffusion-weighted MR imaging were per-
formed before and after clipping surgery. Naviga-
tion was employed in some cases, including one
complex aneurysm of the anterior communicating
artery. Constructive interference in the steady state
{CISS) MR imaging was added before and after MVD
in a patient with trigeminal neuralgia. Frame-based
stereotaxy was performed with a Leksel stereotactic
frame (Elekta, Stockholm, Sweden) to treat Par-
kinson’s disease with STN-DBS. 3-D FLASH MR
imaging and short time inversion recovery MR
imaging were performed after loading the frame for
the initial targeting. Microelectrode recording was
performed {Lead-Point®; Medtronics, Minneapolis,
Minn., U.S.A.} for electrophysiclogical confirma-
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tion. To assure positional accuracy after electrode
implantation, 3-D FLASH imaging was acquired
with the specific absorption rate limited to 0.1 Wikg
or less following the safety guidelines recommend-
ed by Medtronics.?”

V. Data analysis

Each procedure was evaluated with respect to the
usefulness of intraoperative images and navigation,
technical problems, and patient outcomes. Any ef-
fect of intraoperative MR imaging on the surgical
strategy was also documented, such as extension of
the tumor resection, or correction of the catheter,
electrode, or biopsy needle position. The extent of
the brain tumor resection was calculated based on
manual segmentation of the tumor outline in the
planning software. Glioma volume was defined as
the volume of increased intensity on Ty-weighted im-
ages with contrast medium. Tumor volume for non-
enhanced tumors was defined as the area of in-
creased intensity on T,-weighted images. Subtotal or
greater resection was defined as more than 95% of
the tumor volume absent postoperatively. We did
not use the term total resection for gliomas because
of their characteristic infiltrating progression. The
postoperative neurological condition of all patients
was documented.
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Table 2 Modification of surgical strategy by intraoperative magnetic resonance images in BrainSUITE®

No. of cases

Subgroups Percentage
Total With modification
Glioma overall 38 27 71.1
subtotal resection 22 21 95.4
partial resection 9 6 66.6
biopsy 7 0 0
Pituitary tumor overall 9 4 44.4
total resection 7 3 42.8
partial resection 2 1 50
Meningioma overall 14 2 14.2
total resection 13 1 7.6
partial resection 1 1 100
Schwannoma overall 6 1 16.7
total resection 5 0 0
partial resection 1 1 100
Metastatic tumor overall 9 3 33.3
total resection 5 1 20
biopsy/cyst aspiration 4 2 50
Others overall 11 3 27
total resection 5 2 40
biopsy/cyst aspiration 6 1 16.7
Vascular diseases 11 0 0
Functional diseases 2 0 0
Total 100 40 40

Results

Intraoperative MR imaging, including reference MR
imaging, was performed 242 times during the 100
procedures, No incident was caused by the fer-
romagnetic instruments. The period of interruption
for each intraoperative MR imaging session was ap-
proximately 20 minutes, depending on the imaging
sequences. Intraoperative MR imaging affected the
surgical strategy in 40 of the 100 cases, most fre-
quently in the glioma group (27/38), and less so in the
other tumor group (13/49). These resulis are summa-
rized in Table 2. The surgical strategy was not modi-
fied after intraoperative MR imaging for cerebrovas-
cular or functional diseases, but intraoperative MR
imaging confirmed the success of each procedure
while the patient was still on the operating table.

I. Glioma surgery

Gliomas (n = 38} were located as follows: frontal
lobe, n = 18; temporal lobe, n = 2; parietal lobe, n
= 3; occipital lobe, n = 1; frontoparietal lobe, n =
3; frontotemporal lobe, n = 2; temporo-occipital
lobe, n = 4; insula, n = 2; thalamus, n = 1; and
cerebellum, n = 2. Craniotomy and tumor resection
were performed in 31 cases, and navigation-guided
biopsy in 7 cases. Intraoperative MR imaging was

taken 2 to 5 times {mean 2.8). Intraoperative MR im-
aging modified the surgical strategy in 27 of the 38
patients. Subtotal or greater resection was achieved
in 22 of the 31 cases. Intraoperative imaging reveal-
ed tumor remnanis in 21 of these 22 cases, result-
ing in the resumption of surgery. A representative
case is shown in Fig. 2. Some tumor was intentional-
ly left to prevent neurological deterioration in 10
cases. Intraoperative imaging contributed to the
identification of the optimal location and volume of
the intentional remnant in 6 of these 10 cases. Diffu-
sion tensor imaging-based tractography was per-
formed combined with MEP monitoring (employing
transcortical and direct white matter stimulation) in
19 cases, and without MEP monitoring in 25 cases.
Postoperatively, 5 patients showed transient deterio-
ration of motor functions, but improved to the base-
line within 1 day to 2 weeks., One patient ex-
perienced wound infarction which required
debridement later. One patient with glioblastoma ar-
ising from the medial thalamus developed deep vein
infarction postoperatively, and suffered from
prolonged disturbance of consciousness. This was
the most severe complication in the series.

. Other tumor surgeries
Intraoperative MR imaging was performed 2 to 3
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Fig. 3 A 51-year-old male with a non-functional
pituitary adenoma treated through an en-
doscepic transnasal approach. Preoperative
(left) and intraoperative magnetic resonance
{MR) images (middle) revealing a tumor
remnant behind the fold of the arachnoid
membrane (urrow), which was not visible
through the endoscope, and final intraoper-
ative MR image (right) confirming complete
resection,

times (mean 2.2). Qverall, gross total resection was
achieved in 35 of the 39 cases, excluding 10 biopsy
cases (Table 2). Intraoperative imaging revealed
tumor remnants in 7 patients. Simpson grade 2 or
better resection was achieved in all cases of menin-
gioma {n = 14) except for one. Image fusion with the
bone window 3-D computed tomography was useful
if the tumor was located at the skull base. Pituitary
adenomas {(n = 9) were treated through a transcrani-
al approach in 4 cases and endoscopic transnasal ap-
proach in 5 cases. Total resection was achieved in 7
cases. The endoscope and instruments were used
without complications outside the 5-gauss line. Be-
sides 3-D T;-weighted images, thin slice sagittal and
coronal T,-weighted images were useful to identify
tumor remnants {Fig. 3). For schwannoma cases (n
= B}, total resection was performed in 5 cases. For
metastatic tumors (n = 9), total resection was per-
formed in 5 cases, and biopsy or aspiration of the
cyst was performed in the remaining cases. The sur-
gical strategy was frequently modified following in-
traoperative MR imaging for pituitary adenomas
(44.4%) as well as for metastatic tumors (33.3%] as
summarized in Table 2.

III. Surgery for cerebrovascular and functional
diseases
MR angiography showed good patency of the
anastomosis site in all cases of STA-MCA anastomo-
sis (n = 3) (Fig. 4). MR angiography had difficulties
in evaluating the vasculature around the clipping
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Fig. 4 A 49-year-old male with right internal
carotid artery occlusion treated by right
double superficial temporal artery-middle
cercbral artery (MCA) anastomoses. In-
traoperative magnetic resonance (MR) im-
aging was taken before and after
anastomoses, including MR angiograms (A,
B}. Immediately following anastomoses,
MR angiograms showed good patency of the
bypass and improved delincation of vas-
cularity in the MCA area.

site due to artifacts. However, diffusion-weighted
imaging was useful to rule out acute ischemic com-
plications.

Microelectrode recording was successfully per-
formed using the ordinary device in the STN-DBS
procedure. The magnetic field did not interfere with
the recording, and the signal/noise ratio was better
than that recorded in a standard operating room.
The 3-D T;-weighted imaging (FLASH) demonstrat-
ed correct placement of the electrode. CISS images
clearly demonstrated that the decompression was
successful after MVD for trigeminal neuralgia.

Discussion

High-field intraoperative MR imaging has several
advantages over low-field MR imaging. The quality
of intraoperative images obtained at a high field is
almost equal to that of preoperative images, and this
leads to more reliable information derived from the
visualization of anatomical structures and residual
tumor. The higher intrinsic signal/noise ratio with a
high field allows us to acquire a higher spatial reso-
lution in a given scan time. Various sequences are
available. Diffusion tensor imaging, which is feasi-
ble with high-field but is difficult with low-field MR
imaging, can visualize the course of subcortical
tracts. Obvious disadvantages of high-field MR im-
aging are the high initial cost, the large space re-
quired due to the relatively wide magnetic fringe
field, and the necessity for extra safety precautions
in the vicinity of the super-conducting magnet.
The best use for the integrated navigation and in-
traoperative high-field MR imaging system seems to
be glioma surgery. In our series of gliomas, the rate
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of greater than subtotal resection was 71%, which is
almost equal to or better than the rates reported
previously.'5162538) The findings of intraoperative
imaging modified the surgical strategy in 71.1% of
patients with gliomas, the highest among our cases
of brain tumors, indicating that glioma surgery was
the best indication.

This system provides three advantages for glioma
surgery. Firstly, updating navigation with intraoper-
ative images compensated for the ‘“brain shift”
caused by withdrawal of cerebrospinal fluid and/or
mass reduction of the tumor. Secondly, high-field
MR imaging could provide diffusion tensor imaging-
based tractography intraoperatively. Less than 10
minutes was required for both measurement of
diffusion tensor imaging and computation of trac-
tography. Artifacts were seen at the surface of the
brain, but not at subcortical locations, so this tech-
nique was especially useful for visualizing the sub-
cortical tracts. The importance of tractography for
the preservation of motor function in gliomas is well
known.!%3 However, brain shift must also be
considered. The maximum shift in white matter is
reported to range from —8 to +15 mm intraopera-
tively,3031 consistent with our experience. Since our
system allowed tractography to be updated in-
traoperatively, safety was maintained even after the
brain shift had occurred. Furthermore, the combina-
tion of tractography and MEP monitoring with
direct white matter stimulation improved monitor-
ing accuracy.!3128 We found that tractography
based on intraoperative diffusion tensor imaging lo-
calized the pyramidal tract (as identified by direct
white matter stimulation) more accurately than
preoperative diffusion tensor imaging, and this find-
ing will be reported in detail elsewhere. The occur-
rence of postoperative transient paresis was proba-
bly high in our series, but might reflect our surgical
approach nearly to the tumor boundary. Thirdly, our
system could fuse navigation with other modalities
such as PET and MR spectroscopy, thus improving
the accuracy of the histological diagnoses. Gliomas
exhibit tumor-heterogeneity to varying degrees, so
metabolic information should be used to guide biop-
sies. 202627 Although image fusion is available for
standard navigation, our system is advantageous be-
cause we can confirm the position of the collected
specimen immediately after the procedure by in-
traoperative MR imaging. In general, extending glio-
ma resection as far as possible prolongs patient sur-
vival.’51% Long-term follow up is necessary to reveal
whether surgical management with this integrated
navigation and intraoperative MR imaging system
leads to an improved prognosis.

Considering the indication for other tumors, we

believe that pituitary adenomas are also a good indi-
cation. The percentage of surgeries modified by in-
traoperative MR imaging {44.4%) was the second
highest following gliomas. Even with endoscopic as-
sistance, fumor remnants are not readily discrimi-
nated from the normal pituitary gland. The blind
side behind the fold of the arachnoid and the
descending sella diaphragm is another problem. In-
traoperative MR imaging could identify tumor rem-
nants which indicated further resection, as similarly
described previously.”#3 Metastatic tumors have rel-
atively identifiable boundaries, but some demon-
strate infiltrative characteristics so that intraopera-
tive MR imaging was useful to achieve complete
resection. Meningiomas, schwannomas, and other
extra-axial tumors have a clear margin, so the need
for intraoperative imaging was reduced. However,
both intraoperative images and navigation were
found to be helpful if some of the tumor was inten-
tionally left to preserve functional structures.

Vascular reconstructive surgery is a possible
indication. Our results showed good patency of the
anastomotic vessels by MR angiography, which
confirmed surgical success. We experimentally
performed perfusion-weighted imaging before and
after anastomosis, using the analysis method previ-
ously recommended.®™ Various imaging findings
have been reported after vascular reconstructive
surgery,»84%4) hut our imaging study in the super-
acute postoperative period might contribute to the
prediction of hyperperfusion syndrome, or to in-
traoperative control for anesthesia. Further study is
necessary to clarify its importance. Intraoperative
MR images were less useful in clipping surgery. An
important issue was clip-induced artifacts which
complicated the evaluation of tiny branches and the
residual neck.*? However, we assumed that in-
traoperative diffusion-weighted imaging was useful
to exclude acute ischemic complications.?%*% In-
traoperative MR imaging provided two advantages
for STN-DBS.® One advantage was intraoperative
visualization of the electrode location, as we were
able to accurately locate the electrode by consider-
ing the reported artifact patterns.®® The other advan-
tage involved the higher signal/noise ratio during
microelectrode recording due to the radiofrequency
shielding. As technigues for directly imaging STN
advance in the future, obtaining intraoperative MR
images will become more important.*® Spinal sur-
gery may also be considered as an indication, as
reported.?”]

The management of this system raises several is-
sues. Maintenance of safety is very important.’ To
avoid magnetic absorption-related accidents, all
staff working in the MR imaging-equipped operating
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room must be educated concerning safety. The lines
and ducts leading to the patient are potentially
troublesome for patient transport, and continuous
training is recommended. The limitation of surgical
positioning is also important. Although we were
able to perform complex approaches such as the an-
terior petrosal, lateral suboccipital, and transcon-
dyle approaches, positioning limits must be consid-
ered. A flexible MR-compatible table that can be
bent was recently reported,’®'® and such improve-
ments are necessary. The cost-benefit ratio must also
be considered. The technology of the intraoperative
MR imager has continuously progressed, and the
importance of intraoperative images is often empha-
sized 31019449 Further study is necessary to elucidate
whether such a system improves patient outcomes
over the long term. If such a system achieves social
recognition, the health insurance system might be
revised, and if healthcare providers adopt this tech-
nology widely, then further improvement of the cost-
benefit ratio should result.

The integration of intraoperative high-field MR
imaging and navigation is important for maximizing
resection and minimizing complications in brain
tumor surgeries, especially for infiltrative tumors
such as gliomas. Tumors of the pituitary gland are
also a good indication. Intraoperative imaging is not
as advantageous for other extra-axial tumors, but
still helpful in confirming the success of surgery or
in deciding the volume and location of tumors to be
intentionally left unresected. The system increases
the accuracy and safety of surgery for cerebrovascu-
lar or functional diseases, but the indication is some-
what limited. The fully integrated system contrib-
utes to smooth workflow during surgery.
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Commentary

This paper reports on the excellent experience of the
authors using intraoperative high field MRI and neu-
ronavigation, All possible applications have been test-
ed and critically reviewed, from glioma surgery, to
cerebrovascular procedures, to functional neurosur-
gery. The conclusion is that the main utility of in-
traoperative MRI is to solve problems connected with
tumor removal: in particular, to ascertain gross total
removal of the lesion, ond to spure functionally
relevant subcortical white matter tracts, such as py-
ramidal tract, optic pathways and speech related
tracts. Very honestly, the authors point out the limita-
tion of this procedure us well: for instance, the difficul-
ties in demonstrating patency of perforators, or sack
residuals, in aneurysm surgery, due to the artifacts of
the metallic clip that obscure the vision of the sur-
rounding region. Moreover, they suggest that the best
results for neurooncology, in term of radical surgery
with respect of normeal functioning structures, is
achieved by the coupling of intraoperative MRI with
other monitoring systems, particularly neuronaviga-
tion, but also neurophysiological intraoperative test-
ing. Finally, they mention the financial aspect, that in
these days is not the least important. It would be nice
to organize a prospective work to compare the
costleffect of two different methods to obtain the
above mentioned results in glioma surgery (radicality
and respect of normal tracts), namely intraoperative
MRI and 5-ALA fluorescence, both integrated with
neurophysiological monitoring. T do think that the
anatomical check (namely MRI) will be at the end su-
perior, but still there is a possible role also for differ-
ent, less costly, procedures.
Alessandro Ducari, M.D.
Ordinario di Neurochirurgia
Universita’ di Torino
Torino, Italy

The authors did meaningful and interesting work to
provide the initial experiences of high-field 1.5T in-
traoperative magnetic resonance imaging (iIMRI) and
neuro-navigation in 100 cases of neurosurgical proce-
dures and to explore its clinical indications and limita-
tions.

The intraoperative imaging is an important tool in
modern minimally invasive neurosurgery, and serves
to maximize lesion removal and minimize morbidity.
The best use of iMRI is for the lesions without identifi-
able boundaries, located in eloquent areas, deep-seat-
ed, and difficult to find and access. Its use can be ex-
emplified in glioma surgery. As we all know, the prin-
ciple of the glioma surgery is maximal safe tumor
resection, however, to realize this aim remains a
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challenge to all neurosurgeons. Without intraopera-
tive image guidance, tumor resection, to a high extent,
depends on surgeons’ experience. Often, the degree of
tumor resection is prone to be overestimated and the
potential risk of neurological deficit is increased by
pursuing greater resection. I agree that glioma sur-
gery is a good indication for iMRI and neuro-naviga-
tion.

iMRI and neuro-navigation helps to localize lesion,
identify vital neurovascular structures, and detect
remnant tumor. However, every coin has two sides,
this system is not completely reliable. It is always es-
sential that surgeons must make right and timely jud-
gements intraoperatively. Besides, the high cost limits
its wide application. There is less value for tumors
with clear margins according to the cost-effectiveness

principle. Maybe we can get more benefit from the
multimodality use of more techniques, such as the
fluoroscope in glioma surgery and intraoperative
fluorescein angiography in surgery of cerebrovascular
diseases.

Safety and effectiveness is the final goal of surgery.
iMRI and neuro-navigation can further this aim, and
the authors have provided a meaningful study and ob-
tained good results which has important value in im-
age-guided neurosurgery.

Dapeng Mo, M.D.

and Shengde Bao, M.D.
Depurtment of Neurosurgery
Peking University First Hospital
Beijing, P.R.C.
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Soichiro Shibui

Treatment of metastatic brain tumors

Received: June 13, 2008

The number ol paticnts with metastatic brain tumors has
been increasing because of advances in less invasive imaging
modalities such as computed tomography (CT) scanning
and magnetic resonance imaging (MRI), improvements in
the treatment of extracranial cancers, and the increase of
the clderty pupulation. According to the Central Brain
Tumor Registry of the United States. the incidence of
primary brain tumors is 16,3 cases per 100000 person-years.'
On the other hand. cancers are detected in 400 persons per
L0000 poplation and of these individuals. 30% or 40%
have metastatic brain tumors. This means that the incidence
of metastatic brain tumors is estimated to be seven to ninc
times as high as that of primary brain tumors.

The diagnosis of metastatic brain twmors is usually made
by MRIL Most of these tumors show sointensity on Tl-
weighted images (TIW]) and are highly enhanced by
vadolinium-diethvlenetriaminepentaacetic acid (DTPA).
They are usually round-shaped and the central area shows
low intensity on TIWI due to necrosis or fluid colicction.
Multiplicity is another characteristic of metastalic brain
tumors; however, some glioblastomas and malignant Ivm-
phomas form muluple intracranial enhancing lesions. The
final diagnosis should he made by biopsy if possible.

The prognosis of patients with metastatic brain tumors
is poor and most of them have been treated only by irradia-
tion of the whole brain. According to a recursive partition-
ing analysis of 1200 patients enrolled in three Radiation
Therapy Oncology Group (RTOG) clinical trials (RTOG
79-16: 85-28; 89-05). patients with mctastalic brain tumors
could be classified into three groups. Class 1 includes
paticnts with a Karnofsky performance status (KPS) of 70
or less, age less than 65 years. controlled primary tumor.
and no melastases except in the brain. Class 3 includes
paticnts with a KPS below 70, while all other patients are
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classitied as class 2. The median survivads in classes 1 2, and
3 were 7.1, 4.2, and 2.3 months, respectively.”

On the other haad Patchell et al.” reported the signifi-
cance of surgery for brain metastases. They randomized
patients with a solitary brain metastasis into two groups,
those receiving whole-brain radiotherapy (WBR'T) and
those receiving WBRT after craniotomy. The median sur-
vival of the WBRT group was only 8 weeks, while that of
the surgery + WBRT group was 40 weeks: local recurrence
appeared in 52% of the WBRT group and in 20% ol the
surgery + WBRT group.’

Stereotactic radiosurgery {SRS) was introduced for the
treatment of brain metastases and has now been used for
20 years. A combination of SRS and WBRT showed better
focal control than WBRT alone, but longer survival com-
pared with that in the WBRT group was obtatned in oaly a
limited subsel of patients.” [t is well known that WBRT
influences the cognitive [unction of patients. and the non-
inferiority testing of SRS compared with upfront WBRT is
ongoing.

The etfect of chemotherapy on brain metastases is con-
troversial. It is difficult to conduct clinical trials because
most of the patients receive radiotherapy. and the chemo-
therapeutic agents that would be chosen are commonly
used for the primary cancers. Although most brain metas-
tases are considered to be chemoresistant because of the
presence of the blood-brain barrier. they sometimes shrink
with only the chemotherapy used for the treatment of the
primary cancer. Chemotherapy could be an important treat-
ment modality, particularly for recurrent brain metastases
after radiotherapy.

No standard therapy for brain metastases has been
established vet. Surgical removal is accessary for large
tumors, but only a few patients have a chance of undergoing
surgery, because of tumor multiplicity and poor perfor-
mance status. WBRT, SRS, and chemotherapy should be
used appropriately to obtain long survival and maintain a
good quality of fite for the patients. The cooperation ot
neurosurgeons. oncelogists, nursing staft. social workers,
and the paticnt's family is essential for the optimal treat-
mient of metastatic brain tumors.
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Strategy of surgery and radiation therapy for brain metastases
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Abstract Cancer patients with brain metastases have pooy
prognoses and their median survival time is about | year.
Surgery with whole-brain radiation therapy (WBRT) has
been used in the treatment of single brain metastasis
measuring 3 cm or more. Stercotactic radiosurgery (SRS)
including the use of the Gamma knife and Cyberknife is
widely used for the treatment of small and multiple braia
metastases: however, recent clinical studies have revealed
that SRS + WBRT is superior to WBRT or SRS alone in
terms of survival time and local tumor control rates. Here,
surgical indications and the strategy of surgery and radia-
tion therapy are discussed, based on many clinical trials of
treatments for brain metastases. To improve the survival
rate and quality of life for these cancer patients with brain
metastases, it is necessary to choose the most suitable mode
of surgery and radiotherapy with the close cooperation of
physicians, surgeons. radiologists, and neurosurgeons, based
on accumulated evidence.

Key words Brain metastases - Surgery - WBRT - SRS

Introduction

As cancer treatment has advanced, the survival of cancer
patients has been prolonged, and the number of patients
who have concomitant brain metastases has been increas-
ing. According to the 11th edition of the Brain Tumor Reg-
istrv of Japan.' the {-year and 3-year survival rates of 4839
patients with brain metastases registered between 1991 and
1996 were 43.8% and 13.6%, respectively, whereas the
corresponding rates for glioblastoma patients were 55.9%
and 7.2%. The prognoses of patients with brain metastases
and glioblastomas remain poor. showing similar treatment
outcomes. Although various combinations of treatments,
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including surgery, whole-brain radiation therapy (WBRT),
and stereotactic radiosurgery (SRS) have been attempted,
the median survival time (MST) of patients with brain
metastases is about | year, because brain metastases is stage
IV cancer and because their prognoses depend largely on
the status of the primary focus. In Japan, there are currently
about 50 gamma knife and 20 Cyberknife facilities that can
easily provide SRS. Patients with multiple metastases or
concomitant leptomeningeal metastases, for which WBRT
is desirable, arc also occasionally treated by SRS only. To
improve the survival rate and quality of life (QOL) for
these patients with brain metastases, it is necessary o
choose the most suitable mode of surgery and radiotherapy.,
tailored to the individuatl needs of patients. based on accu-
mulated evidence in different fields ol medical practice (evi-
dence-based medicine; EBM).

Frequency of patients with brain metastases

According to the Metropolitan Detroit Cancer Surveillance
System. brain metastases occurred in 9.6% of approximately
170000 patients diagnosed with cancer from 1973 to 20017
In regard to the primary lesion. the incidence ol brain
metastases is reportedly 19.9% for lung cancer. 6.9% for
melanoma, 6.5% for renal cancer, 5.1% for breast cancer,
and 1.8% for colon cancer. A Dutch cohort study (2700
paticnts) found the incidence of brain metastases over 3
years Lo be 8.3%. and the incidences by primary lesion site
were 16.3% for lung cancer, 7.4% for melanoma, 9.8% for
renal cancer. 5.0% for breast cancer, and 1.2% for colon
cancer.’ Thus, approximately 10% of patients who had
cancer developed brain metastases. According to Health
and Welfare Statistics in Japan, there were 369000 patients
with malignant neoplasms in 2001, and it is estimated that
more than 30000 develop brain metastases annually. An
analysis of autopsy cases revealed a higher frequency of
brain metastases; brain metastases were found in 20%-40%
of autopsied cancer patients.” The number of deaths from
malignant neoplasms was approximately 336000 in 2007,
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suggesting that there were 60000120000 patients with
brain metastases.” The cause of death in cancer patients
with brain metastases was reported (o be exacerbation of
the primary lesion in 30%, and neural death due to brain
meltastases or leptomeningeal metastases in 30%." suggest-
iny that more than 20000 cases of neural death due to meta-
static tumors ocewr in Japan annually. Considering that the
number of annual deaths {rom primary malignant brain
tumors, including glioma, in Japan is approximately 2000,
controlling brain metastases s an important goal for
NeUrosurgeons,

According to the 1lth editon of the Brain Tumor
Registry of Japan' based on collected data from mainly
neurosurgical lactlities, the frequencies of the primary foci
in 10071 cancer patients with brain metastases registered
between 1984 and 1996 were 52.3% for lung cancer, the
highest, followed by breast (89%). renal (5.4%). rectal
(5.2% ). gastric (53.2%), colon (4.1%), head and neck (3.5%).
hepatic (2.1%). uterine {1.7%), and thyrowd (1.4%) cancers.
Pathologically. adenocarcinoma was most frequent. account-
ing for 38.3%. whereas the frequency of squamous cell car-
cinoma was 13.3%.

The chief complaints of patients with brain meta-
stases are focal signs including hemiparesis and aphasia
{38% ). signs of increased intracranial pressure (19%), and
complaints without neurological symptoms (10%). Three
pereent of patients were asymplomatic and those patients
were diagnosed by radiological findings.’

Prognostic factors

A Radiation Therapy Oncology Group (RTOG) study
reviewed about 1200 patients enrolled in clinical trials that
used WBRT, and analyzed prognostic factors by recursive-
partiioning analysis (RPA) to classity them into RPA
classes 1117 Favorable prognostic factors for patients with
metastatic brain tumor were Karnofsky performance status
(KPS) of 70 or more. no distant metastasis other than brain
metastases, controlled primary focus, and age less than 65
years: patients with these factors were considered to repre-

sent RPA class [ (accounting {or 20% of all subjects)y. KPS
less than 70 was a poor prognostic factor, and such paticnts
were categorized as RPA class I {accounting {or 13%).
whereas other factors were considered to represent RPA
class 1 (accounting for 63%). MSTs were 7.1, 4.2, and 2.3
months for paticnts in RPA classes L 1L and {1, respec-
tively (Table 1). These RPA classes are commonly used
when assessing treatment results for brain metastases.

Indications for surgery

Patients with brain metastases often have rapidly progress-
ing neurologic symptoms, necessitating rapid determination
ol optimal therapeutic strategies. Figure | shows the thera-
peutic strategics used at the National Cancer Center in
Japan.

Paticnts with a single metastasis measuring 3 ¢m or more.
those with smaller tumors such as cerebellar neoplasms
associated with severe neurologic symptoms duce to cerebral
edema, or those with multiple tumors with advanced
neurologic symptoms in whom prompt improvement of
neurologic symptoms is expected from surgery, undergo

Table 1. RPA classification and prognoses {MST) of cancer patienis
with brain metastases

Class | KPS 270, age <64 years
Controfled primary tumor
No extracranal metastases
Class 11 KPS 270 but other than class |
Class 11 KPS <70

] Class 1 MST  Class [T MST  Class [T MST

(months) (months) {months)
WBRT’ 176 7 4.2 23
SRS 265 140 8.2 33
WBRT + SRS™ 295 152 7.0 5.8
OPE + WBRT" {25 148 9.9 6.0

RPA. Recursive partitioning analysis: KPS, Karnofsky performance
status: MST. median survival time: WBRT. whole-brain radiation
therapy: SRS, stereotactic radiosurgery: OPE, operation

Fig. 1, SurgiL'_:\l|anq rudimhcrag_y I Si !:} F’“::;T"] { SRS or
treatment af brain  metastases 5 ng C ! ! WBRT + SRS

(meta). SRS, Stereotactic radio-
surgery:  WBRT.  whole-brain
radiation therapy: ope, operation

Cerebellar meta.
Severe clinical symptoms

.

y

23cm Ope + WBRT
b
The largest tumor z3cm or
Severe clinical symptoms |
; : SRS or

+  WBRT + SRS

Multiple
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craniotomy for tumor resection within 1 wecek of diagnosis
and WBRT beginning 8 days after surgery. if possible. MST
after WBRT without surgery is approximately 6 months,
and therefore surgical candidates have a vital prognosis of
a1 least 6 months. Considering that the MST of patients with
prain metastases is approximately 1 vear. it is critical to
prevent worsening of neurologic symptoms and perfor-
mance status {PS) in patients undergoing surgery.

Patients whao have large cystic lesions in the cloquent
area and those with poor PS or poor prognoses who are not
eaod candidates for craniotomy for tumor resection under
acneral ancsthesia may undergo palliative insertion of an
Ommaya reservoir for cystic tumor management. Remov-
ing the fluid content via the Ommaya reservoir to reduce
the cyst prior to radiotherapy may effectively alleviate neu-
rologic symptoms. Paticnts with a metastasis 1o the mesen-
cephalic aqueduct. brainstem. or cerebellum. and those with
obstructed cerebrospinal fuid {CSF) absorption resulting
from carcinomalous meningitis may develop acute hydro-
cephalus. In these patients. endoscopic third ventriculos-
tomy or ventriculoperitoneal shunt may ameliorate impaired
CONSCIOUSNESS.

Radiotherapy following surgery

According to the Brain Tumor Registry of Japan.' among
3793 patients with lung cancer who underwent surgery
hetween 1981 and 1996, radiotherapy was added to the
treatment protocol in 41.5%. whereas surgery alone was
cmploved in 38.5%. Although surgery alone is a common
therapeutic option in Japan. the 1-vear survival rate was
30.9% for surgery combined with radiotherapy and 38.7%
for surgery alone, showing better outcomes with the former
treatment modality. Because approximately hall of the
patients undergoing surgery alone subscquently suffer
recurrence,” the addition of radiotherapy is necessary. In
paticnts with brain metastases, surgery combined with
WEBRT is the standard treatment worldwide, This strategy
is based on the following findings. Patchell et al” carried
oul a randomized controlled trial (RCT) of surgery +
WEBRT (36 Gy/12 fractions) vs surgery alone in patients
with u single metastasis, and found that the MST was 10
months in the surgery + WBRT group and 3.75 months in
the surgerv-alone group. The local recurrence rales were
20% and 52%. tespectively, and postoperative KPS was
also more favorable in the surgery + WBRT arm. Similarly.
Vecht et al” reported that surgery combined with WBRT
prolonged survival. On the other hand. a randomized study
comparing surgery + WBRT (50.4 Gy) to surgery alone
showed both local recurrence (J0% vs 46%. respectively)
and recurrence at other sites (14% vs 37%, respectively)
to be significantly less frequent in patients given surgery
~ WBRT. although there was no significant intergroup dil-
terence in MST. Based on the results of these RCTs
surgery combined with WBRT has become the standard
treatment for a single brain metastasis. Aghoola et al.™
reported that MSTs with surgery + WBRT were 14.8. 9.9,

A=

and 6.0 months for patients in RPA classes L 1L and 11
{Table 1).

In Japan. postoperative local irradiation has commonly
been applied to the site of tumor resection at various facili-
ties. Indeed. until 2002, the National Cancer Center abo
emploved focal radiation therapy (FRT) at 50 Gy in patients
with a single tumor. However. there have been no RCTs
comparing FRT and WBRT as modes of postoperative
radiotherapy. At present, in consultation with radiologists
and medical oncologists regarding the optimal postopera-
tive radiotherapy. WBRT at 37.5 Gy (15 fractions/3 weeks)
is generally used for patients in RTOG RPA class 1 post-
operatively. In patients in RTOG RPA class 1 or 1 who
have a poor prognosis due to their general condition, WBRT
al 30 Gy (10 [ractions/2 weeks) is applied, with the goal of
an early return home if possible. An analysis of the mode
of recurrence in 109 patients who underwent FRT at 30 Gy
(1 = 58) or WBRT at 30 Gy (n = 51) postoperatively al the
National Cancer Center demonstrated the absence of recur-
rence in 43% and 59% of patients given FRT and WBRT.
respectively. Thus. recurrence was less frequent in patients
given WBRT than in thosc given FRT. The rates of recur-
rence at the site of surgery were 12% and 14% . respectively.
showing no marked difference. However. recurrence in
arcas other than the surgical site was slightly more frequent
after FRT (33%) than after WBRT (12%). Metastases to
the spinal cord occurred in 3% and 4% of patients given
FRT or WBRT, respectively, and the incidences of carcino-
matous meningitis were 9% and 12%. respectively, showing
no marked differences in dissemination of tumors between
the two groups.

In 180 patients who underwent craniotomy for tumor
rescetion combined with radiotherapy between 1990 and
2005 in the Neurosurgery Division at the National Cancer
Center. MST was 12.3 months. In 47 patients with pulmo-
narv adenocarcinoma, MST was 15.1 months. and the 5-
year survival rate was 15.0%. MST and the S-year survival
rate in 18 paticnts with squamous cell carcinoma of the lung
were 14.9 months and 23.2%. respectively. while the corre-
sponding figures were 13.8 months and 32.5% respectively.
in 29 patients with breast cancer.

Surgical complications

The most important issuc in the surgical treatment of brain
metastases is 10 avoid deterioration of PS. Even il there is
only a possibility that paralysis may be amchorated by tong-
term rchabilitation training. partial resection should be
employed rather than risking the exacerbation of paralvsis
due to total resection. and radiotherapy should be used
10 address possible residual tumor. given its anticipaled
cificacy.

Pack et al.}' who reviewed 208 patients treated surgi-
cally, reported that 1.9% died within 30 days. and that post-
operative neurologic deterioration occurred in 6%, Systemic
complications. including pneumonia, urinary infection, and
venous thrombaosis occurred in 13.9% of the patients,
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[n aseries of 132 patients who underwent craniotomy lor
tumor resection between 2000 and 2006 at the National
Cancer Center, complications occurred in 6 (3.9%). Exac-
erbation of paralysis occurred in 2 patients {1.3%) due to
postoperative hematoma and in 1 (0.7%) due to tumor
resection. One patient (0.7%) developed a surgical wound
infection and another, spinal fluid leakage. Sudden cardio-
pulmonary arrest  {ollowing  suboccipital — craniotomy
occurred in | patient with a cerebellar metastasis from lung
cancer. [t way speculated that the cardiopulmonary arrest
in this patient was attributable to circulatory volume loss
Jue to the use of mannitol at the time of craniotomy. as the
patient had had severe intracranial hypertension preopera-
tively and dehydration had been exacerbated by mannitol
or glveerol before surgery. This patient was successfully
resuscitated and craniotomy was performed again | week
later. with success{ul tumor rescction: the patient was dis-
charged without neurologic abnormalities. This case pro-
vided a warning regarding the risk of mannitol use in
dehydrated patients. There was one death (0.7%) within 30
postoperative days. This paticat was elderly (80 years) and
was found to have concomitant carcinomatous meningitis
at aulopsy.

Radiotherapy for patients not suitable for surgery

WBRT is the standard radiotherapy tor patients who are
not good candidates for surgery, usually with a radiation
dose of 30 Gy (3 Gy x 10 fractions/2 weeks). This procedure
is reported to exert a therapeutic effect equal to WBRT at
40 Gy (2 Gy x 20 fractions).” WBRT at 30 Gy has been
widely emploved because it requives only a short treatment
period. However, irradiation at 37.5 Gy using a lower dose
for each fraction (2.5 Gy x 15 fractions/3 weeks) has also
been used in many clinical studies, conducted after the
RTOG 9508 study, to reduce adverse reactions to irradia-
tion. On the other hand, reported adverse reactions to
WBRT include leukoencephalopathy and progressive
dementia, ataxia, and incontinence due to radiation-induced
necrosis. occurring in approximately 10% of patients."™
SRS using Lekshell Gamma knife (Elekta; Stockholm,
Sweden), Cyherknife (Accuray: Sunnyvale, CA, USA), X-
knife (Radionics; Burlington. VT, USA), or Lincar accel-
erator (Linac) (Elekta: Stockholm, Sweden) radiosurgery is
also useful for treating tumors with diameters of 3 cm or
less. Tn Japan, SRS alone is widely used for single lesions.
Serizawa et al.” reported that an MST of 9.0 months was
achieved in 521 patients who underwent gamma knife
radiosurgery. Sneed et al.,” reported that MSTs with SRS
alone were 110, 8.2, and 3.3 months for patients in RPA
classes 1. . and UI (Table 1).

Although there has been no RCT comparing SRS and
WBRT, the Japanese Radiation Oncology Study Group
(JROSG) carried out an RCT in patients who had four or
fewer brain metastases measuring 3 cm or less to compare
WBRT + SRS (65 patients) and SRS alone (67 palients).‘"
The l-vear survival rate and MST were 383.3% and 7.5
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months, respectively. in the WBRT = SRS group, and 28.4%
and 8.0 months. respectively, in the SRS-alone group.
respectively, showing no marked differences belween the
two groups. The frequencies of neural death due to brain
metastases were 19.3% and 22.8%. respectively. The respec-
tive incidences of new lesions at 1 year and the rates of
recurrence of brain metastases, including local recurrence.
were 41.3% and 46.8% in the WBR'T + SRS group. and
63.7% and 76.4% in the SRS-alone group, demonstrating
significantly lower rates with the combination of WBRT
and SRS. Additional stercotactic irradiation was required
in 10 patients in the combmed treatment group and 29 in
the SRS-alone group. However, additional stereotactic irra-
diation was actually performed in 9 and 19 patients. respec-
tively: salvage therapy could not be conducted in alf patients
with fumor recurrence. The mean memory test score
{maximum score, 30 points) on the mini-mental state exam-
ination (MMSE) in patients who survived {or more than |
year was 27.0 (range. 23-30) in the combined group and 28.0
(range. 18-30) in the SRS-alonc group, showing no sig-
nificant difference between the two groups. Thus, SRS
combined with WBRT did not increase the incidence of
dementia as compared with SRS alone. In the randomized
RTOG 9508 study, paticnts who had three or fewer meta-
static foci measuring $em or less in greatest dimension
underwent WBRT (375 Gy/15 fractions) combincd with
SRS (164 patients, including 92 paticnts with a single tumor)
or WBRT alone (167 patients, including 94 patients with u
single tumor)." Amoug those with a single metastasis. MST
was 6.5 months in the WBRT + SRS group and 4.9 months
in the WBRT-alone group. showing a significant intergroup
difference (P = 10.039). KPS at 6 months was well main-
tained or improved in 43% and 27% of the patients in the
WBRT + SRS and WBRT-alone groups. respectively.
showing significantly better results for the combined irra-
diation group. The response rate at 3 months and the local
control rate at | year were also supertor tn the combined
irradiation group, indicating the usefulness of additional
SRS in paticnts with a single tumor. In patients with two to
three metastatic foci. MST was 5.8 months after combined
irradiation and 6.7 months after WBRT alone, showing no
significant ditference.

Based on the results of various prior clinical studics,
WBRT combined with SRS might be considercd to be a
feasible standard treatment for a single metastasis.™”
However, in Japan, gamma knife radiosurgery alone is
often used to treat patients with three to four lesions mea-
suring 3 cm or less in diameter. On the other hand, when
medical oncologists describe the above evidence to patients,
an increasing number of patients choose gamma knife treat-
ment after WBRT.

In patients with many (five or more) lesions and those
who have concomitant leptomeningeal metastases, there 13
no evidence supporting the propriety of SRS treatment
alone, and WBRT is therefore necessary.

When considering the mode of radiotherapy for brain
metastases, it is necessary to look at clinical trials that use
neurocognitive function as an endpoint, in addition to the
survival period and the recurrence rate. There may be



future alterations in the standard treatment, as further evi-
Jenee is accumulated.

éiin—ical studies of brain metastases in Japan

Although SRS is associated with more [requent recurrence
i untreated areas than WBRT. it is advantageous in that
the treatment time is shorter und anorexia and general
malaise are nuld. in contrast to symptoms seen during or
smmediately after WBRT. The efficacy of SRS, however,
facks corroborative evidence. tn contrast to WBRT. as dis-
cussed above. Many patients. however, express concern
about irradiation applied 1o normal brain tissuc, belicving
that 1t induces progressive dementia. In this regard. the
Japan Clinical Oncology Group (JCOG)-Brain Tumor
Group started an RCT in 2006 to compare the efficacies of
surgery combined with WBRT and surgery combined with
additional salvage radiation therapy with SRS for residual
tumors in patients with four or fewer brain metastases,
using the overall survival period, incidence of dementia
(proportion of patients showing worsening of MMSE
results). and maintained OOL (proportion of patients with
no deterioration of PS) as endpoints. This is a nominferiority
study. it 1s demonstrated that the test treatment (surgery
- additional SRS) is not inferior 1o the standard treatment
tsurgery + WBRT) in terms of overall survival, the test
treatment is regarded as being more useful. As noted above.
WBR' combined with SRS is considered to be the standard
treatment {or patients suitable for SRS. The actual situation
15 that SRS alone, performed with a gamma knife or other
systems, is emploved without careful consideration. for
[ear of adverse reactions to WBRT. The above JCOG trial
and various other clinical investigations. seeking to reduce
adverse events and 10 enhance the eflicacy of irradiation,
e Ongpoing.

Recurrence after surgery and radiotherapy

There is no standard treatment for recurrence after surgery
combined with WBRT or afier radiotherapy. Paticnts
undergo magnetic resonance imaging (MRI) studics every
2=3 months after treatment. and if recurrence is detected.
surgery or SRS with a gamma knife will be performed. The
theripeutic outcomes of operable patients are not necessar-
ty puor. In patients with recurrence, MST after the second
“wrgery s reportedly 115 months,” whereas MST after
surgery in patients with recurrence after gamma knife
radiosurgery is 11.1 months.™ In a study reported before
1990, when additional gamma knife treatment was nol
available. patients with recurrences after WBRT at 30 Gy
received another WBRT at 25 Gy, Therapeutic efficacy was
achieved in 42% of these patients, and MST was 5 months,
although there was no detailed discussion of safcty.”

It is unclear whether these post-treatments achieve
hetter survival or better QOL. The most suitable treatment
<hould be chosen for recurrent cases. based on the paticnts
general condition. neurologic symptoms. and prognosis.

ettt

Leptomeningeal metastases or
carcinomatous meningitis

In patients diagnosed with feptomeningeal metastases. MST
is 3-6 months.” Intrathecal administration of methotrexate
{MTX) or eviarabine (Ara-C) is a common treatment strat-
egy. Ommava reservoir insertion is often employved under
Jocal anesthesia to reduce the burden on the patient during
lumbar puncture and Lo achieve intraventricular drug
administration. Among the complications of this procedure,
rates of extraventricular insertion, postoperative infection,
and postoperative bleeding™ are reportedhy 3%-12%. 2%
9% and 1 %-3%. respectively. Because postoperative deaths
have also been reported, caution is required in selecting this
procedure. In our hospital, paticnts with suspected lepto-
meningeal metastases undergo tumbar puncture and CSF
cytology. Once a definitive diagnosis has been obtained.
MTX is given intrathecally by lumbar puncture. When the
CSF cell count decreases in response to intrathecal MTX.
Ommaya reservoir insertion is carricd out o allow intra-
ventricular MTX administration. In patients with newro-
logic symptoms but no prior radiotherapy. WBRT is added.
However, the MST of patients (n = 22) treated with MTX
via an imserted Ommava reservorr at our hospital was only
4 months. a poor outcome,

Use of steroids and anticonvulsants

When using steroids for cerebrat edema due to brain metas-
tases. attention should be paid to possible adverse reactions
such as gastromntestinal bleeding, hyperglyeemia, peripheral
edema, mental symptoms including @ depressive state and
insomnia. osteoporosis. and infectious discases including
oral candidiasis.”™ In paticnts with paralysis. atiention to
pulmonary embolism due to deep venous thrombosis (DVT)
is pecessary. [f DVT is suspected. the patient should undergo
pelvic computed tomography (CT) and ultrasonography.
and prophyvlactic treatment such as warfarinization or infe-
rior vena cava filter placement should be administered.

Pneumonia resulting from decreased immunocompe-
tence due to steroid therapy is common. 1t should be kept
m mind that Pnermocysiis carinii pneumonia (PCP) may
oceur in patients on prolonged steroid therapy or in those
of advanced age. Patients treated at our hospital who devel-
oped PCP presumably because of prolongedsteroid therapy
for malignant glioma, had received the cquivalent of 15 mg
or more prednisolone, From this experience. we have found
that trimethoprim-sulfamethoxazole is effective prophy-
faxis Tor PCP.

Convulsive scizures veeur in 20%-40% of paticnts with
brain tumors, and it may be surprising that there is as vot
no evidence showing a prophylactic effect of antiepileptic
drugs on these scizures. In a study ol valproic acid and
placebo admmnistration in patients with brain tumors (90%
had brain metastases) with no history of convulsive sei-
zures,” 35% and 24%. respeetivelv, developed convulsions
during the mean abservation period of 7 months. indicating
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that valproic acid exerted no prophvlactic effect. The
American Academy of Neurology (AAN) reviewed 12 pre-
vious studies and concluded that there was no distinel pro-
phylactic cffeet of antiepileptic drugs on convulsive seizures,
Thus, the AAN does not recommend regular administra-
tion of anticpileptic drugs to patients who have no history
of convulsive seizures.™

Phenvioin, phenobarbital. and carbamazepine activate
the hepatic enzyvme cviochrome P430. thereby enhancing
the metabolism of various concomitantly used molecular-
targeting drugs and anticancer drugs such as nitrosourca
{ACNUY. MTX. irinotecan {CPT). and adnamycin (ADM).
consequently fowering their blood concentrations. Thus,
caution is necessary in continuing systemic chemotherapy.”
In patients who have convulsive seizures and those at high
risk for such seizures because of multiple lesions and other
factors, medication should begin with a drug that does not
activate P43(H{e.g., valproic acid or zonisamide). but caution
is necessarv, as the anticonvulsant drug itself can cause
hone marrow suppression.

Conclusions

MST in paticnts with brain metastases is only about ] year.
In the treatment of brain metastases. it is necessary to main-
tain the patient’s QOL and activities of daily living. For this
purposc. the therapeutic strategy should be decided with
the close cooperation of internists. surgeons, radiologists.
and neurosurgeons. taking into account the patient’s clinical
history. PS. neurologic findings. tumor size, number of
fesions. control of the primary focus. and prognosis.
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STEREOTACTIC RADIOTHERAPY FOR INTRACRANIAL NONACOUSTIC
SCHWANNOMAS INCLUDING FACIAL NERVE SCHWANNOMA
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Purpose: Although the effectiveness of stereotactic radiosurgery for nonacoustic schwannomas is currently heing
assessed, there have been few studies on the efficacy of stereotactic radiotherapy (SRT) for these tumors. We in-
vestigated the long-term outcome of SRT for nonacoustic intracranial nerve schwannomas.

Methods and Materials: Seventeen patients were treated between July 1994 and December 2006. Of these patients,
7 had schwannomas located in the jugular foramen, § in the trigeminal nerve, 4 in the facial nerve, and 1 in the
oculomotor nerve. Radiotherapy was used as an initial treatment without surgery in 10 patients (59%) and after
initial subtotal resection in the remaining patients. The tumor volume ranged from 0.3 to 31.3 mL (mean, 8.2 mL).
The treatment dose was 40 to 54 Gy in 20 to 26 fractions. The median follow-up period was 59.5 months (range, 7.4-
122.6 months). Local control was defined as stable or decreased tumor size on follow-up magnetic resonance im-
aging.

Results: Tumor size was decreased in 3 patients, stable in 13, and increased in 1 after SRT. Regarding neurologic
symptoms, 8 patients (47 %) had improvement and 9 patients were unchanged. One patient had an increase in tu-
mor size and received microsurgical resection at 32 months after irradiation. No patient had worsening of pre-ex-
isting neurologic symptoms or development of new cranial nerve deficits at the last follow-up.

Conclusions: SRT is an cffective alternative to surgical vesection for patients with nonacoustic intracranial nerve
schwannomas with respect to not only long-term local tumor control but also neuro-functional preservation.

© 2009 Flsevier Inc.

Stereotactic radiotherapy, Facial nerve, Trigeminal nerve, Schwannoma.

INTRODUCTION

Schwannomas of the intracranial nerves account for about
10% of all brain tumors, and they are generated in the eighth
nerve in about 90% of cases. Nonacoustic intracranial nerve
schwannomas arise from the trigeminal nerve (V) in 0.8% to
8% of cases (1, 2). the jugular foramen (IX/X/XTI) in 2.9% 10
4% (3, 4), and the facial nerve (VI in 1.9% (5, 6).

The standard treatment has been total removal via micro-
surgery. However, surgical total resection is often associated
with the development of new neugologic deficits, and incom-
plete resection often resulls in tumor regrowth, which re-
quires additional therapy. Sarma et al. (7) reported their
experience with microsurgery in 46 cases of nonacouslic
nerve schwannomas (trigeminal nerve in 26, jugular foramen
in 9, facial nerve in 7, hypoglossal nerve in 3, and trochlear
nerve in 1). They found that new cranial nerve deficit devel-
oped afler surgery in 11 patients (24%), cercbrospinal fluid
leaks in 5 (11%), meningitis in 3 (7%), and vasospasm

requiring angioplasty in 1 (2%). with temporary hemiparesis
in 2 cases and permanent hemiparesis in 1 case. Of the pa-
tients, 5 (28%) had improvement in pre-existing neurologic
deficit.

On the basis of the effectiveness of radiation therapy for
acoustic  schwannomas, stereotactic radiosurgery (SRS)
with a Gamma Knife or linear accelerator-based system
has been applied to nonacoustic schwannomas, and an excel-
lent local control rale and few adverse effects have been re-
ported (8-14). Pollock et al. (8) administered SRS (12-20
Gy. mean tumor volume, 89 mL [range. 0.2-17.6 mL])
with a Gamma Knife to 23 patients (trigeminal nerve in 10,
jugular foramen in 10. hypoglossal nerve in 2, and trochlear
nerve in 1), The local control rate was 96% during the follow-
up period (median. 43 months: range, 12-111 months), and
new neuwrologic deficits developed in 3 cases (12%). Mabanta
et al. (9) reported on 18 patients (trigeminal nerve in 7, jug-
ular foramen in 9, and facial nerve in 2) who were treated
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with linear accelerator radiosurgery (10-15 Gy; mean tumor
volume, 5.5 mL [range, 0.7-15.4 mL}). The rate of tumor
control was 100%. with worsening of pre-existing nerve
VH palsy in 1 case and new-ounset hearing loss in 2 cases,

Recent advances in image-guoided radiotherapy have made
it possible to use fractionated radiotherapy with stereotactic
accuracy. Acoustic schwannomas are known to be well
treated with fractionated stereotactic radiotherapy (SRT),
and there 1s a lower rate of late adverse effects with this
method than with SRS (15). Considering that acoustic
schwannomas are often treated with SRT rather than SRS be-
cause of the expectation of reducing the late adverse effects,
patients with nonacoustic schwannomas such as facial nerve
schwannomas would be good candidates for SRT.

Supported by our experience with acoustic schwannomas
{15.16), we have performed SRT for nonacoustic intracranial
nerve schwannomas since 1994, In this study we assessed the
outcomes of SRT for patients with nonacoustic intracranial
nerve schwannomas who were treated at our institution. To
our knowledge. this is the largest series to date on the use
of SRT for nonacoustic intracranial schwannoma.

METHODS AND MATERIALS

Between July 1994 and December 2006, 17 patients with nona-
coustic intracranial nerve schwannomas were treated with SRT at
our institution. There were 7 men and 10 women. The median age
wus 47 years (range, 20-7S years). Of the patients, S had schwanno-
mas of the trigeminal nerve (V). 7 of the lower cranial nerves (IX/X/
X1) (so-called jugular foramen schwannomas), 4 of the facial nerve
(V). and 1 of the oculomotor nerve (1I). There was no patient who
was diagnosed with neurofibromatosis.

The tumor volume at the start of radiotherapy ranged from 0.3 to
31.3 mL (mean. 8.2 mL). Surgical total resection had been per-
formed as the initial treatment until 2000, bat starting in April
2000, SRT was selected as the initial treatment in principle regard-
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less of tumor size, site, age. and so on. because the effectiveness of
SRT for intracranial schwannomas was gradually being clarified.
Only 1 patient, who received SRT at December, 2006. had been ini-
tially treuted by surgery at December, 1987, Of 17 patients, 6 had
surgical resection as the initial treatment and radiotherapy was ad-
munistered for residual or relapsed tumors. One patient had received
craniolomy and biopsy before radiotherapy. Consequently. the pe-
riod between surgery and radiotherapy varied from 0.9 to 228.2
months (imedian. 7.3 months).

The median total dose was 50 Gy (range, 40-54 Gy) given in 25
fractions in 6 weeks. Rudiotherupy was administered 4 days per
week with 2 Gy per fraction by use of a thermoplastic fixation device
in principle. The fraction size was changed when the stercotactic
boost was administered described as follows: One patient received
an additional irradiation of 4 Gy in 1 fraction alter 44 Gy in 22 frac-
tions and two patients received 10 Gy in 4 fractions after 44 Gy in 22
fractions us a stercotactic boost at the end of the schedule via a direct
traumatic fixation device (16).

The treatment planning was based on thin-slice computed tomog-
raphy (CT) scans. Since October 1998, we have used magnetic res-
onance imaging (MR1) for planning i addition to CT scan. Five
patients in the initial stage were treated without the use of MRI.
The images from MRI and CT were overlapped on the computer.
and the outline of the target and the organs at risk was enclosed.
1n principle, the clinical target volume margin was 1 mm and the
planning target volume margin was 2 mm. The margin had been
slightly modified by the therapeutic radiologist’s judgement accord-
ing to the tumor size, location, and surgical findings. The prescribed
dose was given at the isocenter. and the planning target volume was
covered by 80% to 90% of the prescribed dose. Conformity indices
were not commonly used in the 1990s und were not able to be una-
lyzed in this study. Thiee-dimensional treutment planning was per-
formed by use of FOCUS and XiO systems (CMS Inc., Maryland
Heights. MO).

Informed consent was obtained from all patients. Local tumor
control was defined as stable or decreased tumor size on follow-
up MRI after the last day of radiotherapy. The tumor volume was
raeasuted by use of contrast-enhanced T1-weighted MR images.
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----- broken fine: the patient who received
surgical resection as initial treatment.

=== double fine: the patient who received
craniotomy procedure 3s biopsy.

straight line: the patient who received
stereotactic radiotherapy as initiat treatment.

Fig. 1. Transition of tumor volume before and after stereotactic radiotherapy.
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