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Because RTRT usually requires two sets of fluoroscopy,
the maximal dose possible to deliver to the skin surface is
two times the dose at the skin surface from one fluoroscope.
Usually, the two diagnostic beams do not overlap at the skin
surface. However, they could overlap if trcating a tumor

very close to the skin surface. With the expected RT times
needed for IMRT plus RTRT and the exposure parameters
required for sufficient image quality, the patient exposure
could be unacceplable,

A normal (four fields), 2-Gy, static field treatment is

1400
1200 P———
_,.————_'O—'
1000 LS
£ 800
> "
0] "
E 600
....... %
400 x - X X X
. . ——_— & —— —Aa
200
x — % ¥ —&K— X
0] 5 10 15 20 25 30

distance between skin and isocenter

Fig. 5. Relationship between distance from surface to isocenter and surface dose rate from one fluoroscope. Diamonds,
50 kVp, 1.2 ms; asterisks, 50 kVp, 4.0 ms: squares, 70 kVp, 1.2 ms: black circles, 70 kVp, 1.4 ms; triangles, 100 kVp,
1.2 ms; plus signs, 100 kVp, 1.4 ms: crosses, 120 kVP, 1.2 ms: white circles, 120 kVp, 1.4 ms,



340 1. ). Radiation Oncology @ Biology ® Physics

=300 MU approximately. At 300 MU/min and a 25% duty
cycle, this would equal 4 min of surveillance time or a skin
dosc of ~8 cGy (highest case, 120 kVP and 4 ms |Fig. 5|,
4 min/60 min X 1.2 Gy/h). If IMRT increases the monitor
unit {MU) by a factor of 3~5, the treatment time should be
onty 12-20 min; however, the fluoroscopic dose becomes
worrisome, not so much at the skin but at depth, for which
the PDD may not be insignificant. In practice, we have
noted that intrafractional fluctuation of tumor motion is
often so large that the table position must be adjusted
several times by additional fluoroscopic examination (8). In
that case, the fluoroscopic dose could extend to 30 min.

in interventional neuroradiology, advances in insertion
techniques and catheter materials have increased the accept-
able exposure time of diagnostic radiography. The unex-
pectedly high doses used in modern interventional radiology
have raised concerns about radiation safety and protection
(18). The results of the present study have confirmed that it
is also important to reduce the radiation dose from fluoro-
scopic exposure during RT. A reduction of the field size is
important, but not the perfect answer, because the same area
of skin will receive the same dose every day during RTRT.
Sharp er al. (24} have found that various prediction models,
such as a linear model or neural network model, can help
reduce the pulse rate to <30 Hz. They considered !4 lung
tumor cases in which the peak-to-peak motion was >8 mm
and compared the localization error using linear prediction,
neural network prediction, and Kalman filtering against a
system that used no prediction. They found that by using
prediction, the root mean squared error between the pre-
dicted and actual three-dimensional (3D} motion was im-
proved for all latencies and all imaging rates evaluated. A
reduction in the source-to-detector distance is also useful to
reduce the amount of exposure. The attachment of the X-ray
tubes and cameras to the gantry head of the linear acceler-
ator can reduce the source-to-detector distance significantly
(17). The amount of reduction in the absorbed dose will be
about one-third of that of our system, providing that the
same dose is required at the surface of the image intensifier.
Amorphous silicon directors may reduce the dose required
to obtain an image with the same time resolution; the
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absorbed dose will be further reduced. Changing the fluo-
roscopy angle according to changes in the therapeutic beam
angle beam may also help to reduce the dose to the same
skin surface. The shortcoming of the gantry-mounted imag-
ing units may be their inability to use noncoplanar irradia-
tion techniques and the difficulty in maintaining imaging
unit accuracy. Also, the X-ray tubes and image detectors
can be an obstacle during non-RTRT, Magnetic detection of
the metallic marker in the body can eliminatc the require-
ment for Muoroscopic exposure and is also expected to be an
alterative to the fluoroscopic detection of internal fiducial
markers {23).

We have adapted several approaches to reduce the
amount of exposure from fluoroscopy to synchronize RTRT
and IMRT. First, software was designed that allows the use
of one instead of two sets of fluoroscopy for tracking after
registration between the 3D coordinates and the two-dimen-
sional projected coordinates of the marker on one fluoro-
scopic image. The shortcoming of this method is that two-
dimensional projection does not provide information about
the third dimension; thus, we have not yet used the two-
dimensional projection method in a clinical situation. Sec-
ond, the pulse rate is now changeable from 30 Hz to 5, 10,
5, and 2 Hz. If the tumor is moving slowly, the lower pulse
rate can be used. Third, a 3D trajectory of the tumor is
obtained before actual treatment and is used to select the
best position for tracking each day to improve gating effi-
ciency. We plan to include the 3D dose distribution of the
fluoroscopic beam in our treatment planning system to
combine it with the dose distribution of the therapeutic
beams. Details of these developments will be described
elsewhere.

CONCLUSION

The absolute dose and depth~dose distribution of fiuo-
roscopy in the RTRT system showed that synchronization
of RTRT and IMRT may result in an unacceptably high
radiation dose to the skin surface and possibly to the deep
tissues. The synchronization of RTRT and IMRT requires
improvement to reduce Ruoroscopic exposure,
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STEREOTACTIC IRRADIATION TREATMENT PLANNING USING
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Purpose: To minimize the risk of neurologic deficit after stereotactic irradiation, functional brain information
was integrated into treatment planning.

Methods and Materials: Twenty-one magnetoencephalography and six magnetic resonance axonographic images
were made in 20 patients to evaluate the sensorimotor cortex (# = 15 patients, including the corticospinal tract
in 6), visual cortex (n = 4), and Wernicke’s area (7 = 2). One radiation oncologist was asked to formulate a
treatment plan first without the functional images and then to modify the plan after seeing them. The pre- and
postmodification values were compared for the volume of the functional area receiving =15 Gy and the volume
of the planning target volume receiving =80% of the prescribed dose.

Results: Of the 21 plans, 15 (71%) were modified after seeing the lunctional images, After modification, the
volume receiving =15 Gy was significantly reduced compared with the values before modification in those 15 sets
of plans (p = 0.03). No statistically significant difference was found in the volume of the planning target volume
receiving =80% of the prescribed dose (p = 0.99). During follow-up, radiation-induced necrosis at the cortico-
spinal tract caused a minor motor deficit in 1 patient for whom magnetic resonance axonography was not
available in the treatment planning, No radiation-induced functional deficit was observed in the other patients,
Conclusion: Integration of magnetoencephalography and magnetic resonance axonography in ireatment plan-
ning has (he potential to reduce the risk of radiation-induced functional dysfunction without deterioration of the

dose distribution in the target volume.

© 2004 Elsevier Inc.

Radiosurgery, Magnetoencephzlography, Axon, Function, Arteriovenous malformation.

INTRODUCTION

One of the advantages of stereotactic irradiation (STI) over
surgical resection in the treatment of brain diseases is that
STl is an easier and safer method of accessing areas deep in
the brain, as well as those located in the vicinity of the
functional brain cortex. Permanent radiation injury, known
as radiation necrosis, is not a common consequence of STL.
However, once necrosis occurs in certain areas of the brain
responsible for motor function, visual function, comprehen-
sion, or speech production, it results in permanent neuro-
logic deficits (1-4). The development of radiation necrosis
is related Lo the dose of radiation received. Considering that
neuronal fibers are serial in structure, the severity of the
neurclogic deficit is expected to be related to factors such as

the maximal radiation dose administered to functional brain
areas, as well as the volume of the area exposed to more
than the threshold dose of radiation (5, 6). Although the
threshold dose of radiation required to develop radiation
necrosis has not been fully investigated, some clinical and
experimental data have indicated that the threshold single
dose lies within the range of 10-15 Gy (3. 4, 7.
Recently, imaging modalities that enable the identification
of functional brain areas have emerged as clinically significant
(8-18). Magnetoencephalography (MEG) is used to detect the
magnetic field associated with intracranial neuronal electric
activity. In practice, it has been used to identify the sensori-
motor, visual, and Wemicke’s speech cortices (8. 10-12).
Magnetic resonance (MR) axonography or anisotropic diffu-
sion-weighted MRI (ADWI) is a method that visualizes the
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Table 1. Patient characteristics and results

Age Follow-up

Identified functional

Dmu.‘ (G_‘y’) VI() (cmﬂ) V]ﬁ (CITI3)
Functional Functional Functional
information  information  information

RT dose (Gy)/

Pt. No. Disease (y) (mo) Modality area fraction (n) Yes No Yes No  Yes No
1 Met 59 29 MEG Motor cortex 35/4 163 187 09 6.2 0.2 53
2 Met 82 4 MEG Visual cortex 35/4 187 192 1.7 37 0.9 55
3 Met 75 5 MEG Mator cortex 35/4 185 191 246 372 1.02 348

Met MEG Visual cortex 35/4 1.1 185 009 097 0 0.89
4 AVM 11 31 MEG Motor cortex 22.5/1 70 113 0 034 0 0
5 AVM 4l 23 MEG Motor cortex 2071 160 16 032 032 016 016
6 AVM 26 37 MEG Motor cortex 35/4 174 203 268 768 07 31.96
7 AVM 45 3l MEG Motor cortex 35/4 7.5 296 0 o1 0 0
8 AVM 40 34 MEG Motor cortex 25/1 929 101 0O 0 0 )]
9 AVM 21 27 MEG Visual cortex 20/4 6.1 9 e o1 0 0
10 AVM 29 21 MEG Wernicke's area 25/1 37 37 O 0 0 0
11 Met 64 8 MEG Motor cortex 2541 250 26 306 45 1.98 35
12 Met 64 20 MEG Motor corlex 3514 161 161 076 076 0 0
13 AVM 45 18 MEG+AX Motor cortex and CST 35/4 124 138 169 1838 26 3.1
14 AVM 60 3 MEG+AX Motor cortex and CST 35/4 80 117 1.09 159 14 0.5
15 AVM 27 13 MEG Visual corex 20¢1 20 2 0 0 0 0
16 AVM 12 9 MEG+AX Motor cortex and CST 15/1 159 159 468 468 036 0.36
17 AVM 44 8 MEG Wernicke's area 3514 7.3 97 0 0 )] 0
18 AVM 5l 6 MEG+AX Motor cortex and CST 3514 0.0 0 0 0 0 0
19 AVM 65 6 MEG+AX Motor cortex and CST 3314 148 172 0 0 0 0
20 AVM 58 6 MEG+AX Motor cortex and CST 3514 174 183 035 049 007 014

Abbreviations: Pt. No. = patient number; RT = radiotherapy: D,,,,. = maximal dosc within functional area converted into single fraction
schedule by linear quadratic model; V,, or V5 = volume of functional area receiving = 10 Gy or =15 Gy; Met = metastasis; MEG =
magnetoencephalography; AVM = arteriovenous malformation; AX = MR axonography: CST = corticospinal tract.

axonal pathway in the brain. ADWI applies three-orthogonal
diffusion gradient pulses and can clearly demonstrate neuronal
fibers perpendicular to a diffusion gradient as a hyperintense
area. Theoretically, all the subcortical tracts that run in the
cranial-caudal direction become hyperintense in the AP dif-
fusion gradient; however, previous reports on ADWI have
suggested that the hyperintense areas might consist mainly of
the corticospinal tract (16-18).

Integration of the three-dimensional (3D) configuration
of functional brain areas into conformal radiotherapy plan-
ning using MEG and ADWI may minimize the risk of
developing symptomatic adverse effects due to radiation
necrosis al the functional brain area. In this study, we
evaluated the potential contribution of integrating functional
information into radiotherapy planning by dose-volume sta-
tistics to reduce the risk of symptomatic radiation necrosis.
Preliminary clinical outcomes are also reported.

METHODS AND MATERIALS

Twenty patients (8 females and 12 males, median age, 45
years; range, 11-82 years) with intracranial disease located
near or within the functional cortex or corticospinal tract
were included in this study. The patient characteristics are
listed in Table 1. Five patients had brain metastases and 15
had arteriovenous malformations (AVMs). One of the pa-
tients with metastases underwent STI for two lesions; thus,
21 lesions were included. Functional brain areas were iden-

tified by MEG in all 21 areas of the 20 patients. Six recent
cascs in which the lesions were close to the corticospinal
tract pathway were evaluated using ADWI as well. Fol-
low-up ranged from 3 to 35 months (mean, 12 months).
The MEG studies were performed in a magnetically
shielded room with a 204-channel whole-head biomagnetom-
eter (VectorView, 4D-Neuroimage, San Diego, CA). The spa-
tial resolution of MEG to detect the location of functional
contex is considered to be <5 mm (8-12), For the identifica-
tion of the sensorimotor cortex in 15 patients, a somatosensory
mapping protocol was used in which the median and tibial
nerves contralateral to the side of the lesion were stimulated at
the wrist and ankles, respectively, with 0.2-ms constant-current
pulses. For the primary visual cortex mapping in 4 patients
(Fig. 1), the visually evoked field was measured by standard
pattern shift stimulation. Wernicke's area was identified by a
simple ohject-naming task in 2 right-handed patients (Fig. 2}.
In the evaluation of the corticospinal tract using ADWI, hy-
perintense areas with an intensity 1.6 times greater than that of
normal white matter in the AP diffusion gradient were consid-
ered as part of the corticospinal tract (Fig. 3). Anatomic,
ADWI experiments were performed during MRI investigation
using a 1.5-T whole-body MRI scanner with echo-planmer
capabilities and a standard whole-head transmit-receiver coil
{Magnetom Vision, Siemens AG, Erlangen, Germany). Four
scssions of multislice, single-shot, spin-echo, echo-planar
ADWI (TE, 87 ms; 128 X 128 matrix; 19 slices) were per-
formed with a b value of 1000 s/mm?. After the raw data of
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Fig. I. Brain metastasis near primary visual cortex (Patient 2). (a) Enhanced MRI with dipoles for primary visual cortex
showing normally located left primary visual cortex and dislocated right primary visual cortex by metastasis. (b)
Planning target volume (black solid line), primary visual cortex (black dotted line), and isodose lines (whitc lines, 90%,

80%, 50%, and 30% from inside out).

each ADWI session were two-dimensionally reconstructed, all
four sessions of ADWI were averaged. The diffusion gradients
were applied sequentially in three orthogonal directions to
generate three sets of transverse ADW images to visualize the
tract orientation. Because the corticospinal tract was theoreti-
cally expected to be the most hyperintense area in the AP
diffusion gradient, we took as the corticospinal tract those
hyperintense areas having intensity 1.6 times greater than the
normal white matter. Anatomic 3D-MRI data of each patient’s

head was obtained, resulting in 128 sequential, 1.8-mm-thick,
axial slices with a resolution of 256 X 256 pixels in a ficld of
view of 300 mm. Data from Both the MEG dipole and the
ADWI were integrated into an anatomic 3D-MR image, herein
referred to as function-integrated MRL

The MRI scan can be registered with the CT image using a
CT-MRI fusion system (EV pro, Hitachi Medico, Tokyo), as
described in detail previously (19}, The anatomic CT scan for
radiation planning was conducted using a conventional CT

()

Fig. 2. Arteriovenous malformation close to Wernicke's area (Patient 17). (a) T,-weighted MRI with dipoles of
magnetoencephalography. (b) Planning target volume {black solid linc), Wernicke’s area (black dotted line), and isodose
lines (white lines, 90%, 80%, 50%. and 30% from inside out).
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Fig. 3. Arteriovenous malformation {AVM) close to corticospinal tract (Patient 16). (a) MR axonography showing right
corticospinal tract dislocated by large AVM. (b) Planning target volume (black solid line), corticospinal tract (black
dotted line), and isodose lines (white lines, 90%, 80%, 50%, and 30% from inside out).

machine (Sfida, SCT-7000TX/TH, Shimazu, Kyoto) with slice
thickness of 3 or 5 mm and a matrix size of 256 X 256 with a
field of view of 280 mm. In brief, registration of the CT and
MRI scans can be conducted on the basis of four or more
anatomic landmarks (e.g., the bilateral cochlea, top of the
basilar artery, anterior commissure). After the registration, the
contoured region-of-interest, such as the tumor or organs at
risk on MRI, is automatically superimposed on the refevant CT
image. In the same manner, after the registration of the func-
tion-integrated MRI with the CT image, the functional area
was contoured on MRI and then superimposed on the relevant
CT images. The CT images with the contours of the tumors,
anatomic organs at risk, and functional area (i.e., function-
integrated CT images) can be transferred to a 3D-RTP system
{Focus, CMS, St. Louis, MO) and used for dose calculation
with inhomogeneity correction. STI was performed with a
6-MV linear accelerator-based stereotactic system (Clinac
2300 C/D, Varian, CA) using treatment parameters transferred
via Ethernet. The setup accuracy of the system was estimated
to be 1 mm.

In this study, the treatment plans were first created using
conventional MRI-CT fusion images without functional
data by one radiation oncologist who was unaware of the
information regarding the functiona! brain areas. After the
radiation oncologist had completed the treatment plans, they
were modified using function-integrated CT images. We
evaluated the influence of the integration of functional in-
formation into the planning by comparing the dose-volume
statistics between the two consecutive plans for the same

patient. The final treatment plans formulated using function-
integrated CT were chosen for actual treatment.

Radiation was delivered radiosurgically in a single ses-
sion to five lesions ranging in isocentric doses from 20 to 25
Gy (median, 20 Gy). Ten other lesions were treated with
hypofractionated STI using 20-35 Gy (median, 35 Gy) at
the isocenter in four fractions. The planning target volume
(PTV) was covered with an 80-90% isodose surface. To
simplify the evaluation, each schedule of hypofractionated
dose was converted into a single fraction schedule using a
linear-quadratic model with an o/ ratio of 2 for normal
tissue, The maximal dose (D,,,) to the functional area and
the volume of the functional area receiving =10 Gy (V)
and =15 Gy (V,5) were used to evaluate the effect on the
functional area. The dose that 95% of the PTV received and
the amount of the PTV receiving =80% of the prescribed
dose were used to evaluate the effect on the target volume.
Student’s # test was used for the comparison. Values of p
<0.05 were considered to indicate statistical significance,

RESULTS

Dose-volume statistics

The functional cortex was successfully identified in all 21
regions using MEG. The corticospinal tract pathway was
also well identified using ADWI in 2ll 6 patients examined.
Of the 21 plans, 15 (71%) were judged to have been
modified using the function-integrated CT images and only
6 (29%) remained unchanged.
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Fig. 4. Volume of functional area receiving =10 Gy or =15 Gy and amount of planning target volume (PTV) receiving
=80% of prescribed dose before (white circles) and after (black circles) modification in 15 sets of plans that were

changed after seeing the functional information.

In the 15 lesions for which the plan was modified, the
Dyaxr Vios and V5 of the functional area after the modifi-
cation were consistently reduced compared with the plan
without functional information. The mean D_,,, V,,, and
V, s before modification was 15.5 Gy, 2.1 cm®, and 1.8 cm®,
respectively, and was reduced to 13 Gy, 0.9 cm?, and 0.5
cme, respectively, after modification. The reduction was not
statistically significant for D, (p = 0.2 or V,, (p =
0.12), but it was statistically significant for V.5 (p = 0.03;
Fig. 4). In alt 21 lesions, the average D, was 13.7 Gy (SD
6.53) before modification and 12.0 Gy (SD 6.4) after mod-
ification (p = 0.41). In total, the V,, was 1.8 cm® (SD 2.3)
before modification and 0.9 cm® (SD 1.3} after modification
(p = 0.17). The V5 was 1.3 ¢m® (SD 1.3) before modifi-
cation and 0.4 cm® (SD 0.7) after modification (p = 0.04).

In the 15 sets of plans that were modified after seeing the
functional information, no statistically significant dose re-
duction was needed in the PTV. The dose that 95% of the
PTV received was 18.5 Gy (SD 4.5) before modification
and 17.8 Gy (SD 4.0) after modification (p = 0.66). The
amount of the PTV receiving =80% of the prescribed dose
was 4.02 ¢cm® (SD 2.15) before modification and 4.02 cm®
(SD 2.15) after modification (p = 0.99; Fig. 4).

In all 21 sets of plans, no reduction was seen in the PTV
after modification, as expected. The mean dose that 95% of
the PTV received in the 21 plans was 18.4 Gy (5D 4.2) and
17.9 Gy (SD 3.7) before and after the modification (p =
0.66). The amount of the PTV receiving =80% of the
prescribed dose was 5.131 cm® (SD 5.27) before and 5.132
em® (SD 5.27) after the modification (p = 0.99).

Functional outcome

Adverse events after STI occurred in 4 patients. One
patient with AVM had intracranial bleeding and died 3
months after STI (Patient 14). Other adverse events in-
cluded an increased signal on T,-weighted MRI in 2 pa-
tients (Patients 10 and 13) and radiation necrosis in | patient
(Patient 4). The former 2 patients did not complain of any
neurologic symptoms. The patient with radiation necrosis
complained of a minor motor deficit, which showed limita-
tion of movement of the left ankle. This patient had an
AVM at the corpus callosum and had undergene MEG but
not ADWI before radiesurgery. ADWI was performed when
he complained of a motor deficit. It showed radiation injury
to the corticospinal pathway (Fig. 5).

DISCUSSION

During the past decade, an increasing body of evidence
has indicated that farger doses of radiation lead to better
cures of AVM and brain metastases after STI (1, 2, 20, 21).
To obtain a cure or local control of disease, coverage of the
disease by at least 15 Gy has generally been considered
necessary for AVM (1) and =18-20 Gy was recommended
for brain metastases (20, 21). However, such treatment
schedules are consistently accompanied by a 3-7% risk of
developing radiation necrosis (1-4, 20, 21). The degree of
neurologic deficit is associated with the location and size of
the radiation necrosis (3, 4). Therefore, if functional areas
are not involved in the high-dose area, patients would be
symptom free even if they had radiation necrosis in a silent
area. Precise integration of functional images is expected
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(a) (b)

(c}

Fig. 5. Magnetic resonance (MR) axonography after radiation necrosis occurred (Patient 4). {a) Enhanced T -weighted
MRI. (b) axial view of MR axonography. (c) coronal view of MR axonography showing necrotic area (white armow)
involved in right corticospinal tract, which was far from the dipole of the magnetoencephalography image and consistent

with the motor cortex (arrowhead).

not only to reduce radiation injury but also to increase the
cure rate for AVMs and tumors by allowing delivery of a
sufficient dose without fear of adverse reactions.

Apart from MEG, functional MRI (fMRI) and positron
emission tomography are reported to be useful functional im-
aging modalities. fMRI is used for radiotherapy planning (14,
15). MEG provides the direct measure of neuronal clectric
activity. Compared with MEG, fMRI and positron emission
tomography provide a three-dimensional representation of the
functional activity in the brain in terms of metabolic and
hemodynamic variables. However, the relationship between
those variables and neuronal activity has not yet been well
defined. Although fMRI can localize the functional cortex, its
efficacy and validity for AVMs are reported to be low (13).
The major issue is that functional brain mapping by fMRI is
based on hemodynarnic changes, and thus it might be affected
if autoregulation of the blocd flow is lost in the brain tissue
ncar the AVM. In contrast, MEG detects the magnetic field
associated with intracranial neuronal electric activity itself and
thus is not influenced by a high blood flow shunt (13). There-
fore, it is reasonable to use MEG in patients with AVMs (13).
ADWI, which visualizes the axonal pathway in the brain, has
emerged as a potentially useful tool to supplement these im-
ages (16-18). Kamiryo et al. (13) recently developed a tech-
nique combining MEG data and angiography as a tool to
provide simultaneous viewing of both modalities in three di-
mensions. They reported that this technique may reduce the
risks associated with embolization treatment (13). A group in

New Jersey used fMRI for radiosurgical planning and suc-
ceeded in reducing the D, ,, to the functional area in 3 patients
in the treatment planning with an average dose reduction of
32% (14, 13).

In the present series, MEG was used in 21 regions in 20
paticnis to localize the sensorimotor cortex, visual cortex, and
Wernicke's area. We also used ADWI in addition to MEG in
the 6 most recent patients. Dose—~volume histogram analysis
revealed that the area of functional brain tissue receiving 15 Gy
was significantly reduced when plans were modified after the
functional information was provided, and the coverage of the
PTV did not significantly deteriorate. One patient with an
AVM at the corpus callosum who did not undergo ADWI
experienced a minor motor deficit, indicating that functional
imaging of the relevant cortex is not sufficient to reduce
symptomatic complications. Injury to the corticospinal tract
was suggested to be reduced with the use of ADWI.

CONCLUSION

We have developed a method of integrating information
about the functional cortex and corticospinal tract into STI
planning. Although additional investigation is necessary to
understand fully the contribution of functional imaging
studies, the results presented here indicate that the integra-
tion of functicnal brain information could potentially reduce
the risk of developing neurologic functional disturbance
after undergoing STI.
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Summary

Dissemination of primary intracranial ependymoma occurs in 10% of
all cases and is difficult to treat, so this may be one of the major reasons
for the poor prognosis, Two patients with nodular dissemination of
anaplastic ependymoma were treated with repeated stereotactic radio-
surgery using the gamma knife (GK), resulting in tumour control over 21
months. GK radiosurgery is a safe and effective treatment option for
providing good local control in patients with nodular dissemination of
¢pendymoma,

Keywords: Anaplastic ependymoma; dissemination; gamma knife;
stereotactic radiosurgery.

Introduction

Intracranial ependymomas are rare neuro-ectodermal
tumours arising from the ¢pendymal cells of the ventri-
cular system, and predominantly occur in children and
young adults. Intracranial ependymomas constitute
approximately 3% of all intracranial neoplasms and
about 10% of all childhood brain tumours {6, 11].
Aggressive multimedality management including sur-
gery, radiation therapy, booster irradiation and che-
motherapy have extended the survival time, but the
overall survival in most series still does not exceed
60% at 5 years (3, 13, 15, 18]. The pattern of recurrence
may be local and/or dissemination to remote sites, and
the prognosis after recurrence is quite poor. Dissemina-
tion cccurs in about 10% of cases of primary intracranial
ependymoma [2, 16]. The correlation between prognosis
and histological grade of the turmour remains con-
troversial [3, 4, 6, 15, 16, 22], but leptomeningeal
dissemination occurs more frequently with high-grade
ependymoma than with low-grade ependymoma [16].

The mean survival time after dissemination is 6 months
i2].

We treated two patients with anaplastic ependymoma,
who manifested multiple nodular dissemination in the
course of their disease, by stercotactic radiosurgery
(SRS) using the gamma knife (GK). The tumours were
controlled for 21 months.

Case reports

Case 1

A 14-year-old girl first presented with headache, nausea and vomiting.
She was admitted for treatment of a right lateral ventricular tumour in
October 1992, Magnetic resonance (MR) imaging revealed a cystic mass
with ring enhancement in the right lateral ventricle, involving the cin-
gulate gyrus (Fig. 1). She underwent subtotal removal of the tumnour.
Histological examination revealed anaplastic ependymoma. She received
60 Gy of local irradiation and chemotherapy using nimustine hydro-
chloride {ACNU). She made a complete recovery and radiological study
showed no residual tumour. ACNU maintenance therapy was given on
an outpatient basis for 1.5 years. She led a normal school life after
discharge from our hospital. However, MR imaging performed 4 years
and 5 months after the initial treatment revealed a nodular enhanced
mass at the cingulate gyrus,

She was treated with GK radiosurgery on four occasions, surgery on
three occasions and chemotherapy using cisplatin and etoposide for local
recurrences (Table 1), During these treatments, multiple intracranial
nodular disseminations occurred. She underwent GK radiosurgery on
six occasions for these disseminations in vanous locations (Table 1,
Fig. 2). Fourth ventricular dissemination which first occurred 7 years
and 10 months after the initial treatment was treated twice by GK
radiosurgery. Although the tumounr was controlled for 21 months, MR
imaging performed 9 years and 7 months after the initial treatment
revealed progression of the tumour. Subtotal removal of the fourth
ventricular mass was performed, followed by whole brain irradiation
{30 Gy). Follow-up MR imaging performed 9 years and 1¢ months after
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Fig. 1. Case 1: Axial Tl-weighted MR image with gadolinium-dieth-
ylenetriaminepenta-acetic acid on admission demonstrating a cystic
mass with ring enhancement in the right lateral ventricle

the initial treatment showed new dissemination in the anterior hom of
the right lateral ventricle, but no enhanced lesion was observed at the
primary site and the other nodular disseminations treated by GK radio-
surgety were controlled (Fig. 3).

Although the patient developed transient left hemiparesis after the
second operation, hemiparesis gradually improved and she began to
walk with assistance of mechanical aids. She developed no additional
neurological deficits after the third and fourth operaticns and repeated
GK radiosurgery. During these treatments, the patient led a normal
school life, entered a nursing school, and passed the national board
examination. Her mental status and consciousness was normal, and
Kamofsky scale was 70% at the last follow up.

Case 2

A l4-year-old boy presented with headache and nausea persisting for
a month, He was admitted for treatment of a fourth ventricular tamour in
January 1998. MR imaging revealed a heterogeneous enhanced mass in

Table 1. Recurrence pattern and treatment for case 1

H. Endo ef al.

the fourth ventricle and hydrocephalus (Fig. 4). He underwent subtotal
removal of the tumour. Histological examination revealed anaplastic
ependymoma. Chemotherapy using cisplatin and etoposide, and local
irradiation (33 Gy) by the hyper-fracticnated method and craniospinal
irradiation (30 Gy) by even-fractionated method were given as adjuvant
therapy. Although he suffered from transient lower cranial nerve paresis
after the surgery, his neurological condition gradually improved. His first
relapse occurred I year and 7 months after the initial treatment. MR
imaging revealed a small enhanced mass in the fourth ventricle.

GK radiosurgery was performed on three occasions for local recur-
rence in the fourth ventricle and lower vermis and on three occasions for
intracranial nodular dissemination (Table 2, Fig. 5). Multiple nodular
disseminations first occurred at 2 years and 4 months afier the initial
treatment. Nodular dissemination at the thoracic spine occurred 3 years
and 10 months after the initial treatment and caused paralysis of the right
Jower limb and gait disturbance. Surgical removal of the spinal tumour,
chemnotherapy using ifosfamide, cisplatin and etoposide, and local spinal
irradiation (36 Gy) were performed. MR imaging performed 5 months
after the surgery showed no residual spinal umour. MR imaging per-
formed 4 years and 3 months after the initial treatment revealed that
the intracranial disseminations were well controtled (Fig. 6). However,
follow-up MR imaging performed 4 years and § months after the initial
weatment revealed diffuse craniospinal dissemination.

During his treatment, the patient led a normal school life and was
employed in the computer company after finishing high school. Para-
paresis occurred after surgery for the spinal dissemination. His mental
status and consciousness was normal, and Kamofsky scale was 60% at
the last follow up.

Discussion

The extent of surgical resection is the most consistent
factor affecting outcome in cases of intracranial ependy-
moma [3, 6, 13, 15, 17, 18, 22]. Complete resection can
lower the risk of recurrence. The dismal prognosis after
recurrence emphasises the importance of the extent of
resection at the initial operation. However, complete
removal is often not possible and the recurrence rate
remains high. The predominant site of relapse is local

Date Intervals after the Location Recurrence Treatment
initial treatment pattern

1992.10. primary . lateral ventricle of body primary subtotal removal, LB (60 Gy), ACNU
cingulate gyrus

1997.8. 4y5mo cingulate gyrus local 1 GK (25 Gy)

1998.10. 5y5mo cingulate gyrus local 2 total removal, CDDP + VP-16

1999.2. 5y11 mo cingulate gyrus local 3 GK (16 Gy)

1999.10. 6y 7mo cingulate gyrus local 4 total removal

2000.3. Ty cingulate gyrus local 5 GK (18 Gy)

2001.1. 7y 10 mo cingulate gyrus local 6 GK (22Gy)
fourth ventricle dissemination 1 GK (22 Gy)

2001.2. 7y 1l mo cingulate gyrus local 7 total removal

2001.12. 8y % mo rt. trigone dissemination 2 GK (22Gy)

2002.1, 8 y 10 mo fourth ventricle dissemination 3 GK (23Gy)

2002.5. 9y2mo septum pellucidum dissemination 4 GK (23 Gy)

2002.8. 9y5mo It. lateral ventricle of body dissemination 5 GK (23 Gy)
. trigone dissemination 6 GK (22Gy)

2002.12. 9y 9mo fourth ventricle dissemination 7 subtotal removal, WB (30 Gy)

GK Gamma knife radiosurgery; LB local brain irradiation; CDDP cisplatin; VP-16 etoposide; WB whole brain irradiation.
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Fig. 4. Case 2: Axial TI-weighted MR image with gadolinium-dieth-
ylenetriaminepenta-acetic acid on admission demonstrating a hetero-
geneous enhanced mass in the fourth ventricle

[19, 20, 23], and postoperative local field irradiation is
very suitable for adjuvant therapy [13]. A retrospective
study of nondisseminated infratentorial ependymoma
suggested that the tumour bed and a safety margin
should be the target volume instead of the entire poste-
rior fossa [14]. :

Dissemination is another important pattern of recur-
~ rence in cases of ependymoma. Advances in surgical
techniques and adjuvant therapy can control the tumour
locally and prolong mean survival time, but the occur-
rence of dissemination becomes more likely. Dissemina-
tion without local recurrence is rare [12]. The incidence
of dissemination for primary intracranial ependymoma
is about 10% [2, 16]. The high-grade and myxopapillary
subtypes are associated with dissemination [l6].
Craniospinal irradiation has been advocated for high-
grade ependymoma to prevent dissemination [19], but
such treatment is not considered as standard.

Table 2. Recurrence pattern and treatment for case 2

SRS is effective as a boost after conventional radia-
tion therapy or for the treatment of recurrent disease [I,
5,7, 8, 10, 21]. Treatment of 22 patients with progres-
sive anaplastic ependymoma using GK. radiosurgery as a
boost resulted in a median survival time after radiosur-
gery of 2.2 years and distant recurrence in 9 patients
(40.9%) at a mean of 10 months [8]. Treatment of 12
patients with recurrent ependymoma resulted in local
control in 68% at 3 years, but two patients suffered
distant metastasis, indicating that SRS provided good
local tumour control, but dissemination remaired an
important problem [21],

Treatment of patients with recurrent disseminated
ependymomas by SRS has not been reported before.
Dissemination may occur in diffuse or loculated patterns
[9], and SRS may be indicated for the loculated pattern.
The nodular pattern of leptomeningeal dissemination is
less common than the diffuse pattern. Medulloblastoma
is the most frequent underlying primary tumour to cause
nedular dissemination [9]. In our experience, anaplastic
ependymomas also tend to cause nodular dissemination,
which can be controlled by SRS. Repeated GK radio-
surgery controlled nodular disseminated anaplastic
ependymoma for 21 months without neurotoxicity in
our two patients, Among six previous cases of dissemi-
nated ependymoma, one patient received no treatment
for dissemination, three were treated with radiation ther-
apy and two were treated with chemotherapy [2). The
mean survival time after the treatment of dissemination
was 6 months [2]. Considering that our two patients
were still alive at last follow up and the disseminated
tumour was controlled for more than 21 months, SRS
seems to be effective in the treatment of dissemination.
Beyond the first relapse, there is little hope for long-term
survival with conventional therapy [4]. Although SRS is
not the treatment to cure the disease, it might be the

Date Intervals after the Location Recurrence Treatment
initial treatment pattern
1998.1. primary fourth ventricle primary subtotal removal, LB (33 Gy), WB & WS (30Gy),
CDDP + VP-16
2000.4. ly8mo fourth ventricle local 1 GK (18Gy)
2000.11. 2y 3mo vermis local 2 GK (18 Gy)
2000.12. 2y4mo corpus callosum dissemination 1 GK (22Gy)
2001.8. 3y fourth ventricle local 3 GK (20Gy)
2001.12. 3y4mo corpus callosum dissernination 2 GK (22Gy)
2002.5. 3y9mo rt. lateral ventricle of body dissemination 3 GK (25Gy)
2002.6. 3y 10 mo spinal cord (T7-9) dissemination 4 subtotal removal, LS (36 Gy), IFOS 4+ CDDP + VP-16

GK Gamma knife radiosurgery, LB local brain irradiation; WB & WS whole brain & whole spine irradiation; CDDP cisplatin; VP-16 etoposide; T

thoracic spine; LS local spine irradiation; IFOS ifosfamide.
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Fig. 6. Case 2: Axial TI-weighted MR images with gadolinium-diethylenetriaminepenta-acetic acid performed 4 years and 3 months after the initial
treatment showing nodular enhanced masses in the fourth ventricle, vermis, right lateral ventricle, and corpus callosum

treatment of choice if the patient could benefit from
aggressive treatment.

Conclusion

Dissemination is the final form of ependymoma and is
difficult to treat. GK radiosurgery can provide safe and
effective local control in patients with nodular dissemi-
nation of ependymoma. In addition, GK radiosurgery
can be repeated because of its minimal neurctoxicity.

Although out-of-field tumour progression remains a
problem, GK radiosurgery may be the treatment of
choice for patients with nodular dissemination.
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Comments

1

. This paper describes an aggressive treatment strategy for two paticnis

with disseminated ependymoma. I admire the authors’ enthusiasm,
but [ find it difficult to recommend this treatment strategy in general.

. The best-documented treatment of ependymoma is total tumour

resection. In my opinion craniospinal radictherapy is not indicated
as part of the primary treatment, since less than 10% of ependymoma
patients get dissemination, If radiotherapy is given as part of primary
treatment, it should be focal.

. Disseminated ependymoma has a dismal prognosis. Aggressive treat-

ment of these patients with radiotherapy, chemotherapy or surgery,
can at best give a short increase in patient survival with good quality
of life. Most patients with disseminated ependymoma would prob-
ably not benefit from aggressive treatment.

Eirik Helseth

The authors studied and described well the efficacy of stereotactic
radiosurgery for recurrent disseminated nodular ependymomas. Those
tumours are apparently difficult to treat well, and stereotactic radio-
surgery might be the best therapeutic option today.

Kintomo Takakiira
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Summary

Background. There is controversy about extensive surgical treatment
for a malignant astrocytic turnour in more elderly patients who may have
poorer outcomes and higher complication rates. This retrospective study
investigated outcome in elderly patients with malignant astrocytic
tummour before and after the adoption of routine clinical usc of magnetic
resonance (MR} imaging.

Merthods. During 1982 through 1999, 88 patients with malignant
astrocylic tumour aged 60 years or over were treated in our institute.
Thirty-seven patients had an anaplastic astrocytoma and 51 had a glio-
blastoma. Thirty-seven patients treated from 1982 to 1988 did not have
pre-operative evaluation by MR imaging (Group A}, 26 patients treated
from 1989 to 1995 had preoperative MR imaging evaluation (Group B),
and 25 patients treated after 1996 underwent preoperative MR imaging
with functional brain mapping and intra-operative navigation system
monitoring (Group C}.

Findings. The median survival time was 8.8 months in Group A, 12.7
months in Group B, and 17.6 months in Group C. Patients with glio-
blastoma in Group B (11.7 months, n = 15) and Group C (16.0 months,
n=19) had significantly longer median survival time than in Group A
(6 months, n=17) (P=0.0054 between Groups A and B, P=0.0024
between Groups A and C). Better preoperative performance status, more
thorough surgical resection, and better performance status after the
initial treatment was obtained after the introduction of MR imaging,
and patients with the optimal indicators showed significantly longer
survival time compared with the patients without these factors.

Interpretation. Pre-operative MR imaging may contribute to longer
survival time by providing an earlicr diagnosis in patients with better
performance status, by allowing more thorough surgical resection, and
resulting in better performance status after the treatment.

Keywords: Malignant astrocytoma; clderly; outcome; surgery.

Introduction

The treatment of patients with a malignant astrocytic
tumour is one of the most challenging contemporary

neurosurgical problems. Surgical treatment, especially
for the elderly, ts considered to result in a poor outcome
and a high complication rate [3, 7, 8]. The median sur-
vival was only 2.2 months in patients older than 60 years
with glioblastoma [9]. Craniotomy plus radiotherapy
improved the median survival up to 16 weeks in elderly
patients (60 years or over) who were treated during 1983
through 1989 [14]. In a series of 146 adults, 27 were
older than 65 years and had a median survival of only
4.8 months [6]. These reports illustrate the poor
prognosis for elderly patients with malignant astrocytic
tumout.

Total surgical resection with adjuvant radio-
chemotherapy is considered to be optimal leading to pro-
longed survival time and improved neurological status in
patients with a malignant astrocytic tumour [12]. How-
ever, the merits of extensive surgical resection in elderly
patients with a malignant astrocytic tumour, remain con-
troversial {8]. Extensive or repeated surgery in an elderly
patient may have greater risks of surgical morbidity and
death and there are several reports that radical surgery
provides little benefit for elderly patients with a malignant
astrocytic tumour [5, 7). Nevertheless, in another report
the optimal results in elderly patients were achieved in
those in better performance status by thorough surgical
resection and definitive radiation therapy [10].

The present study is based on a comprehensive anal-
ysis of the medical records in our department during
1982 through 1999 in order to assess the outcome in
elderly patients with a malignant astrocytic tumour



252

before and after the introduction of magnetic resonance
(MR} imaging. We analyzed the prognostic importance
of pre- and postoperative performance status, extent
of surgical resection at operation, and postoperative
complications.

Methods and material

Case marerial

During 1982 through 1999, 281 patients with malignant astrocytic
tumour were treated by surgical procedures and/or radio-chemotherapy
in our department. One hundred and seven paticnts treated from 1982 o
1988 had no pre-vperative evaluation by MR imaging (Group A), 84
patients from 1989 to 1995 underwent pre-operative MR imaging eval-
uation {Group B), and 90 patients after 1996 underwent preoperative MR
imaging including functional brain mapping and surgery under guidance
from an intra-operative navigation system (Group C). Intra-operative
functional mapping was also used for patients with malignant astrocytic
tumour in elequent areas in Group C.

The present study included 8% patients who were aged 60 years or
over. The 51 male and 37 female patients were aged from 60 1o 78 years
{mean age 66.8 + 4.7 years). Twenty-seven patients were older than 70
years. There were 37 patients in Group A, 26 patients in Group B, and
25 patients in Group C.

Histological confirmation was required for inclusion in this study. The
histological diagnosis was established using the new World Health
Organization classificatien. The 281 patients with malignant astrocytic
tumour included 154 cases of anaplastic astrocyloma and 127 cases of
glioblastoma. Thirty-seven (24.0%) of the cases of anaplastic astrocy-
toma, and 51 (40.2%) of the cases of glioblastoma occurred in elderly
patients.

Treatment

The treatment protocc] was relatively uniform but not identical for all
patients. Thirty patients (34.1%) underwent gross total resection, and 58
patients (65.9%) underwent partial resection or stereotactic biopsy. Nine-
teen patients were treated by radiation therapy. The standard radiation
therapy consisted of 30Gy in 15 fractions to the tumour and peritumoral
brain and 30Gy in 15 fractions to the whole brain before 1987, and
60 Gy in 30 fractions to the local brain thereafter. The standard radio-
therapy protocol was 2 total dose of 60 Gy in 30 fractions of 2 Gy, 5 days
per week over 6 weeks, delivered to the local brain by parallel opposed

M. Fujimura ef af.

ports with megavoltage equipment. |1-(4-Amino-2-methyl-5-pytimidinyl}
methyl-3-(2-chlorocthyl}-3-nitrosourea (ACNU) was administered intra-
vehously or intra-arterially for 58 patients.

Clinfcal investigation

The pre- and postoperative performance status was classified using the
Eastern Co-operative Oncelogy Group (ECOG) scale ranging from 0 to
4. The postoperative performance status was determined between 1 and
3 months after surgery. Surgical morbidity was defined as postoperative
intracranial haematoma, iatregenic neurclogical deficit, and sepsis at the
surgical site. Follow-up analysis was obtained by review of the patient’s
records or by contact with the family. Eighty-three of the 88 patients
(94.3%) had dicd by the cut-off date for data analysis, June 30, 2001. For
survival analysis, day 0 was defined as the first day of admission.

Statistical analysis

Survival rates were determined using the Kaplan-Meier method. The
statistical significance between life table curves was determined using
the logrank test.

Results

The median survival time of the 88 elderly patients
was 11.7 months, which was significantly shorter than
that of patients under the age of 60 years. Median sur-
vival times of the elderly patients with anaplastic astro-
cytoma and glioblastoma were significantly shorter than
those of the younger patients with these tumours. The
median survival time of elderly patients with anaplastic
astrocytoma was significantly longer than that of elderly
patients with glioblastoma (Table 1).

As shown in Table 2, median survival times of elderly
patients with glioblastoma in Groups B (11.7 months,
n=15) and C (16.0 months, n= 19) were significantly
longer than those in Group A (6 months, n=17), respec-
tively (p = 0.0054 between A and B, p = 0.0024 between
A and C). Median survival time was somewhat longer
after the introduction of functional brain mapping and

Table |. Survival in patients undergoing surgery for malignant astrocytic uimour

Histology No. of paticnts Median survival Probability
rime (months)

Total 281

—under 60 year 193 226 P < 0.0001

—60 year or over 88 1.7

Anaplastic astrocytoma 154

—under 60 years 117 293 P =0.0006

=60 years or over 37 14.7*

Glioblastoma 127

-under 60 years 76 16.3 P=0.0021

-60 years or over 51 10.8*

* p=0.0105.



