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age, =50 and KPS, =70; and surgical resection with good
neurologic function.) were 17.9 and 11.1 months, respec-
tively (5). Later, Filippini ef al. (8) reported that surgery in
patients with a good performance status improved survival
irrespective of the patient’s age. They mention that chemora-
diotherapy improved survival regardless of age and perfor-
mance status. More recently, use of radiotherapy plus
temozolomide was shown to increase the median survival in
a phase III randomized trial compared to use of external
beam radiotherapy alone (9-11). Furthermore, early-stage
clinical trials demonstrated that radiotherapy plus other types
of molecule-targeted agents were tolerable, but their advan-
tages have not yet been confirmed (12,.13).

As for radiotherapy alone, Tanaka et al. (14) reported that
high-dose conformal radiotherapy of 80 to 90 Gy in 2-Gy
daily fractions for malignant glioma had the potential to
improve survival. Fitzek et al. (15) reported that conformal
protons and photons in an accelerated fractionation of 90
GyE would improve local control and patient survival for
GBM compared to the above-mentioned RTOG RPA data.
Moreover, Mizoe er al. (16) reported the effectiveness of
combined x-ray radiotherapy, carbon ion radiotherapy, and
chemotherapy. However, there has been no high-level
evidence that high-dose radiotherapy improves survival
(17, 18). With these findings in mind and referring to the
study reported by Fistzek er al. (15), we looked into the
efficacy and safety of hyperfractionated concomitant boost
proton radiotherapy for patients with supratentorial GBM.

METHODS AND MATERIALS

Patients

Between September 2001 and April 2008, 21 patients with GBM
were prospectively enrolled in a phase I/II protocol for treatment
with hyperfractionated concomitant boost proton radiotherapy.
The eligibility criteria were as follows: (15 patients were newly
diagnosed with supratentorial GBM; (2) patients were between 20
and 80 years old; (3) they had visibly enhanced residual tumor on
magnetic resonance imaging (MRI) taken within 72 hours after
surgery; (4) the diameter of the enhanced area before radiotherapy
was =40 cm; (5) patients’ KPS was =60%; and (6) the enhanced
area did not extend to the brain stem, hypothalamus, or thalamus.
Patients’ diagnoses were histologically confirmed by two patholo-
gists at the University Hospital of Tsukuba. One patient was
excluded from this analysis because the diameter of the target
volume was >4 cm after encompassing the entire surgical cavity.
The enrollment status of this patient to this protocol was determined
based on the patient’s wishes and consent. As a result, this analysis
was conducted on 20 cases which met the above criteria.

The group of 20 patients included 11 men and 9 women, with
a median age of 57 years (range, 31-76 years). The distribution of
KPS was as follows: 60 (n = 1 patient), 70 (n = 5 patients), 80
(n = 8 patients), 90 (n = S patients), and 100 (n = 1 patient). Seven
patients underwent partial resection, and 13 patients underwent
subtotal resection; there were no cases with gross total resection
in this series. In the RTOG RPA classification, there were 3 cases
in class III and 17 cases in class IV. The median MIB-1 (anti-
Ki67 antibody) labeling index was 26.2% (range, 3.8%—55.0 %).
Table 1 shows the characteristics of the 20 patients.
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Table 1. Patient characteristics

Characteristics No. of patients Median

Age range, 31-76 years 57
Gender
Male 11
Female 9
Karnofsky performance status

60 1

70 5

80 8

90 5

100 1
Extent of surgery

Partial resection 7

Subtotal resection 13
RPA class

I 3

v 17
MIB-1 labeling index (%) 3.8-55.0 (range) 26.2

Treatment methods

All patients received hyperfractionated concomitant boost proton
radiotherapy after surgery. Treatment planning for proton beam
therapy involved computed tomography (CT) images at 3-mm inter-
vals at the treatment position. Proton beams of 250 MeV were gen-
erated by a booster synchrotron at the Proton Medical Research
Center (PMRC), University of Tsukuba. The treatment planning
system provided dose distributions and settings for the collimator
configuration, bolus, and range shifter thickness. The relative
biological effectiveness of the proton beam therapy was assumed
to be 1.1 in this study (19). The clinical target volume 1 (CTV1)
included the entire surgical bed or cavity in addition to any area
of contrast enhancement on MRI. CTV2 was defined as the area
of contrast enhancement plus a 10-mm margin. CTV3 was defined
as the surrounding edema, determined by imaging studies (MRI
T,-weighted or fluid-attenuated inversion recovery), which includes
CTV1/2. Conventional x-ray radiotherapy with 6 or 10 MV (50.4
Gy in 28 fractions) was delivered to CTV3 in the morning. In the
first half of the protocol, additional concomitant boost proton radio-
therapy (23.1 GyE in 14 fractions) was delivered to CTV2 more than
6 hours after x-ray radiotherapy. Then, in the latter half, proton
radiotherapy (23.1 GyE in 14 fractions) was delivered to CTV1
instead of CTV2. The planning target volume (PTV) was defined
as the clinical target volume plus 5 mm for setup error. As a result,
the total dose for PTV 1 was 96.6 GyE in 56 fractions, 73.5 GyE in
42 fractions for PTV?2, and 50.4 Gy in 28 fractions for PTV. Nimus-
tine hydrochloride (ACNU) was administered intravenously at
a dose of 80 mg/m? for 1 day in the first and fourth weeks of external
beam radiation therapy (Fig 1).

Follow-up procedures and evaluation criteria

During treatment, acute treatment-related toxicities were assessed
weekly in all patients. After completion of the protocol, the patients
were evaluated by physical examination, MRI, and blood tests every
2 months for the first year, at every 3 months for the second year, and
at every 6 months thereafter if no neurological deterioration was
observed. The Kaplan-Meier method was used to calculate local
control and survival rates. Acute- and late-treatment-related
toxicities were assessed using National Cancer Institute Common
Criteria, version 3.0, and RTOG/EORTC late radiation morbidity
scoring scheme (20).
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Fig. 1. A schematic diagram of the treatment protocol for GBM. ACNU was given intravenously at a dose of 80 mg/m®
during the first and fourth weeks of external beam radiation therapy.

Considering the statements about posttreatment imaging analyses
by Fitzek et al (15), we adopted the term “MRI change” instead of
“progression” here, which designates an awareness or enlargement
of an enhancing region on cross-sectional MRI after the protocol
was completed. When two physicians, including one neuroradiolo-
gist, diagnosed a new contrast enhancement or an enlargement of an
existing contrast enhancement on three-dimensional MRI, we con-
sidered that point an occurrence of MRI change. As it is frequently
impossible to differentiate tumor progression from treatment effects
such as pseudo-progression or radiation necrosis by MRI, especially
soon after treatments, we did not use the conventional term “‘pro-
gression’” at the premature stage. In-field MRI change was defined
as this phenomenon observed mainly in the region inside CTV1
where 96.6 GyE was delivered. Border MRI change was defined
as the phenomenon observed mainly in the regions of CTV2 or
CTV3 where between 50.4 GyE and 96.6 GyE was delivered, and
extra-field MRI change was defined as the phenomenon observed
mainly in the region outside CTV3.

Ethics

The Ethical Committee and the Steering Committee of Proton
Medical Research Center, University of Tsukuba, approved this
clinical study in August 2001, and written informed consent was
obtained from every patient prior to conducting this protocol study.

RESULTS

All patients received this protocol within 3 months postop-
eratively. The period between surgery and initiation of the
protocol was 15 to 87 days (median, 27 days). All of the
patients completed the protocol within 38 to 50 days (median,
43 days). Sixteen of 20 patients completed two cycles of
ACNU, and the remaining 4 patients received one cycle of
ACNU. There was no suspension of treatment except for
one case (Table 3 patient 15) whose treatment had a 1-day
pause due to cholecystitis which was treated by laparoscopic

surgery.
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Toxicity

As for acute toxicity, 4 cases were treated with corticoste-
roids during the protocol. In case 4, dexamethazone was
administered for S days (from 4 mg/day to 0.5 mg/day),
followed by oral administration of prednisolone for 7 days
(from 20 mg/day to 5 mg/day) for headache and nausea
due to an increase in the enhanced region and surrounding
brain edema. In case 10, dexamethazone (4 mg/day) was
administered continuously to control symptomatic edema
after surgery, and the patient’s dose was gradually decreased
to zero during the early phase of the protocol. In cases 3 and
13, oral administration of prednisolone was started at 20 mg/
day at 18 GyE and 30 GyE, respectively, in order to relieve
symptoms of radiation sickness, which disappeared eventu-
ally after 10 to 14 days of steroid treatment. The fourth
case (17) was treated with 250 mg of methyl prednisolone
for skin eruption of unknown origin. There was grade 1 radi-
ation dermatitis in cases 19 and 20, and grade 2 in 18 cases.
One patient, a 5S5-year-old male who was excluded from this
analysis due to the excessive size of CTV1, demonstrated
a local skin infection for which an Ommaya reservoir was
implanted. A skin graft was placed after the Ommaya reser-
voir was removed and debridement was performed. Ten
patients had grade 3 or 4 leucopenia, 4 patients had grade 3
anemia, and 5 patients had grade 3 or 4 thrombocytopenia;
considering the timing of the occurrence, the acute hemato-
logic toxicities were probably caused by the administration
of ACNU (Table 2). As a result, 3 patients needed blood
transfusion and granulocyte colony-stimulating factor, and
5 patients needed granulocyte colony-stimulating factor.

As for late toxicity, it was difficult to clearly distinguish
radiation necrosis from tumor recurrence in many cases,
with MRI changes. Both toxicities were present in the pathol-
ogy in 6 cases who underwent surgical removal due to
symptomatic MRI changes after this protocol. Case 5 demon-
strated the appearance of an enhanced region at the border of
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Table 2. Therapy-related acute and late toxicity

Grade
Toxicity 0 1 2 3 4

Alopecia 0 0 20 — —
Radiation dermatitis 0 2 18 0 0*
Rash 19 0 1* 0 0
Headache (including 15 2 3% 0 0

radiation sickness)
Leucopenia 3 3 4 6 4
Anemia 3 10 3 4 0
Thrombocytopenia 4 6 5 3 2
Leukoencephalopathy 0 0 0 2! 0

associated radiological

findings'

* Treated with steroids.

! Since pathological findings of 6 cases with reoperation demon-
strated various degrees of mixture or necrosis and degenerated or
viable tumor cells, these cases are not included here.

VA case of leukoencephalopathy (patient 11) and a case of
radiation necrosis (patient 5).

the field 30 months after completion of treatment. Thereafter,
this lesion rapidly increased in size with a large cyst forma-
tion, which strongly indicates radiation necrosis, although
no pathological proof was available. Case 11 demonstrated
no such changes on MRI after treatment. However, approxi-
mately 18 months after the end of the protocol, levels of
consciousness and daily activity decreased gradually. MR
images taken at this point demonstrated cortical atrophy
with diffuse white matter change on Tp-weighted MRI, which
strongly indicates leukoencephalopathy. The CTV1 of this
patient was 152.2 cc, which is the second largest in this series.
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This patient became bedridden without evidence of tumor
recurrence and died of respiratory insufficiency, most proba-
bly due to pulmonary embolism.

Response

The 1- and 2-year MRI change-free survival rates of the 20
patients were 45.0% and 15.5%, respectively. The median
time to 6ccurrence of MRI change was 11.2 months (range,
3.4-24.6 months; 95% confidence interval [CI], 5.3-17.2
months). Fourteen of 20 patients had MRI changes; 4 patients
had MRI changes mainly in the regions inside CTV1 (where
96.6 GyE was irradiated); 5 patients had MRI changes mainly
in the region of CTV2 or CTV3 (where >50.4 GyE was irra-
diated, but <96.6 GyE was irradiated); and 5 patients had
MRI changes in the regions mainly outside the irradiated
field. Six of 14 patients who had MRI changes underwent
reoperation 14 to 210 days after this protocol was completed.
Among 4 patients with an in-field MRI change, 3 patients
underwent reoperation, followed by administration of temo-
zolomide or a combination therapy with procarvasin, ACNU,
vincristine (PAV), and interferon-gamma. In addition, sal-
vage immunotherapy was performed for 2 patients. As for
5 patients with border MRI change, 2 cases underwent reop-
erations followed by salvage immunotherapy with or without
PAYV as indicated. Two cases received chemotherapy with
temozolomide or a combination of cisplatin and etoposide.
The remaining case (patient 5) had no additional treatment
according to the patient’s wishes. Among 5 patients who dem-
onstrated extra-field MRI change, 3 patients received
additional proton beam or stereotactic X-ray radiotherapy
with or without the combination of reoperation, chemotherapy,

Table 3. Patient characteristics

MRI
change-free Pattern Overall
Tumor RPA survival of MRI survival Follow-up
Patient Age(y) Sex KPS(%) location class  Surgery CTV1(cc) (months) change  (months) and status
1 71 M 80 Lt Temporal IV Subtotal 12.6 12.6 Extra-field 18.7 Died of tumor
2 55 M 80 Rt Parietal v Partial 57.6 11.2 In-field 32.1 Died of tumor
3 54 M 70 Lt Parietal v Partial 423 7.4 In-field 21.6 Died of tumor
4 31 M 80 Lt Frontal v Partial 55.2 34 Border 7.2 Died of tumor
5 61 M 80 Rt Temporal IV Partial 14.7 16.7 Border 47.9 Alive
6 45 M 80 Lt Temporal [V Subtotal 429 6.5 Border 10.7 Died of tumor
7 63 F 70 Lt Frontal v Subtotal 88.8 4.2 Border 25.6 Died of tumor
8 46 F 60 Rt Temporal IV Subtotal 56.6 5.1 Extra-field 42.8 Died of tumor
9 62 F 90 Lt Frontal v Subtotal 22.8 8.2 Extra-field 10.5 Died of tumor
10 56 M 80 Rt. Occipital IV Partial 108.0 6.1 Extra-field 11.7 Died of tumor
11 76 M 70 Rt Temporal IV Subtotal 152.2 204 None 20.4 Died of RI
12 76 F 70 Lt Temporal IV Subtotal 167.0 12.2 Extra-field 21.5 Died of tumor
13 49 F 90 Lt Parietal jili Subtotal 46.2 7.1 In-field 25.7 Alive
14 65 F -70 Rt Frontal v Subtotal 38.4 246 None 24.6 Alive
15 59 M 80 Rt Temporal IV Partial 51.2 6.4 None 6.4 Died of sepsis
16 31 M 80 Rt Frontal v Partial 26.5 14.1 In-field 35.0 Alive
17 46 F 90 Rt Frontal 11 Subtotal 14.6 12.2 None 12.8 Alive
18 61 M 90 Rt Frontal v Subtotal 76.3 39 Border 3.9 Alive
19 42 F 100 Lt Temporal III Subtotal 134 5.2 None 5.2 Alive
20 58 F 90 Rt Temporal IV Subtotal 3.0 10.0 None 10.0 Alive

Abbreviations: Rt = right; Lt = left; RI = respiratory insufficiency.
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or immunotherapy as shown in Fig. 2. One patient (case 1)
refused any additional therapy. The pathology of 6 patients
who underwent reoperation demonstrated mainly a mixture
of necrosis, interstitia} edema, and degenerated residual
GBM cells.

Survival

The overall survival rates after 1 and 2 years were 71.1% and
45.3%, respectively. The median survival periods were 21.6
months (range, 3.9-47.9 months; 95% CI, 15.5-27.7 months).
Figure 3 shows the overall survival and MRI change-free
survival rates. At the time of analysis, 8 patients were alive
and 12 patients were dead; the median follow-up period for
survivors was 24.6 months. Ten of 12 patients died of tumor
recurrence, and the other 2 patients died of diseases that were
not related to tumor recurrence. As mentioned in Toxicity
(above), one patient (case 11) died of respiratory insufficiency
and a disturbance of consciousness 20.4 months after the initial
surgery, although there was no evidence of tumor recurrence
on the last MRI. The patient’s KPS before radiotherapy was
70 %. The other patient (case 15) died of sepsis following cho-
lelithiasis with cholecystitis and panperitonitis 6.4 months after
the initial surgery. This patient had moderate diabetes, and the
KPS before radiotherapy was 80 %. Table 3 shows the list of
outcomes of the patients in this protocol.

It was difficult to distinguish treatment effect from tumor
progression at the occurrence of MRI change. Although the
eventual diagnosis of “recurrence’ can be made based on
progression in clinical symptoms and follow-up imaging
studies, the precise point of recurrence is frequently difficult

GBM 20 cases

l

MRI Changes

to determine because treatment effect and tumor progression
might be continuous or mixed. Most patients in this study
underwent nuclear medical studies using thallium-201
single-photon emission tomography at some point during
the course of follow-up. However, they demonstrated moder-
ately ““hot” uptake in the area corresponding to enhancement
on MRI in every case, indicating that the diagnostic role was
not conclusive.

DISCUSSION

Radiotherapy is the standard treatment for high-grade
gliomas after surgical resection because extensive tumor cells
remain in the adjacent normal brain tissue. At present, the
standard radiotherapy schedule used for patients with GBM
is 60 Gy in 30 fractions (9-13). Owing to recent technologi-
cal advancements in x-ray radiotherapy (e.g., three-dimen-
sional conformal radiation therapy and stereotactic
radiosurgery/intensity-modulated radiation therapy), better
dose localization to the tumor volume can be achieved. Sev-
eral prospective studies using these techniques have shown
that dose escalation with or without hypofractionation is fea-
sible and that survival is not inferior to standard schedules
(15-18, 21-23).

Fitzek et al. (15) reported that accelerated fractionated
proton/photon irradiation to 90 GyE for GBM achieved better
survival, with a median survival period of 20 months. More
recently, Mizoe et al. (16) reported the results of a phase I/
1I trial involving combination therapy of carbon ion and
x-ray for GBM, with doses ranging from 66.8 to 74.8 GyE,
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#2 reope, NK, ATV #4 reope, NK, ATV #1 none

#3 PAV+INF, TMZ #5 none #8 reope(2), proton, PE, ATV

#13 reope, TMZ #6 PE #9 none

#16 reope, NK, TMZ #7 reope, PAV, ATV #10 proton, ATV
#18 TMZ #12 SRT

Fig. 2. Patterns of MRI changes and treatment methods after the occurrence of MRI changes. m = month(s); # = number of
patients in Table 3; reope = reoperation; PAV = procarvasin plus ACNU plus vincristine; INF = interferon-gamma;
TMZ = temozolomide; PE = cisplatin plus etoposide; SRT = stereotactic radiotherapy; NK = natural killer cell therapy;

ATV = autologous tumor vaccine.

265



6 1. J. Radiation Oncology @ Biology @ Physics
10 -y
' .
8 .
.
. Overalt survival
6
@ .
&
4
\ .
[T |
MRI-changefree survival
0 12 24 36 48

{months)

Fig. 3. Kaplan-Meier estimates of overall survival rate and progres-
sion-free survival rate for all 20 patients.

yielding a median survival period of 17 months. Compared to
the standard schedule x-ray radiotherapy, with a median
survival of <15 months (9, 10) or recent IMRT treatments
with or without boost and hypofractionation (22, 23), those
particle studies, including our present study, may indicate
that dose escalation with particle radiotherapy has a potential
to improve survival; nevertheless, prominent improvement
has not yef been achieved.

It has been reported that age, extent of tumor resection,
performance status, tumor size, and tumor location are prog-
nostic factors for survival of patients with GBM (7, 24-26).
In addition, Mirimanoff er al. (27) determined whether RPA
retains its overall prognostic value and what the benefit of
concurrent temozolomide is in each RPA class. The overall
survival was statistically different among RPA classes 1I1
and IV, with median survival times of 17 and 15 months,
respectively. Although there are selection biases, e.g., tumors
treated were <4 cm in diameter and did not involve risky
regions, our data showed better survival, with a median sur-
vival period of 21.6 months, than that for the patients of RPA
class I11, despite the fact that 17 of 20 patients were classified

as RPA class IV (Tables | and 3).

" There has been no prospective large-scale phase I dose
escalation study, until the recent report of Tsien et al. (28),
who reported the results of a multiinstitutional clinical study
in which the dose was escalated from 66 to 84 Gy, using a uni-
form three-dimensional conformal x-ray radiotherapy proto-
col (33). That study’s results indicated that doses up to 84 Gy
were well tolerated; however, a definitive survival advantage
was not demonstrated, except for 22 cases in which PTV2
(gross tumor volume plus 0.3 cm) were treated with <75 ml
and 84 Gy. The median survival of that cohort was 19.4
months, which might be due to not only smaller tumor size
with a high dose delivery but also to a high rate of gross total
resection (64%).

The most common failure pattern has been reported as
local failure in GBM (17, 18). In our study, the occurrence
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of MRI changes was almost equal in the in-field, border,
and extra-field areas (Fig. 3). Fitzek et al. (15) reported that
all patients developed new areas of gadolinium enhancement
during the follow-up period and that enhancements first
occurred within the high-dose target volume. However,
only 1 of 23 patients had recurrent tumor in the area that
received 90 GyE censequently, and the most common failure
was in the area that received 60 to 70 GyE or less. Although
we agree that tumor control in the border area is a significant
subject, prevention of border failure by radiotherapy alone
may not be achievable at this time because of uncertainty
as to the feasibility of delivering 90 GyE or more to larger
PTV, even by using particle radiotherapy.

Cutoff values of tumor size were mentioned in some clin-
ical trials with conformal radiotherapy before this protocol
was started. Shaw er al. selected solitary recurrent tumors
of =40 mm in maximum diameter for single- fraction radio-
surgery for previously irradiated (60 Gy) recurrent primary
brain tumors (29). They reported that the maximum tolerance
dose of single-fraction radiosurgery depends on the size of
the tumor, and it was 15 Gy for tumors of 31 to 40 mm.
Also, Cho et al. treated recurrent high-grade gliomas with
single- or fractionated stereotactic radiotherapy (30).
Volumes of tumors treated in that study were 1 to 54 ml in
SRS and 4 to 115 ml in stereotactic radiotherapy. Values of
54 ml and 115 ml are approximately equal to 4.6-cm- and
6.0-cm-diameter spheres, respectively. Finally, Fitzek er al.
(15) selected patients whose tumor size was less than 60 ml
(approximately equal to the largest postoperative diameter
of 5 cm). Their clinical target volume (V1) for 90 GyE was
the signal-intense rim of the tumor or the remaining cavity
plus any residual enhancement on MRI. However, there are
no comments on the safety margin in planning V1. Based
on these parameters, we selected 4 cm as a cutoff diameter
in this study because we added a 5-mm safety margin
(1-cm margin in diameter) for clinical target volume, and
our dose prescription to the core CTV was 6.6 GyE higher
than theirs. .

One patient who was treated with this protocol but
excluded from analysis had a grade 4 skin injury, and this
patient’s overall survival period was 16.3 months, indicating
that eventual benefit was not remarkable in this case. The
CTV1 of this patient was 344.3 cc after encompassing the
entire surgical cavity. Combined with the occurrence of leu-
koencephalopathy in case 11, whose CTV1 was 152.2 cc, we
consider that delivering a high dose to a large CTVI has
a high risk; in addition, it might be difficult with this protocol
to cover tumor invasion volume by CTV2 or CTV3 if CTV1
is more than 200 cc. Other acute toxicities were within the
controllable range, indicating that doses of up to 96.6 GyE
are tolerable if the target size is within a range indicated in
this study.

As for late toxicity in high-dose radiotherapy for glioblas-
toma, Tanaka ef al. (14) reported that 2 of 13 patients who
received 90 Gy demonstrated radiation necrosis, diagnosed
by biopsy or proton emission tomography images. Also,
Fitzek et al. (15) mention that 7 of 23 cases who underwent
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90 GyE of proton/photon irradiation demonstrated only ne-
crosis, and the remaining 16 patients are thought to have
had a mixture of radiation necrosis and recurrent tumor. Tsien
et al. (28) mention that 8 cases demonstrated grade 3 or 4
radiation necrosis among 209 patients enrolled in their study
of dose escalation from 66 to 84 Gy; however, its occurrence
was not dose and volume related. In addition, pathological
materials taken at the second surgery in 10 cases in their
series demonstrated both recurrent GBM, as well as changes
consistent with radiotherapy effects. Therefore, MRI changes
after radiation doses of 96.6 GyE in our series probably dem-
onstrate a mixture of radiation necrosis and tumor with or
without recurrence in the field along the course of observa-
tion. Recently, several reports have shown the concept of
radiation-induced pseudo-progression (31-33). Pseudo-
progression is defined as the increase in size of contrast-
enhancing lesions, or new areas with contrast enhancement,
immediately after radiotherapy, with subsequent improve-
ment without any further treatment. In our study, compared
to a median overall survival period of 21.6 months, a median
time to occurrence of MRI change of 11.2 months seemed
relatively short. This may indicate that the MRI change in
our series included pseudo-progression as well as radiation
necrosis. Although detailed histopathological analyses con-
cerning these phenomena are expected, it is beyond the scope
of this paper. The other possible reason for prolonged
survival period from the occurrence of MRI change might
be various combinations of additional or salvage therapy
which included reoperation, proton or x-ray irradiation,

chemotherapy, or tumor immunotherapy. Although the
authors believe that each therapy, including experimental sal-
vage immunotherapy, contributed to some extent to the pro-
longed survival period, there was no dramatic tumor volume
reduction resulting from these additional therapies.

After the results of a randomized phase III trial were pub-
lished by Stupp et al. (10), the use of temozolomide therapy
for patients with newly diagnosed GBM was approved in
many countries in 2005, and it was approved in 2006 in
Japan. Although temozolomide is now accepted as the stan-
dard chemotherapy for GBM, postoperative radiotherapy
concurrent with ACNU was considered the standard treat-
ment for GBM in Japan in 2001 when this protocol was
started (34). This is the reason why we used ACNU in this
protocol. Therefore, further clinical trials may be desirable
to pursue safety and efficacy of concurrent use of temozolo-
mide with our proton radiotherapy regimen.

CONCLUSIONS

In conclusion, hyperfractionated concomitant boost proton
radiotherapy of 96.6 GyE in 56 fractions for supratentorial
GBM is tolerable if the target size is well considered. The
median survival time was extended to 21.6 months, which
is one of the most favorable results reported to date. Further
studies are warranted to reveal the effectiveness of dose
escalation by proton beams and to pursue the possibility of
concurrent therapy with other modalities to control the tumor
border region.
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Contrast media-assisted visualization of brain metastases
by kilovoltage cone-beam CT
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To the Editor

The latest linear accelerator equipped with a kilo-
voltage (kV) cone-beam CT (CBCT) unit is useful
for registration at the time of treatment, and thus
reduces the setup error [1-4]. But in the case of
intracranial or abdominal tumors, the contours of
the tumors are difficult to determine on the CT
images without contrast media, since such tumors
are located next to normal soft tissue whose
Hounsfield unit is close to those of the tumors
themselves.

Image registration by CBCT is performed based
on the bony structures or soft tissue around the
tumor. But this process does not necessarily guar-
antee that the position of the isocenter at treatment
is identical with that at the time of planning CT,
since bone or soft-tissue registration is based on a
volume-matching process. It is difficult to know the
exact tumor location for a low-contrast tumor even
if on-board registration of the tumor is intended,
since the tumor contour is not well visualized
even on planning CT images without contrast
media. We attempted to visualize metastatic brain

Figure 1. Brain tumor images acquired by planning CT (a) and
kV CBCT (b) after each intravenous bolus administration of
iodized contrast media. The treatment isocenter was set within the
tamor indicated by the arrow. Tumors are indicated by the
arrowhead. All tumors 6 mm or more in the greatest dimension
in the planning CT (a) were also detectable in the CBCT (b). The
numbers assigned in the tumor correspond to those in Table I Figure 1 (Continued)
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Figure 2. The desktop screen at the time of image registration. Aft
by eye and registered well.

tumors by contrast media administration in kV
CBCT images.

A 4l-year-old female developed multiple brain
metastases from a follicular variant of papillary
carcinoma of the thyroid. Radiotherapy planning

er bone registration, the location of the tumor at the isocenter was verified

was performed by Pinnacle® (Philips/ADAC, Milpi-
tas, CA) based on CT images acquired by a large-
bore CT (Aquilion/LB, Toshiba, Tokyo, Japan) after
an intravenous bolus injection of 100 ml of iodized
contrast media, Iopamiron 300 (Schering, Berlin,

Table I. Characteristics of the tumors observed in the planning CT.

Tumor No.! Size (mm)* Locus Possible factors interfering with detectability in CBCT [8]
1 6 x4 Rt high frontal Cupping artifacts Ring artifact
2 7 x5 Rt. high frontal Cupping artifacts Ring artifact
3 18 x16 Lt. high frontal Cupping artifacts Ring artifact
4 27 x19 Lt. high frontal Cupping artifacts Ring artifact
5 Tx7 Rt. high frontal Cupping artifacts

6 19 x16 Rt. frontal -

7 8x8 Rt. occipital Cupping artifacts

8 7x7 Rt. frontal tip Ring artifact

9 8 x8 Lt. frontal tip Ring artifact

10 4 x4 Lt. frontal Cupping artifacts Ring artifact

!The numbers of the tumors correnspond to those in Figure 1.

?Sizes were measured on 5-mm-thick images of the planning CT.
The greatest dimension and its orthogonal dimension in the axial slice was presented.
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Germany). Elekta Synergy (Elekta, Crawley, Eng-
land), equipped with kV CBCT unit, was used for
registration and treatment. Irmnmediately before the
treatment, on-board CBCT images were taken four
minutes after another intravenous bolus injection of
100 ml of Iopamiron 300. The initial estimation of
the tumor registration was performed by built-in
bone-matching software because it was very quick.
Subsequently, the tumor position in the CBCT
image and the isocenter imported from the treat-
ment planning system were displayed for further
manual adjustment by eye. Written informed con-
sent on these procedures and treatment was ob-
tained from the patient.

Figure la presents representative axial images of
the planning CT of this patient. Figure 1b shows kV
CBCT images of the corresponding slices taken
immediately before the treatment. The isocenter
was set within the tumor in the right frontal lobe
indicated by the arrow in the Figure la. No further
manual adjustment was performed after bone
matching in this study. The tumor position was
directly registered (Figure 2). Thus, it was shown
that direct tumor registration was feasible by con-
trast media-assisted kV CBCT. The patient was
treated with whole-brain irradiation.

All the tumors with diameters of 6 mm or more in
the greatest dimension observed in the 5-mm-thick-
ness planning CT image were also visible by CBCT
(Table I). Ring artifacts of the concentric circle that
centers on the treatment isocenter, possibly due to
the skull, were seen in the CBCT images (Figure
1b). But these artifacts did not degrade the accuracy

of visual verification insofar as the tumor was.

detectable. Other smaller metastases sized less than
6 mm in the planning CT were undetectable in the
CBCT images.

This is the first report of direct tumor visualization
and registration in the linear accelerator-mounted
CBCT by contrast media administration. It had been
reported that sufficient soft-tissue contrast could not
be obtained in kV CBCT images by contrast media
administration [5]. This is an obstacle for direct
tumor registration. To overcome this difficulty,
Guckenberger et al. used mobile in-room CT with
contrast media just before the treatment [5,6]. The
idea of their report is interesting, but the tumor image
obtained by in-room CT does not warrant exact
tumor position during the treatment. Through our
procedure, we can know the exact position of the
small tumor itself in an organ with soft-tissue density
on-board even during the treatment by simultaneous
dual exposure of KV x-ray for CBCT and megavoltage
x-ray for treatment [4]. In addition, we determined
the minimum size of brain tumors that can be
visualized by kV CBCT in this study.
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Metastatic brain tumors 6émm or more in the
greatest dimension were visualized in the CBCT.
This means that tumors 6 mm or more in the greatest
dimension are candidates for direct tumor registra-
tion by contrast media-assisted kV CBCT. The
possible reasons why smaller tumors could not be
detected in the CBCT were low contrast of the image,
low resolution of the image, the ring artifacts de-
scribed above, and artifacts due to beam hardening.
Most of them had been pointed out previously [7,8],
and some problems have already overcome by im-
provement of the systems [7].

The tumors of the patient involved in this report
were strongly and homogeneously enhanced by
contrast media. Such characteristics of the tumor
appeared suitable for this procedure of visualization.
In our preliminary experience, soft-tissue contrast of
cystic tumors or heterogeneously enhanced tumors
was insufficient in the CBCT images. It is expected
that the radiological characteristics of the tumor
influence the minimum size of the tumor that can be
visualized by CBCT. In the future, we should clarify
such relationships by further studies incorporating
more patients.
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Arcuate fasciculus tractography integrated into Gamma
Knife surgery

Clinical article

KEISUKE MARUYAMA, M.D., Pu.D.,! ToMoyuki Koca, M.D.,! Kyousuke Kamapa, M.D., Pr.D. !
Takaaro Ot1a, MLD.,! Daisuke Iton, M.D., Pr.D.,? Keng1 Ino, R.T.,2

HirosHi I6aki, M.D., Pa.D.,” SHIGEKI Aok, M.D., PH.D.,2 YosHiTaks Masutant, Pu.D.,?
MasaHIRO SHIN, M.D., Pu.D.,! aANp NoBunITO SAITO, M.D., PH.D.

Departments of ‘Neurosurgery and *Radiology, The University of Tokyo Hospital, Tokyo, Japan

Object. To prevent speech disturbances after Gamma Knife surgery (GKS), the authors integrated arcuate fas-
ciculus (AF) tractography based on diffusion tensor (DT) MR imaging into treatment planning for GKS.

Methods. Arcuate fasciculus tractography was retrospectively integrated into planning that had been previously
performed by neurosurgeons and radiation oncologists. This technique was retrospectively applied to 12 patients with
arteriovenous malformations adjacent to the AF. Diffusion tensor images were acquired before the frame was affixed
to the patient’s head and DT tractography images of the AF were created using the authors’ original software. The
data from DT tractography and stereotactic 3D imaging studies obtained after frame fixation were transported to a
treatment planning workstation for GKS and coregistered so that the delivered doses and incidence of posttreatment
aphasia could be assessed. .

Results. The AF could not be depicted in 2 patients who initially presented with motor aphasia caused by hem-
orrhaging from arteriovenous malformations. During the median follow-up period of 29 months after GKS, aphasia
developed in 2 patients: 30 Gy delivered to the frontal portion of the AF caused conduction aphasia in 1 patient, and
9.6 Gy to the temporal portion led to motor aphasia in the other. Speech dysfunction was not observed after a maxi-
mum radiation dose of 10.0~16.8 Gy was delivered to the frontal fibers in 4 patients, and 3.6-5.2 Gy to the temporal
fibers in 3.

Conclusions. The authors found that administration of a 10-Gy radiation dose during GKS was tolerated in the
frontal but not the temporal fibers of the AF. The authors recommend confirmation of the dose by integration of AF
tractography with GKS, especially in lesions located near the temporal language fibers.

(DOI: 10.3171/2008 4.17521)

Key Worps ¢ arcuate fasciculus
treatment planning

tremely effective treatment modality for vascular,

neoplastic, or functional disorders of the brain . '016-18
However, radiation-induced neuropathy occurs in 5-20%
of patients and can occasionally be disabling, particular-
ly after treatment of lesions in critical locations.!»4623:23
Although the majority of such complications are due to
parenchymal brain injury,’ there has been no definitive
method to prevent it. To help minimize such risks, we
developed a novel technique of integrating tractogra-
phy® based on DT MR imaging into treatment planning
for GKS. By integrating tractography of the pyramidal
tract’>!* and optic radiation,'> we have introduced an ef-
fective tool for analyzing the effect of GKS on motor and

f; TEREOTACTIC radiosurgery is recognized as an ex-

. Abbreviations used in this paper: AF = arcuate fasciculus; AVM
= arteriovenous malformation; DICOM = Digital Imaging and
Conununications in Medicine; DT = diffusion tensor; GKS = Gamma
Knife surgery.
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visual function. We hope that this technique will become
applicable in the planning of GKS treatment. To our
knowledge, there are no other reports of the application
of this technique.

The AF connects the frontal and temporal language
cortices and a clinically important white matter fiber
tract that is only visible with the use of DT tractogra-
phy.>*"?7 Speech disturbances were observed in 2% of
patients after radiosurgery;'>** thus the preservation of
speech function is a consideration. The tolerated dose of
radiation to the AF is unknown, and no definitive method
of reducing the risk of these complications has heretofore
been available. In the present study we report on our re-
sults with the integration of AF tractography into treat-
ment planning for GKS.

Methods

Arcuate fasciculus tractography was retrospectively
integrated into planning that had been previously per-

J Neurosurg / Volume 111 / September 2009



Arcuate fasciculus tractography in GKS

formed by neurosurgeons and radiation oncologists for
GKS in 12 right-handed patients who had been treated
for cerebral AVMs located adjacent to the left AF (Table
1). Patients who suffered aphasia after GKS were inten-
tionally selected to enhance the reliability of the dose-
response relationship analysis. Written informed consent
was obtained from all the patients. All MR imaging stud-
ies were performed with a 1.5-T whole-body MR imaging
unit with echo planar capabilities and a standard whole-
head transmitter—receiver coil (Signa Echospeed, General
Electric).

Diffusion Tensor Imaging

Diffusion tensor MR imaging was performed with-
out frame fixation on the day before GKS. In cases in
which DT imaging had not been performed, posttreat-
ment images were used instead. We used a single-shot,
spin echo-echo planar sequence (TR 6000 msec, TE 78
msec), acquiring 32 interleaved, contiguous 2.5-mm-thick
axial images with no cardiac triggering. A data matrix of
128 x 128 pixels over a field of view of 240 x 240 mm
was obtained, with 128 echoes acquired per excitation.
Diffusion gradients were applied in 13 noncollinear inde-
pendent axes by using a b value of 0 and 1000 seconds/
mm?. Each echo planar imaging data set required 2 min-
utes and 48 seconds to obtain and was repeated twice to
increase the signal-to-noise ratio. Realignment of the 13
sets of DT images and compensation for the eddy current—
induced morphing were performed on the basis of the T2-
weighted echo planar imaging set (b = 0) on an equipped
workstation connected to the MR imaging unit.

Diffusion Tensor Tractography

Data sets of the realigned DT imaging and the ste-
reotactic imaging studies were transferred to a personal
computer equipped with the freely shared software pro-
grams Volume-One (Volume-One Developers Group,
version 1.72; www.yvolume-one.org) and dTV (Yoshitaka
Masutani, version II; www.ut-radiology.umin.jp/people/
masutani/dTV.htm). These programs were used to calcu-
late the DT in each voxel and create DT tractography im-
ages. The DT at each pixel of the registered DT imaging
data was calculated, and 3D fiber tracking was performed
using the freely shared programs. Nine (3 x 3) elements
of the symmetrical DT at each voxel were determined
by the least-square fit, based on singular value decom-
position, and diagonalized to obtain 3 eigenvalues and 3
eigenvectors. An eigenvector associated with the largest
eigenvalue was assumed to represent the local fiber orien-
tation. Anisotropy maps were obtained using orientation-
independent fractional anisotropy.

Fiber tracking was started from a manually selected
start point (a “seed area”) from which lines were propa-
gated in both the anterograde and retrograde directions
according to an eigenvector at each voxel. The seed area
for the AF was selected manually in the deep white matter
of the posterior parietal portion of the superior longitudi-
nal fascicle, as described previously.?!?7 A target area was
used to limit displayed tracking results to the AF only.
The target area was drawn in freehand and encompassed
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the entire descending portion of the superior longitudinal
fascicle in the posterior temporal lobe. Tracking was ter-
minated when a voxel with a fractional anisotropy value
of < 0.18 was reached.

After fiber tracking of the AF, only the voxels through
which tracts ran were marked and color coded, depend-
ing on the fractional anisotropy value of each voxel. The
marked voxels of the AF and the T2-weighted echo pla-
nar imaging data set were then simply fused and were
reformatted using the DICOM format according to the
header information on the T2-weighted echo planar im-
aging studies.

Stereotactic 3D Imaging -

On the day of GKS, the patient was immobilized in a
Leksell stereotactic coordinate frame and for stereotactic
3D anatomical MR imaging. The MR imaging study con-
sisted of 128 sequential, 1.5-mm-thick axial slices with a
resolution of 256 x 256 pixels over a field of view of 240
mm with 3D spoiled-gradient recalled-acquisition in the
steady-state sequence. Stereotactic angiography was also
performed separately.

Image Integration and Treatment Planning

The T2-weighted echo planar imaging data with tract
information, stereotactic imaging data, and the data from
stereotactic angiography were transferred via fast ethernet
into a treatment planning software, GammaPlan (Elekta
Instruments). The T2-weighted echo planar imaging data
with tract information and stereotactic imaging data were
automatically coregistered by Multiview (Elekta Instru-
ments), a supplementary software to GammaPlan for
Gamma Knife 4C. The AF images were black-and-white
in the DICOM format and were displayed in orange with
GammaPlan to facilitate clear identification. Arcuate fas-
ciculus tractography was thus retrospectively integrated
into planning that had been previously performed by
neurosurgeons and radiation oncologists. The prescribed
dose to the AVM margin had been designed to be = 20 Gy
by using 40-50% isodose lines.

Speech function was assessed in all patients before
treatment and during the serial clinical follow-up ex-
aminations at 6-month intervals after GKS. Any patient
who reported a change in speech function underwent a
detailed speech function examination. The classification
of aphasia was made based on standard diagnostic ap-
proaches.2®!! The relationship between the maximum
dose delivered to the AF and speech dysfunction was ret-
rospectively reviewed. To analyze the influence of low-
dose volumes, we also calculated the volume of AF that
received = 8 Gy.

Results

Because of DT imaging characteristics, visualizing
the AF was generally more difficult than visualizing the
pyramidal tract, and the volume of the AF tended to be
smaller than that of the pyramidal tract. In 2 patients, data
from DT MR imaging studies obtained after GKS were
substituted because DT imaging had not been performed
prior to GKS. When the depicted AF was divided length-
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TABLE 1: Summary of clinical data in 12 patients who underwent integration of AF tractography into GKS*

Age (yrs), Target Vol  Margin Max Dose  8-Gy Vol

Sex Location Presentation {cm¥)  Dose (Gy) toAF(Gy) (mm%)  FU (mos) Speech Disturbance
frontal region

48, M- left parietal hemorrhage 12.9 20 30.0 613 31 1 mo post-GKS, transient

58, M left insula hemorrhage 1.1 20 16.8 58.7 52 —

4, F left frontal epilepsy 18.9 17 10.9 125 23 —

27, F left centrum intercranial hyperten- 35 20 10.8 81.1 27 —

semiovale sion

27 F left frontal ischemia 1.3 20 10.0 70.9 17 -

53, M left frontal incidental 25 20 0.8 0 34 —

2, F left putamen hemorrhage 0.4 20 NA NA 23 present before freatment

21, F left frontal hemorrhage 2.7 20 NA NA 17 present before treatment
temporal region

45 M left hippocampus ~ headache 10.3 20 9.6 12.2 34 10 mos post-GKS,

transient

47, F left temporal hemorrhage 7.3 20 5.2 0 50 —_

37 M left temporal headache 3.0 20 47 0 23 —

49, F left temporal headache 2.7 20 3.6 0 42 —

* FU = follow-up; NA = not assessed; 8-Gy Vol = volume of the AF that received > 8 Gy.

wise at its midpoint, the fiber location primarily affected
by the lesion was the frontal white matter in 8 patients
and the temporal in 4. The AF could not be visualized in
2 patients who presented with motor aphasia caused by
hemorrhaging from AVMs located in the frontal lobe and
the putamen, respectively. Patients were followed up for
17-52 months (median 29 months). Two patients suffered
a hemorrhage during the latency period until obliteration,
but the hemorrhage did not affect speech functioning in
either patient. Serial T2-weighted images showed tran-
sient or permanent perilesional edema in 3 of 12 patients.
One of these patients remained asymptomatic throughout
the clinical course of 28 months, but the other 2 devel-
oped speech dysfunction after GKS; these patients are
described below.

Speech Dysfunction After GKS

A 48-year-old man who underwent GKS for a rup-
tured parietal AVM developed a speech disturbance 1
month postoperatively. He had received a 20-Gy radia-
tion dose to the margin. A detailed examination revealed
literal paraphasia, moderately impaired verbal fluency,
poor repetition, and normal comprehension. His symp-
toms were considered to indicate conduction aphasia.?8!!
Neuroimaging studies demonstrated a mild adverse ra-
diation effect in the parietal paraventricular territory sur-
rounding the AVM nidus (Fig. 1). The conduction aphasia
gradually improved, and he recovered fully over a clini-
cal course of 4 months. According to our retrospective
analysis, the frontal portion of the AF had been irradiated
with 30.0 Gy at a maximum, and the dose to the language
cortex was 2.9 Gy in the Broca area and 0.6 Gy in the
Wernicke area.

The other patient in whom speech dysfunction arose
was a 45-year-old man with an unruptured temporal
AVM. Wada testing performed before GKS confirmed
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the left side to be his dominant hemisphere. Ten months
after a dose of 20 Gy had been administered to the AVM
margin, this patient began to experience speech and
handwriting difficulties. Naming was poor but compre-
hension was intact and his symptoms were considered
Broca aphasia.>®!! Neuroimaging studies demonstrated
a severe adverse radiation effect in the wide subcortical
area around the left temporal AVM (Fig. 2). The aphasia
gradually improved, and the patient fully recovered over
a clinical course of 9 months. Our retrospective analysis
indicated that the maximum dose to the temporal portion
of the AF was 9.6 Gy. The dose to the language cortex
was 2.7 Gy in the Broca area, and 3.6 Gy in the Wernicke
area. In both patients with postoperative speech dysfunc-
tion, 20 Gy was delivered to a volume > 10 cm?.

The remaining 8 patients did not show speech distur-
bances during the clinical course (Fig. 3). The maximum
dose to the AF was 10.0-16.8 Gy to the frontal fiber in 4
patients and 3.6-5.2 Gy to the temporal fibers in 3. A high
dose of = 20 Gy was delivered to an 11.2 cm® volume in
a patient who received 17 Gy to 18.9 cm?. Of 8 patients
who did not experience dysphasia, 20 Gy was delivered
to a volume of > 10 cm? in 2. As the volume of the AF
that received = 8 Gy increased, the maximum dose to the
AF tended to increase. No patient suffered speech distur-
bances after receiving a relatively low dose of radiation to
a large volume (Table 1). Logistic regression analysis was
performed to analyze the relationship of the maximum
dose to the AF and speech dysfunction, but fio significant
correlation was found.

Discussion

In our experience with this limited cohort, aphasia
was observed after irradiation of 9.6 Gy to the tempo-
ral fibers and 30 Gy to the frontal fibers of the AF, but
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Fia. 1. Axial (A}, coronal (B), 3D reconstruction image (C), and sagittal (D) radiosurgical dosimetry studies on T2-weighted MR
images showing the results of integrating the AF tractography (with the AF shown in orange) in a 48-year-old man who developed
conduction aphasia 1 month after GKS. The maximum dose to the AF was 30.0 Gy. The spatial relationship between the dose
distribution and the AF is clearly demonstrated in the 3D MR reconstruction. The yellow object in C represents the volume that
received 20 Gy. The green and light blue mesh correspond to the volumes that received 10 and 5 Gy, respectively. Comparison
of image obtained hefore GKS (E) with that obtained 1 month postoperatively (F) demonstrates a mild adverse radiation effect.

Fia. 2. Axial (A), coronal (B), 3D reconstruction image (C), and sagittal (D) radiosurgical dosimetry studies on T2-weighted
MR images showing the results of AF fractography integration with GKS planning in a 45-year-old man who developed Broca
aphasia 10 months postoperatively. The maximum dose to the AF was 9.6 Gy. In the 3D reconstruction (C), the yellow object
represents the volume that received 20 Gy. The green and /ight blue mesh correspond to the volumes that received 10 and 5 Gy,
respectively. Compatison of the image obtained before GKS (E) with that obtained 10 months postoperatively (F) demonstrates
a severe adverse radiation effect.
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Fis. 3. A-D: Radiosurgical dosimetry studies on T2-weighted MR images showing the results of AF tractography integration

in a 27-year-old woman with a feft frontal AVM who received a maximum dose of 10.0 Gy to the AF (orange). The patient expe-
rienced no complications during 17 months of follow-up after GKS. In the 3D reconstruction (C), the yellow object represents
the volume that received 20 Gy. The green mesh and the light blue mesh correspond to the volumes that received 10 and 5 Gy,

respectively.

not after 10-16.8 Gy was delivered to the frontal fibers.
Thus, it seems that the threshold of AF radiation toler-
ance differs between the frontal and temporal fibers. That
is, tolerance to GKS was suggested to be lower in the
temporal fibers than in the frontal fibers. According to
reports on the cranial nerves, tolerance to radiosurgery
is lower in the sensory nerves than the motor nerves,>*
and the results of this study were consistent with these
findings when the sensory nerves are regarded as the in-
put fibers and the motor nerves as the output fibers. Ad-
ditionally, it is interesting to note that the dose threshold
of the frontal and temporal portions of the AF was almost
similar to that of the optic radiation'® (input fibers) and
the pyramidal tract'** (output fibers), respectively. The
dose-complication relationship was not correlated to the
logistic regression curves, and the dose threshold was not
calculated for the AF. This might be because the number
of patients suffering from aphasia was small. Although
definitive conclusions on radiation tolerance cannot be
drawn from our limited experience, no other institutes
have reported a similar effort and this technique is possi-
ble only at our institution. Our study results will undoubt-
edly provide fundamental data that can be used in future
studies concerning the tolerance of the frontotemporal
language fibers to radiation. The follow-up in our patients
is also relatively limited, and the long-term consequences
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of radiation to this white matter tract remain unknown.
More detailed information on radiation tolerance must be
clarified by further advances in neuroimaging techniques
and the accumulation of data in more patients with a lon-
ger follow-up.

Because the dose to the language cortices was suffi-
ciently low in 2 patients who suffered speech dysfunction,
aphasia could be attributable to a direct radiation injury
to the AF. As 1 patient developed aphasia 1 month after
GKS for radiation injury, other kinds of complications
such as seizures could be part of the differential diagno-
sis. However, adverse radiation effects were confirmed on
neuroimaging studies and the 4-month recovery period
was compatible with radiation injury, although a defini-
tive diagnosis could not be rendered without obtaining a

" surgical specimen. In the 2 patients who suffered aphasia,

20 Gy was applied to a volume of > 10 cm®. Because a
high dose was delivered to a wide area of the AF, the
high radiation dose could be related to aphasia. Remark-
ably, injury to the frontal fibers resulted in conduction
aphasia, a typical symptom of damaging the AF, while
injury of the temporal fibers did not lead instead to motor
aphasia, a condition for which no formal speech function
examination is performed. The reasons for this finding
remain speculative; the semantic system is composed of
more complex connecting and associating fibers than the

J Neurosurg / Volume 111 | September 2009



Arcuate fasciculus tractography in GKS

simple input or output fibers, such as the optic radiation or
the pyramidal tract.* An injury to the AF fibers might not
necessarily cause language dysfunction because language
processing requires the participation of a distributed neu-
ral system in the left hemisphere.*2¢

There exist several limitations in the AF tractography.
The AF could not be visualized in 2 patients who presented
with aphasia before treatment, which was consistent with
findings in a previous report.? In general, DT tractography
is not suitable for describing bending or crossing fibers
such as the AF or the optic radiation.** Narrowing of the
AF in the presence of an AVM has also been examined
both qualitatively>® and quantitatively,?? and the existence
of several branching of the AF.* Additionally, the extent
of depicting the AF depends on language dominance.*"?’
Thus, it is possible that only part of the AF could be visual-
ized. Another issue is whether the depicted tracts represent
true language fibers. To solve these problems, AF tractog-
raphy was validated with intraoperative electrical stimula-
tion during awake surgery at our institute.” The addition of
functional MR imaging or magnetoencephalography stud-
ies conducted before treatment would enhance the reliabil-
ity of preoperative AF localization and enable appropriate
selection of the seed and target points.’

By a series of clinical simulation studies including
this one, we have integrated tractography studies into GKS
dosimetry plots.’*-* We expect that this technique will be
applied in the wide variety of stereotactic radiosurgical
procedures including linear accelerator radiosurgery, and
we hope that the safety of stereotactic radiosurgery will
be improved as a result.

Conclusions

In our experience with a limited cohort, the adminis-
tration of 10 Gy during GKS was tolerated in the frontal
but not in the temporal fibers of the AF. Based on this
observation, confirmation of the dose to be delivered by
integrating AF tractography into GKS is recommended,
especially in lesions located adjacent to the temporal lan-
guage fibers.
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Computed radiography (CR) is gradually replacing film. The application of CR for two-dimensional
profiles and off-axis ratio (OAR) measurement using an imaging plate (IP} in a CR system is
currently under discussion. However, a well known problem for IPs in dosimetry is that they use
high atomic number (Z) materials, such as Ba, which have an energy dependency in a photon
interaction. Although there are some reports that it is possible to compensate for the energy
dependency with metal filters, the appropriate thicknesses of these filters and where they should be
located have not been investigated. The purpose of this study is to find the most suitable filter for
use with an IP as a dosimetric tool. Monte Carlo simulation (Geant4 8.1) was used to determine the
filter to minimize the measurement error in OAR measurements of 4 MV x-rays. In this simulation,
the material and thickness of the filter and distance between the IP and the filter were varied to
determine most suitable filter conditions that gave the best fit to the MC calculated OAR in water.
With regard to changing the filter material, we found that using higher Z and higher density material
increased the effectiveness of the filter. Also, increasing the distance between the filter and the IP
reduced the effectiveness, whereas increasing the thickness of the filter increased the effectiveness.
The result of this study showed that the most appropriate filter conditions consistent with the
calculated OAR in water were the ones with the IP sandwiched between two 2 mm thick lead filters
at a distance of 5 mm from the IP or the IP sandwiched directly between two 1 mm lead filters.
Using these filters, we measured the OAR at 10 cm depth with 100 cm source-to-surface distance
and surface 10X 10 cm? field size. The results of this measurement represented that it is possible to
achieve measurements with less than within 2.0% and 2.0% in the field and with less than 1.1% and
0.6% out of the field by using 2 and 1 mm lead filters, respectively. © 2009 American Institute of
Physics. [DOI: 10.1063/1.3103572]

I. INTRODUCTION

For radiation therapy, it is important to measure the dose
distribution in materials in order to put together a treatment
plan that will give an accurate dose distribution and ensure
that the dose to normal tissue is minimized. The usual way to
measure this is to use an ion chamber in water as a gold
standard. However, because this is a sort of point measure-
ment, it is time-consuming to measure the off-axis ratio
(OAR) in two or three dimensions. Furthermore, the reso-
lution of scans is limited due to chamber size.

To measure the dose distribution with high spatial reso-
lution the use of film is an easier solution."™ However, the
film needs to be developed, and requires that the film pro-
cessor be maintained. With GafChromic film,”” it may be

IElectronic mail: m_hashimoto@movie.ocn.ne.jp.

0034-6748/2009/80(4)/045101/7/$25.00 80, 045101-1

much easier and more useful because of no need to be
chemical processing; however, all facilities cannot afford to
purchase the film digitizer and use such expensive films con-
stantly as a quality assurance tool. On the other hand, com-
puted radiography (CR) system,® which has been originally
used for diagnostic purpose, has been more widely used than
GafChromic film. Additionally, it is being discussed that CR
becomes more prevalent in radiotherapy. The use of the film
processor is decreasing.

A new dosimetric method using an imaging plate”'® (IP)
in a CR system has recently been considered as a replace-
ment for film,'"™" with the advantage that this method does
not need a film processor. However, IPs include high atomic
number (high Z) materials such as barium, for which there is,
in general, an energy dependency problem, which can pro-
duce an error in the measurements. It is reported that similar
errors occur even in film measurements, but it is possible to

© 2009 American Institute of Physics
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FIG. 1. Structure of the IP used in the MC simulation composed of three
layers, a protective layer, a phosphor layer, and a support layer, respectively.
r is the distance from the center of IP. The center of IP is corresponding to
the central axis of x-ray.

compensate these errors with metal filters."* ' There has
been a report asserting that filters can be used to compensate
the errors for IP measurements also.'! Nevertheless a detailed
discussion regarding the kind of materials to use or where
the filters should be placed, etc. has not taken place. The
purpose of this study is to use Monte Carlo (MC) simulation
to determine the most appropriate filter for IP measurements.
In this investigation, we attempt to find the most appropriate
material, thickness, and location of the filter for IP dosimetry
in order to minimize the dosimetric error in OAR measure-
ments with a 4 MV photon beam.

il. MATERIALS AND METHODS

A. MC simulation parameter settings and evaluation

For the MC simulations, we used GEANT4 (version 8.1
patch-01). GEANT4 is a calculation code widely used for high
energy physics, nuclear physics, space physics, and medical
physics, etc. The photon and electron interactions in the ma-
terial are simulated down to 250 ¢V.!” The GEANT4 physics
models selected for this study were the low-energy electro-
magnetic process, and the number of history was 2 X 108
photons. GEANT4 utilizes a stopping range instead of energy
to control the tracking and production of secondaries. In
GEANT4, all particles are tracked to a zero range except for
secondaries with a range shorter than the production cutoff
range set by the user. In this study, the production cutoff
range was set to 0.01 mm.

The spectrum used in this study was a 4 MV photon
spectrum calculated from Schiff’s formula.”® There have
been reports that this formula has been extended for medical
linear accelerator.’”! In this study, we calculated the spec-
trum using Schiff’s formula, where we attached 10 mm thick
copper attenuations by every 50 keV as the target and the
material under the target.

The IP used in the MC simulation is a STVN (FUIJIF-
ILM Corp., Minato-ku, Tokyo). As shown in Fig. | the size
of the IPis 35X 35X 0.0559 cm® and it is composed of three
layers, a protective, phosphor, and support layer and protec-
tive and support layers are made of Polyethylene terephtha-
late (PET), and the phosphor layer is BaFBrl. The composi-
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FIG. 2. Materials setting. A 40X 40X 40 c¢m® water tank phantom was used
in the simulation. The SSD was 100 cm and the field size 10X 10 cm?. The
middle of water phantomn was irradiated with a 4 MV photon beam. The
incidence of photons was uniformly carried outin the exposure field. The IP
was place at a depth of 10 cin from the surface of water.

tion of PET is C:H:0=10:8:4 and the density is
1.38 g/em®. BaFBrl consists of 56.45% Ba, 7.81% F
27.92% B, 7.82% 1, and the density was set to 5.50 g/cm?.
To verify the calculation conditions, we compared measure-
ments and simulation.

1. Measurement

The linear accelerator used was Clinac2100C (Varian
Medical Systems Inc., Palo Alto, CA) and we used only
4 MV photons with a 10X 10 cm? field and a 100 cm
source-to-surface distance (SSD). For percentage depth dose
(PDD) measurements in water, we used a PTW Freiburg
N31005 ionization chamber in a three-dimensional (3D) wa-
ter phantom (Dynascan, Computerized Medical Systems
Inc., St. Louis, MO). We measured the PDD on the central
beam axis and the OAR at a depth of 10 cm. For the OAR
measurement with the IP, a 40X 40 cm? water equivalent
solid phantom (Solid Water Phantom, Gammex Inc., Middle-
ton, WI) was used instead of the 3D water phantom. The IP
(ST-VN, 35%35 cm?, Fujifilm Corp., Minato-ku, Tokyo)
was placed perpendicular to the beam axis at a depth of
10 cm in the stack of 40 em solid phantom. The IP was
exposed to a dose of 12.5 mGy, and was then read out using
a FCR5000 (Fujifilm Medical Co. Ltd., Minato-ku, Tokyo)
and converted to DICOM format where the S value, which
gives the sensitivity of the FCR during read out, was set to 2,
and the L value, which gives the latitude, was set to 4. The
other parameter settings were S-Shift:1, C-Shift:1, GAA,
GC:1.2, GS:0.00, RN:3, RT: F, RE:0.0, and DRC: off. These
values were all fixed. The OAR data were obtained from a
line profile on the acquired two-dimensional IP dose profiles.
To determine the dose deposited on the IP we made the dose
conversion table for the pixel value on the IP. First we mea-
sured at the central axis with an ion chamber from 2.5 to

15 mGy under the same condition, and next we read out the
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