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Extended Field Stereotactic Radiosurgery for Recurrent
Glioblastoma
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INTRODUCTION

Glioblastoma is a highly malignant and aggressive tumor of the central nervous system that corresponds to grade IV of the
World Health Organization histological classification.' The current standard treatment for glioblastoma is a maximal
resection with functional preservation, followed by radiation and chemotherapy. When temozolomide is used for chemo-
therapy, the median survival is 14.6 months after initial presentation,” and ranges from 5 to 13 months after recurrence.>*
Because of the aggressive and invasive nature of the tumor, recurrence is seen in >90% of patients.” The most common
pattern of recurrence is local regrowth®; therefore, successful local control should lead to prolongation of patients’ survival.
Various local treatment strategies have been attempted, including repeated operations, conformal radiotherapy, brachy-
therapy, and local chemotherapy.” ,

Although stereotactic radiosurgery (SRS) is an option as salvage treacment for recurrent glioblastoma in clinical set-
tings, the role of SRS is still limited for glioma. SRS is useful in controlling relatively well-demarcated glioma such as epen-
dymoma, pilocytic astrocytoma, and pleomorphic xanthoastrocytoma.®'> However, the majority of glioma is infiltrative
to brain parenchyma and is difficult to target with SRS. A randomized controlled study proved that there was no benefit
in upfront SRS before conventional fractionated radiation therapy for patients with ghoblastoma Several reports indi-
cate the usefulness of adjuvant SRS at recurrence for glioblastoma, median survival time after SRS being 4.6 w0 16
months,>"%° although a randomized study is needed to prove efficacy. The major cause of treatment failure in managing
recurrent glioblastoma by SRS is assumed to be that the highly conformal irradiation spares the surrounding tissue, which
is presumably infiltrated with viable tumor cells.”’ > With the intent to cover such tissue surrounding the bulk of tumor
as much as possible, we changed the treatment protocol of SRS for recurrent glioblastoma lesions by extending the clinical
target volume.>* We present the early results of this newly applied treatment strategy.
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Table 1. Characteristics of the Patients Who Received Conventional SRS

Case Age, Initial Initial Time from No. of Controlled Time to Last F/U, Outcome
No. y/Sex Hx Tx Dx to Lesions Lesions Local mo after
1st SRS, Relapse, 1st SRS
mo mo
1 25/M Glioblastoma  EBRT, ACNU 22 3 1/3 4 4 Lost to F/U
2 40/M Glioblastoma ~ EBRT, ACNU 17 1 0r1 9 29 Dead
3 43/M Glioblastoma EBRT, ACNU 10 3 0/3 10 16 Dead
4 62/M AA EBRT, ACNU 1 1 NA NA 13 Dead
5 43/M Glioblastoma EBRT,ACNU 6 5 3/5 7 8 Lost to F/U
6 59/F Glioblastoma  EBRT, CE 15 6 1/6 6 7 Dead
7 17/F Glioblastoma BNCT, TMZ 14 6 5/6 6 6 Dead
8 64/F Glioblastoma  EBRT, ACNU 19 1 o 1 3 Dead
9 54/M Glioblastoma EBRT, TMZ 51 9 6/9 5 6 Dead

Abbreviations: AA, anaplastic astrocytoma; ACNU, nimustine hydrochloride; BNCT, boron neutron capture therapy; CE, carboplatin and etoposide; Dx, diagno-
sis of glioblastoma; EBRT, external beam radiotherapy; F, female; F/U, follow-up; Hx, histology; M, male; NA, data not available; SRS, stereotactic radiosur-

gery; TMZ, temozolomide; Tx, treatment.

Table 2. Characteristics of the Patients Who Received Extended Field SRS

Case Age/Sex Primary Primary Time from No. of Controlled Time to Last F/U, Outcome
No. Hx Tx Dx to Lesions Lesions Local mo after

1st SRS, Relapse, 1st SRS

mo mo
1 53/M Glioblastoma EBRT, TMZ 17 1 11 - 27 Dead
2 27/M Glicblastoma  EBRT, TMZ 39 1 o1 1 12 Dead
3 43/M AA EBRT, TMZ 18 1 7 - 8 Dead
4 63/M Glioblastoma  EBRT, TMZ 13 1 11 - 10 Dead
5 36/M DA EBRT, TMZ 9 3 3/3 - 8 Dead
6 66/F Glioblastoma  EBRT, TMZ 9 3 3/3 - 6 Dead
7 47/M Glioblastoma EBRT, TMZ 12 2 2/2 — 7 Dead
8 58/F Glioblastoma EBRT, TMZ 6 1 11 - 12 Alive
9 79/F Glioblastoma  EBRT, TMZ 9 1 il - 8 Alive

Abbreviations: AA, anaplastic astrocytoma; DA, diffuse astrocytoma; Dx, diagnosis of glioblastoma; EBRT, external beam radiotherapy; F, female; F/U, follow-
up; Hx, histology; M, male; SRS, stereotactic radiosurgery; TMZ, temozolomide; Tx, treatment.

MATERIALS AND METHODS

Patient Population

Nine patients with recurrent glioblastoma underwent 14
sessions of conventional SRS for 35 lesions using the Lek-
sell Gamma Knife at our institute between December
1990 and January 2007 (Table 1). The median patient
age was 43 years (range, 17-64 years). The median Kar-
nofsky Performance Scale score at the first presentation
was 90% (range, 80%-90%), and the median Karnofsky
Performance Scale score at the time of first SRS for
recurrence was 90% (range, 40%-90%). All the patients
underwent surgical resection followed by radiation and
chemotherapy at the primary onset. Primary lesions were
histologically diagnosed as glioblastoma in 8 patients. In 1
patient, the primary lesion was diagnosed as anaplastic
astrocytoma, but the recurred lesion was histologically
confirmed as glioblastoma after resection. As primary
treatment, external beam radiotherapy was applied for 8
patients with the median total dose of 60 grays (Gy; range,

2

48-80 Gy). Twenty-five of the 35 treated lesions (71%)
were within the clinical target volume of the preceding
radiotherapy. One patient underwent boron neutron
capture therapy. For adjuvant chemotherapy, nimustine
hydrochloride was used for 7 patients, carboplatin and
etoposide for 1 patient, and temozolomide for 1 patient.
The median interval between the time of diagnosis as glio-
blastoma and the recurrence was 14.5 months (range, 1-
51 months).

Nine patients with recurrent glioblastoma under-
went 11 sessions of extended field SRS for 14 lesions from
November 2007 to April 2010 (Table 2). The extended
field SRS was applied to a single recurrent lesion or 2 sepa-
rate lesions that were <20 mm in diameter. The median
age of this patient group was 53 years (range, 27-79 years).
The median Karnofsky Performance Scale score at the
first presentation was 90% (range, 80%-90%), and the
median Karnofsky Performance Scale score at the time of
first SRS for recurrence was 70% (range, 40%-90%).
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Seven of these 9 patients underwent surgical resection,
and 2 patients received stereotactic biopsy. The initial his-
wological diagnosis was glioblastoma in 7 patients, ana-
plastic astrocytoma in 1 patient, and diffuse astrocytoma
in 1 patient. In the latter 2 patients, lesions were histologi-
cally confirmed as glioblastoma at the time of recurrence.
All of the 9 patients underwent external beam radiation
therapy, with the median total dose of 70 Gy (range, 60-
80 Gy). Ten of 14 treated lesions (71%) were within the
clinical target volume of the preceding radiotherapy.
Seven of them were treated with concomitant and adju-
vant temozolomide therapy until the time of SRS for
recurrences. For 1 patient, temozolomide was discontin-
ued at the third cycle and nimustine hydrochloride
administration was started, because of eruption and
thrombocytopenia caused by temozolomide. The other
patient received nimustine hydrochloride during radia-
tion, and adjuvant temozolomide therapy was applied for
up to 21 cycles until he denied the continuation of the
chemotherapy. The median interval between the time of
diagnosis as glioblastoma and the recurrence was 12
months (range, 6-39 months).

Conventional SRS

After their heads had been immobilized in the Leksell ste-
reotactic head frame, the patients underwent stereotactic
magnetic resonance imaging (MRI) to obtain precise
information on the shape, volume, and 3-dimensional
coordinates of the tumors. Image-integrated treatment
planning was performed jointly by neurosurgeons and
radiation oncologists with commercially available soft-
ware (Leksell GammaPlan; Elekta Instruments AB, Stock-
holm, Sweden). The clinical target volume was defined as
the gadolinium-enhanced lesion without any margin. In
principle, the desired dose applied to the margin of each
gadolinium-enhanced lesion was 20 Gy. The prescription
dose was occasionally reduced because of the tumor vol-
ume, the location of lesions, and/or the clinical status of
the patient. The median clinical target volume of conven-
tional SRS was 15 cm? (range, 3-47 cm?).

Extended Field SRS

The methods of head fixation, obtaining stereotactic
images, and treatment planning and the principle for dose
prescription were the same as conventional SRS. The dif-
ference was the definition of the clinical target volume,
which was extended by adding a 0.5- to 1-cm margin to
the periphery of the gadolinium-enhanced lesion. Margin
was extended up to a maximum of 1 c¢m in all directions.
By using a dose-volume histogram, the volume that
received >20 Gy was determined not to exceed 15 cm’.

Cancer  Month 00, 201

* The clinical target volume exceeded 15 cm? in 2 cases, but

the lesions in these patients faced the resection cavity or
the ventricle, so the volume of the brain parenchyma
included in the clinical target volume was <15 em?® in
both cases. The median clinical target volume of extended
field SRS was 13 cm® (range, 6-19 cm?). '

Patient Follow-Up and Statistical Analysis

After SRS, follow-up clinical examinations were per-
formed at our hospital or elsewhere by referring physi-
cians. MRI or computed tomography scanning was taken
at 1- to 3-month intervals. When a contrast-enhanced
lesion continued to grow at follow-up examinations, it
was defined as local control failure unless it was histologi-
cally confirmed as radiation necrosis. Conversely, if a con-
trast-enhanced area ceased to expand or decreased in size
during the follow-up with or without the use of steroids,
the lesion was recognized as radiation necrosis. Statistical
analyses were performed using JMP 8 (SAS Institute,
Cary, NC). Fisher exact test was performed to evaluate
the significance of differences between conventional SRS
and extended field SRS regarding the local control rate
and the incidence of radiation necrosis, and the correla-
tion between radiation necrosis and the location of treated
lesions. The progression-free and overall survival times
were calculated using the Kaplan-Meier method. Factors
potentially affecting the survival time were evaluated by
log-rank test for univariate analysis.

Ethical Issues

The conduct of this study was approved by our institu-
tional review board. All patients provided written
informed consent.

RESULTS

Outcomes of Conventional SRS

Characteristics and outcomes of the patients who under-
went conventional SRS are summarized in Table 1. Nine
patients who underwent SRS targeting gadolinium-
enhanced lesions were followed for the median period of
7 months (range, 3-29 months). Among 34 lesions that
could be radiographically followed up, 16 lesions (47%)
showed <25% increase of the target area or decreased in
size in response to SRS until the last follow-up. All
patients who died after conventional SRS possessed
uncontrolled SRS-treated lesions. The median time to
local relapse after SRS was 6 months (range, 1-10
months). The median survival time after the first SRS for
recurrences was 10.5 months (range, 3-29 months). The
median overall survival time after the diagnosis of glio-
blastoma was 24 months (range, 14-57 months), and the
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6-month overall survival rate was 63%. As for SRS-
induced adverse effects, asymptomatic, radiographically
confirmed radiation necrosis was observed in 2 lesions in
2 patients (6.5%). Among these 2 lesions, 1 lesion
occurred within the clinical target volume of prior radio-
therapy and 1 outside (P = .59).

Outcomes of Extended Field SRS

Characteristics and outcomes of the patients who under-
went extended field SRS are summarized in Table 2.
Nine patients who underwent extended field SRS were
followed for the median period of 8 months (range, 5-27
months). Thirteen among 14 lesions (93%) showed
<25% increase of the target area or decreased in size in
response to SRS until the last follow-up. This local con-
trol rate was significantly higher than that of conven-
tional SRS (P = .0035). The local relapse in the 1
patient (case 2 in Table 2) was histologically confirmed.
Whereas the lesions treated by SRS in 8 patients were
controlled until the last follow-up, remote recurrences
were observed in 5 patients. Two patients (cases 5 and 6
in Table 2) underwent second SRS for those remote
lesions. Another patient (case 3 in Table 2) showed a
remote recurrence in the brainstem, for which external
beam radiotherapy was performed. The median survival
time after the first SRS for recurrences was 9 months
(range, 6-27 months), and the 6-month overall survival
rate was 89%. There was no statistical difference in sur-
vival time after SRS between conventional and extended
field SRS (P = .83). The median overall survival time af-
ter the diagnosis of glioblastoma was 21 months (range,
15-51 months), not statistically different from conven-
tional SRS (P =.71). Radiation necrosis was observed in
4 lesions in 4 patients (29%), age ranging from 27 to 53
years, and the frequency was not significantly different
from conventional SRS (P = .052). The irradiated fields
for SRS in these 4 patients all involved the irradiated
fields of prior radiotherapy, although this was not statis-
tically significant (P = .25). All 4 patients required oral
administration of prednisolone at doses of 20 to 30 mg
(median, 30 mg) for 7 to 25 months (median, 9
months). As for steroid-related roxicities, moon face and
central obesity were observed in all 4 patients, and 1
patient experienced urinary tract infection. By the use of
oral steroids, radiation necroses became stable and did
not cause deterioration of neurological symptoms in any
patients. Karnofsky Performance Scale scores of these 4
patients at the time of first SRS were 90%, 70%, 40%,
and 70%. Karnofsky Performance Scale score gradually
declined in all 4 patients, mainly because of disseminated

4

Table 3. Comparison of Characteristics and Outcomes of the
Patients Who Received Conventional SRS and Extended Field
SRS

Characteristic Conventional Extended P

SRS Field SRS
Number of patients 9 9 —
Primary glioblastoma 8 7 1.0
Patient age, median y, range 43, 17-64 53, 27-79 .36

KPS at onset, median, range 90, 80-90 90, 80-90 .62

Time from Dx to 1st SRS, 14.5, 1-51 12, 6-39 .66
median mo, range

KPS at 1st SRS, median, 90, 40-90 70, 40-90 21
range

Local control 16/34 13/14 .0035

Radiation necrosis 2/34 4/14 .052

Median OS after Dx, mo 24 21 71

Median OS after 1st SRS, mo  10.5 9 .83

6-month OS after 1st SRS, % 63 89 .83

Abbreviations: Dx, diagnosis of glioblastoma; KPS, Karnofsky Performance
Scale; OS, overall survival; SRS, stereotactic radiosurgery.

lesions, and became 70%, 60%, 40%, and 40% at 6
months after first SRS. The 4 patients died of tumor pro-
gression at 27, 12, 8, and 14 months after first SRS.
Comparison of patient characteristics and treatment out-
comes between conventional and extended field SRS is
summarized in Table 3.

lllustrative Cases

A 17-year-old girl (case 7 in Table 1) presented with right
hemiparesis. MRI showed a heterogeneously enhanced
mass lesion in the left frontal lobe (Fig. 1A). The tumor
was subtotally removed and histologically diagnosed as
glioblastoma. Boron neutron capture therapy was per-
formed, and temozolomide was administered orally at a
dose of 200 mg/m? using the 5 of 28-day regimen. Twelve
months after the onset, a diffuse recurrence was observed
in the left frontal lobe and the corpus callosum, so she
received 50-Gy external beam radiotherapy in 25 frac-
tions. At 14 months, a recurrent lesion 7 mm in diameter
was noted in the right frontal lobe, and it was treated by
conventional SRS targeting the gadolinium-enhanced
lesion with a maximum dose of 40 Gy and a margin dose
of 20 Gy (Fig. 1B). However, this lesion continued to
grow at 1 month (Fig. 1C) and 3 months (Fig. 1D) after
the SRS, and the patient died of diffuse dissemination at 3
months after the SRS.

A 53-year-old man (case 1 in Table 2) presented
with left hemiparesis. MRI showed a homogeneously
enhanced, poorly circumscribed mass lesion in the right
frontal lobe (Fig. 2A). The tumor was subtotally removed
and histologically diagnosed as glioblastoma. He received
80-Gy external beam radiotherapy in 40 fractions, with
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Figure 1. Case 7 in Table 1is shown: (A) axial gadolinium-enhanced T1-weighted magnetic resonance imaging (MRI) at presenta-
tion; (B) dose planning of stereotactic radiosurgery for recurrence; (C, D) MRI taken at 1 (C) and 3 months (D) after stereotactic

radiosurgery showing tumor progression.

Figure 2. Case 1in Table 2 is shown: (A) axial gadolinium-enhanced Tl-weighted magnetic resonance imaging (MRI) at presenta-
tion; (B) dose planning of stereotactic radiosurgery for recurrence; (C) MRI taken at 1 month after stereotactic radiosurgery show-
ing diffuse enhancement around treated lesion; (D) MRI taken at 25 months after stereotactic radiosurgery showing no recurrence.

which temozolomide at a dose of 200 mg/m2 using the
5 of 28-day regimen was initiated. After the third cycle of
temozolomide, eruption and thrombocytopenia were
observed, so chemotherapy was switched to nimustine
hydrochloride (100 mg/dose), which was administered
intravenously once a month thereafter. Although com-
plete remission was maintained undl 17 months after the
onset, a recurrent lesion 10 mm in diameter was observed
near the resection cavity in the right frontal lobe.
Extended field SRS was applied to this lesion. The clinical
target volume was set as the gadolinium-enhanced lesion
plus 2 1-cm-wide margin, and 20 Gy was prescribed at
the margin of this wide target (Fig. 2B). One month after
the SRS, diffuse enhancement around the irradiated area
was observed (Fig. 2C). As radiation necrosis was sus-

Cancer  ™Month 00, 201

pected, oral prednisolone at a dose of 30 mg daily was ini-
tiated, and the area of enhancement ceased to expand
thereafter. At 25-month follow-up after the SRS, the
treated lesion had been locally controlled, and no new re-
currence was noted (Fig. 2D).

A 27-year-old man (case 2 in Table 2) presented
with right hemiparesis. MRI revealed a homogeneously
enhanced mass in the right frontal lobe (Fig. 3A). Stereo-
tactic biopsy was performed, and the diagnosis of glioblas-
toma was obtained. He received 60-Gy external beam
radiotherapy followed by adjuvant temozolomide at a
dose of 200 mg/m” using the 5 of 28-day regimen. Com-
plete remission was achieved and maintained undl 39
months after the onset, when a recurrent lesion (maximal
diameter, 15 mm) was noted in the right frontal lobe
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Figure 3. Case 2 in Table 2 is shown. (A) Axial gadolinium-enhanced Ti1-weighted magnetic resonance imaging (MRI) at presenta-
tion is shown. (B) Dose planning of stereotactic radiosurgery for recurrence. (C) MRI taken at 5 month after stereotactic radiosur-
gery revealed progression of enhancing lesion around the treated area. (D) MRI taken at 12 months after stereotactic surgery
revealed continued tumor growth. (E-G) Hematoxylin and eosin staining of a surgical specimen at recurrence (E) revealed
focuses of radiation necrosis (F) surrounded by an area of tumor with high cellularity (G).

beneath the wall of the right lateral ventricle. This
recurred lesion was treated by extended field SRS target-
ing the gadolinium-enhanced lesion plus a 1-cm-wide
margin. Prescribed margin dose was 20 Gy (Fig. 3B). Het-
erogeneous enhancement appeared at the irradiated site 1
month after the SRS and continued to grow despite the
use of oral prednisolone. Frontal lobectomy was per-
formed 5 months after the SRS to decrease the tumor
mass that caused deterioration of the consciousness level
(Fig. 3C). Recurrence of glioblastoma was confirmed by a
histological examination, and the tumor continued to
grow diffusely after the surgery. The patient died of tumor
progression 12 months after the SRS for recurrence (Fig.
3D). Histologically, the surgical specimens at recurrence
(Fig. 3E) consisted of focal areas of radiation necrosis
(Fig. 3F) surrounded by areas of viable tumors with high
cellularity consistent with glioblastoma (Fig. 3G).

DISCUSSION

Our results showed that extended field SRS potentially
provided improved local control of isolated recurrence of
glioblastoma without causing uncontrollable sympto-

6

matic radiation necrosis. In several studies analyzing
patients treated with radiation and temozolomide, 72%
t0 92% of recurrence was revealed as local relapse,?>® the
most frequent pattern of glioblastoma recurrence.® Local
control is also important for recurrent lesions, but treat-
ment with SRS led to local progression in 65% to
90%,'**”*? which was in line with our result with con-
ventional SRS targeting only the gadolinium-enhanced
area. The logical assumption regarding the reason for this
lack of efficacy is that SRS, owing to its characteristic fea-
ture of steep dose falloff, is unable to kill tumor cells infil-
trating the tissue outside the irradiated field.”**” When
we extended the irradiation field with the intent to include
as many tumor cells invasive to the surrounding tissue as
possible, we achieved a high local control rate of 93%.
This result showed that extended field SRS was highly
effective in controlling recurrent glioblastoma for selected
patients found with small lesions. One limitation of this
treatment is that it is not applicable to lesions larger than
approximately 20 mm in diameter. Adding a sufficient
margin to a large lesion results in a large prescribed iso-
dose volume, and may cause uncontrollable radiation-
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induced adverse events. A close radiological follow-up af-
ter the initial treatment is necessary to detect such small
recurrent lesions for this treatment to be suitable for an
extended field SRS application. Stereotactic fractionated
radiotherapy may be 1 treatment option for larger recur-
rent lesions. By using 11-C-methionine positron emission
tomography for targeting, stereotactic fractionated radio-
therapy was reported to have achieved the median survival
time of 9 months.*® Although the incidence of radiation
necrosis after SRS was not significantly different between
conventional and extended field SRS, all patients who
developed radiation necrosis after extended field SRS
required steroid administration. This risk of eventual
necessity of steroid administration may be another limita-
tion of this approach.

Whereas extended field SRS achieved a high local
tumor control rate, it did not show a significant survival
benefit compared with conventional SRS in our study. All
patients treated with extended field SRS received external
beam radiation therapy and temozolomide before SRS.
The majority of patients treated with extended field SRS
died of remote recurrences within the brain. Because the
rates of new recurrences in patients treated with temozolo-
mide and radiation are quite high to begin with, 25% at 1
year and 66% at 2 years,” the role of extended field SRS
for the occurrence of remote recurrences is unclear. Obvi-
ously, radiation therapy, including SRS, and temozolo-
mide are not sufficient to control the disease. New
approaches are underway, including monoclonal antibod-
ies that target specific molecules, for example, bevacizu-
mab,?"** and oncolytic viruses that replicate selectively in
tumor cells.®?

In conclusion, extended field SRS was well tolerated
and superior to conventional SRS in the local control of
small recurrent lesions of glioblastoma, although a further
device to suppress remote recurrences may be necessary to
improve survival.
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In this paper, we suggest a new method for verifying the motion of a binary mul-
tileaf collimator (MLC) in helical tomotherapy. For this we used a combination of
a cylindrical scintillator and a general-purpose camcorder. The camcorder records
the light from the scintillator following photon irradiation, which we use to track
the motion of the binary MLC. The purpose of this study is to demonstrate the
feasibility of this method as a binary MLC quality assurance (QA) tool. First, the
verification was performed using a simple binary MLC pattern with a constant leaf
open time; secondly, verification using the binary MLC pattern used in a clinical
setting was also performed. Sinograms of simple binary MLC patterns, in which
leaves that were open were detected as “open” from the measured light, define the
sensitivity which, in this case, was 1.000. On the other hand, the specificity, which
gives the fraction of closed leaves detected as “closed”, was 0.919. The leaf open
error identified by our method was -1.3 + 7.5%. The 68.6% of observed leaves
were performed within = 3% relative error. The leaf open error was expressed by
the relative errors calculated on the sinogram. In the clinical binary MLC pattern,
the sensitivity and specificity were 0.994 and 0.997, respectively. The measurement
could be performed with -3.4 & 8.0% leaf open error. The 77.5% of observed leaves
were performed within + 3% relative error. With this method, we can easily verify
the motion of the binary MLC, and the measurement unit developed was found to
be an effective QA tool.

PACS numbers: 87.56.Fc, 87.56.nk

Key words: helical tomotherapy, verification, multileaf collimator, plastic scintillator

. INTRODUCTION

The demand for the use of high-technology in radiation therapy is rapidly increasing. In order
to concentrate the radiation dose in the tumor, the use of intensity-modulated radiation therapy
(IMRT)!"-*) has become more widespread. With the technological advances made in IMRT, it has
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become possible to deliver more complex radiation fields to the target; however, simultaneous
verification of the appropriateness of the radiation field also needs to be done. Verification using
ion chambers and film is common, and these are well known quality assurance (QA) tools,®
but are basically used for measuring the cumulative dose or radiation field.

New IMRT methods using dynamic multileaf collimators (MLC)\®*) and helical tomotherapy
(TomoTherapy Inc., Hi-Art, Madison, WI)(1®!2) have been developed and these are now used
worldwide. In these methods, the MI.C is moved during irradiation and, therefore, its motion
must be very precisely controlled. To accurately measure the MLC motion, dynamic observations
of it need to be made; however, commercial products(!3-19 for this are generally too expensive.
Thus, it has been very difficult to perform such measurements in most treatment facilities or
hospitals. Helical tomotherapy, composed of a small 6 MV linear accelerator rotating on a slip
ring together with a binary MLC, enables us to deliver a complex dose distribution. The motion
pattern of the binary MLC needs to be synchronized with the rotation of the gantry. However,
a tool for measuring such motion has not been readily available.

To address this shortcoming, we used a cylindrical plastic scintillator for measuring dose. The
classical way of taking measurements with a scintillator is to use a photomultiplier tube (PMT)
attached to the scintillator in a light-proof box.(!”) Furthermore, Beddar et al.(!3!9 reported that
- itis possible to measure high-energy photons and electrons with the detector made of the PMT
attached with optical fibers. More recently, built-in charge-coupled device (CCD) cameras and
optical fibers have been used.?%21) Special skills and knowledge are required to build these
units. We have developed a similar method that is much simpler to implement. In our method,
we use a general-purpose camcorder instead of a CCD unit. The camcorder is used to record
the light image from the scintillator. This method has previously been used for measuring the
range of proton and carbon particles and also for QA in brachytherapy and diagnostic computed
tomography.?2-39) We investigated combining these simple devices to measure a complex IMRT
field, and also examined the feasibility of using this as a tomotherapy QA technique.

. MATERIALS AND METHODS

A. System setup for measurement

The scintillator used was a cylindrical plastic scintillator (20 cm in diameter by 10 cm in length,
Rexon Components, Inc., RP-400, Beachwood, OH), composed of H and C only, with a density
of 1.302 g/cm?. The benefits of plastic scintillators are that they have quicker rise times and
shorter decay times than inorganic scintillators. The refractive index was 1.58, the rise time,
0.9 nsec, and the decay time, 2.4 nsec.

Figure 1 shows the measurement setup. The plastic scintillator was placed in a helical tomo-
therapy gantry so that the center of the scintillator was aligned to the isocenter of the gantry.
Megavoltage computed tomography (MVCT) was used to precisely position the scintillator. A
camcorder (Sony corp., HDR-HC7, Tokyo) was set at a distance of 100 cm from the isocenter.
The camcorder was connected to a personal computer through an IEEE cable, and the scin-
tillation light was recorded as 8-bit gray scale, 640 x 480 resolution images at 29.97 frames
per second (fps). It was previously found that recording an 8-bit gray scale image would be
sufficient for this QA feasibility study.?*2%) Other settings (e.g., zoom, focus, and sensitivity)
were left unchanged. During recording, the room was made as dark as possible. At 29.97 fps,
an image can be taken every 33 msec. Under these conditions, our system was able to detect
the light and to verify the dynamic motion of the binary MLC and the motion of the rotating
gantry. The detected light was converted into image datasets for each and every frame and
used for analysis.

Due to the geometrical limitations of the 20 cm diameter scintillator, it was possible to
monitor the radiation field only from leaf number 18 to leaf number 47. Figure 2(a) shows
the image from the scintillator of a 6 MV X-ray collimated radiation field of 2.5 cm x 10 cm.
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Fia. 1. Schematic (a) and photograph (b) of the measurement setup. The center of the plastic scintillator is irradiated with
X-rays. The coordinate system follows the Left-hand coordinate system. SAD in this figure stands for the source~axis
distance.

Figure 2(b) shows the image with the even number collimators opened. For measurement of the
light, regions of interest (ROI) of 5 x 5 pixels (1 pixel = 0.468 x 0.468 mm?) have been placed
on each area corresponding to each leaf number in the image. The average pixel value in the
jthROI of the ith frame is defined as g, j» and the quantity of the light detected in each frame
was calculated by subtracting the background value, BG, from Q4 ;i i1 €ach ROL:

q; (pixel value) = q BG )

raw ji
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Fi6. 2. Scintillation light emitted from a 2.5 x 10 ¢m? field (a), and scintillation light emitted in the case in which the
even number leaf positions are open (b). The white boxes are ROIs used to measure the detected light. The ROIs are set
at the center of the leaves.

Accumulating q;; over the sampling frames, we get

Q; (pixel value) = 3. q; #))

We use Q for the amount of light measured over all frames and ROI positions. BG is obtained
from the average q_,,, ; measured in nonexposure (e.g., q averaged over 9000 frames was
0.36). This was used as the value of BG in this study. ,

Under these measurement settings, photons scattered from the collimator rarely, but some-
times, interact with the camcorder and give rise to noise. Such noise is called transient noise,
and it is possible to reduce this noise by surrounding the camcorder with radiation shielding
material. It is also possible to correct for noise in the images by applying a spatial filtering
algorithm (e.g., a median filter). However, it turns out that the filtering correction alters each

raw ji
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pixel value.®V In our preclinical tests on the scintillation light detection system, we exposed
the scintillator to a 2.5 cm X 10 cm field of 6 MV X-rays and recorded the light for 300 sec
(equivalent to 9000 frames). We observed noise 18 times in the 9000 images, which indicates
the probability of transient noise to be 0.2% per frame. This is lower than the noise in similar
systems using CCDs. Therefore, for these measurements, neither image filtering nor radiation
shielding for noise correction was done.

B. Characteristics of light detection

In order to verify implementation of the unit as a QA tool, we conducted some basic measure-
ments which are performed in the QA procedure for helical tomotherapy. For the first step,
these were done under static field conditions with the gantry angle at 0° and exposure to 6 MV
X-rays at a dose rate of 839 cGy/min.

B.1 Relationship between the scintillation light and the collimator open time

It is important to understand the characteristics of the light detected from this system in order
to be able to use it to predict the time for which the collimator is open (defined as “leaf open
time”). First, we investigated the relationship between the light and the leaf open time from the
measurements. The field size was 2.5 cm x 10 cm (opening leaf numbers 25-40). We changed
the leaf open time from 29.41 msec to 294.12 msec and made measurements in each case. For
these measurements, the value of Q at the isocenter, Q_,_ .. is defined as a reference point. Since
the isocenter for tomotherapy is located between leaf numbers 32 and 33, this was calculated
from the following:

Qenter (Pixel value) = (Q;,+Q;5) /2 3)

B.2 Lateral profile in the scintillator

The lateral profile in the plastic scintillator is different from the one given by a conventional
measurement (e.g., film or 2D profile detector and 3D water measurement), due to the cylin-
drical shape of the plastic scintillator. Thus, a reference profile for the cylindrical shape is
required. This was done by opening a single leaf and exposing the detector to 6 MV X-rays
for 294.12 msec. This process was repeated for all the leaves from 18 to 47, during which time
the camcorder was recording the light continuously. Subsequently, we obtained measurements
for each Qj (j= 18 to 47).

B.3 Field size dependency of the detected light

The profile measurement was also performed for several field sizes, where the effective field
size ranged from 0.625 cm to 17.5 cm. The exposure time was 294.12 msec. We observed each
Q, value, and also looked at the output factor on the central axis.

B.4 Exposure time and the detected light

The field size was 10 cm with the 25th-40th leaves opened. The exposure time was 300 sec.
The q,,,,; value for each frame was observed frame by frame. We also performed measure-
ments with an ion chamber (Standard Imaging, Inc., A12, Middleton, WI) and a Tomotherapy
Electrometer Measurement System (TomoTherapy Inc., Madison, WI). The chamber was placed
at the center at a depth of 10 cm in a solid phantom in the same field. The sample time for the
ion chamber was 250 msec.

C. Gantry rotation speed measurement (rotational stability)

The benefit of measurements using the cylindrically shaped detector is the capability of per-
forming dynamic measurements of the rotating gantry in a helical tomotherapy unit. In this
measurement, the scintillation light signals are recorded during the gantry rotation, and by
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observing these we verified if the gantry rotation speed varies at each gantry angle. An X-ray
field along the central axis was established by opening either leaf 32 or 33, and the gantry speed
was set to rotate at from 15 to 60 sec per revolution. The narrow beam profiles were recorded
frame by frame, from which we observed the position of the beam profile whose side passed
through the isocenter.

D. Binary MLC QA using the cylindrical scintillator
Helical tomotherapy requires a sinogram file to control the motion of the binary MLC. The file
consists of each leaf number expressed in the horizontal axis and its corresponding projection
number in the vertical axis. In the sinogram, the leaf open times of each leaf number for each
projection are given by a number between 0.0 and 1.0. Here 0.0 means that the leaf is closed.
For helical tomotherapy, 51 projections can be delivered in one gantry rotation. Suppose one
complete rotation of the gantry takes 15 seconds, then one projection needs 294.12 msec (equiva-
lent to 15 secs/51). Therefore, the leaf open time is expressed by the fraction of 294.12 msec.
For example, 0.5 expressed in the sinogram means that the leaf open time is 147.06 ms, which
is half of 294.12 msec. In a clinical situation, the minimum leaf open time is about 20 msec.
The feasibility of using the scintillator unit as a QA tool was investigated. We attempted to
perform the binary ML.C QA using the measured q;. The sinogram was reconstructed from the
measured q; and was compared with the original sinogram dataset. q;; is the detected light per
frame. The sinogram represents the leaf open time for each projection. In order to reconstruct
the sinogram, q;; needs to be summed for each projection. The summed g, is converted into
the leaf open time. For the conversion, we used the relationship between the detected light
and the leaf open time, which is made based upon the measurement at the center of the plastic
scintillator (see Section B.1 above). In this relationship, g, needs to be normalized because if
each g (acquired under the condition that each leaf'is open for a certain time) is different from
each other, it leads to error. There is another cause of error in that the detected light changes
due to exposure time. This also needs to be handled. In this study, two correction factors are
applied for each leaf position: one is for correcting the difference in the detected light, k.,
and the other is for correcting time variances, k.. The corrected value of the detected light is
defined as q; as follows:

q,; (pixel value) = q; = ky; * ky; @

Here, k;, and k,, are the lateral profile of the jth ROI and the exposure time correction for
the ith frame mentioned in previous sections. In the scintillator and camcorder unit, there may
be some issues with respect to the detection of light scattered in the medium and Cherenkov
radiation. These phenomena can cause spurious signals in nonexposed ROIs and, in order to
deal with these, we set a threshold (Th) to the ROI signal for the scintillation light measurement.
Ideally, the threshold values for each ROI bin are derived from the field size effect (output factor
in each ROI area) discussed in Section B.3 above. For the purpose of a much simpler verifica-
tion method, we attempted to determine a general threshold value from the descriptive field
size effect measured at center of the field. The threshold value was determined by a receiver
operating characteristic (ROC) curve. The q gji is finally normalized in order to agree with the
real exposure time in the original sinogram using the relationship between the exposure time
and q measured in section Section B.1 above.

The measurement was performed with the gantry rotating. The gantry was rotated at a constant
velocity of 15 sec per revolution. Dose distributions corresponding to the binary leaf patterns
show up on the scintillator surface, and the camcorder records these at each gantry angle.

Since the ROIs put on the image in Fig. 2 are fixed at each position and these do not rotate
with the gantry rotation, it is not a real-time measurement. Following the light acquisition for
all gantry angles, each of the images acquired are rotated back to 0°, by which we measured
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the q; at each gantry angle. The actual appropriate gantry angles to rotate the images back were
given from the result of Section C above. In this way, it is possible to conduct a real-time binary
MLC QA with the rotating gantry during treatment. This is the benefit of this measurement. In
the procedure, two sets of sinograms were used. One was a very simple sinogram in which all of
the binary MLCs were open for 294.12 msec and this was repeated for 133 projections (simple
binary MLC pattern). Another set was the clinical case of a prostate treatment MLC pattern,
with 643 projection data and a modulation factor of 1.649 (clinical binary MLC pattern). The
modulation factor is defined by maximum leaf open time divided by the average leaf open time.
‘When the modulation factor increases, the leaf open time becomes shorter on the sinogram. In
the measurements, the treatment couch was not moved and the number of projections was fixed
at 51. The sinogram was analyzed based on the Th value. When q_; was greater than Th, the
jth leaf was identified as being open. When qy; was less than Th, tfle jth leaf was considered
to be closed. The suitability of the Th value was also evaluated by considering the sensitivity
and specificity for some sets of Th values. The leaf open time obtained from this method was
compared with the one for the original sinogram data.

lil. RESULTS

A. Characteristics of light detection .

A.1 Relationship between scintillation light and collimator open time

The relationship between the detected light Q at the central beam axis, between the 32nd and
33rd leaf positions, is shown in Fig. 3. Good linearity can be seen for leaf open times from
29.41 msec to 294.12 msec. This has already been reported,®>2%) and we were able to obtain
a similar result. The relationship shows that by changing the leaf open time, we can control
the exposure to the scintillator and, conversely, that it is possible to predict the leaf open time
from the detected light Q.
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Fic. 3. Relationship between the leaf open time and detected light. Q on the vertical axis, is calculated from Eq. (3).
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A.2 Lateral profile in the scintillator

The result of the lateral profile using the scintillator unit is shown in Fig. 4. There is a slight
slope in the profile from the center of the beam line towards the off-axis direction. The main
reasons for this are that there is no flattening filter in the linear accelerator used for helical to-
motherapy, and the depth doses at each ROI position are different in the cylindrical scintillator.
Each value, q., is normalized to the 32nd detected light value, s, Which is at the center of the
field. The inverse value of the relative value in the profile is used for k; i
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FiG. 4. Measured light on each ROI in the case in which each leaf was open individually. These are normalized by the
light on the 32nd ROIL.
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A.3 Field size dependency of the detected light

The relationship between the field size and the beam profile is shown in Fig. 5(a). The Q in
each ROI increases as the field size is widened. This is caused by scattered photons, light scat-
tering®*-2) and Cherenkov radiation®®3233) in the scintillator. Figure 5(b) shows the output
factors in terms of Q, at the center and at the field edge for each field size in Fig. 5(a). The
center is at the 32nd leaf position when opening one leaf, and between leaves 32 and 33 when
opening two or more leaves. The Q at the field edge is defined, when the leaves from j to j+n are
open, as the average value of Q, , and Q, ni1- FOr example, when just the 32nd leaf is open, the
field edge is the average of Q,, and Q5. and when the 32nd-33rd leaves are open, the field edge
is the average of Q,, and Q,,. The detected light per frame at center increases from 29.1 up to
65.1 pixel value. In the ﬁeld edge, the detected light per frame increased from 5.6 to 33.7 pixel
value. The light detected at the center when just one leaf was open is lower than the light detected at
the field edge when 24 leaves were open (Fig. 5(b)). This means that, in the case of the wider field
shown in Fig. 5(a), even if a few leaves are not open at the side, the unopened leaves might pos-
sibly be recognized as being “open”. This might be the cause of errors in this measurement.
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A.4 Exposure time and the detected light

The relationship between irradiation time and the scintillation light detected (relative value)
on the camcorder is shown in Fig. 6. The detected light is slightly greater than 1 for short ir-
radiation times, and then gradually decreases. Since this trend is also seen in the ion chamber
measurements, it is thought that the slight variation was due to a variation in the beam output
and not to the scintillator. However, since the variation in the beam output affects the results,
a correction factor k,; for the beam output based on this curve was applied.
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Fic. 6. Stability of the data measured with an ion chamber and the plastic scintillator. The measured data from the scintil-
lator are based on q, .. ;. The data from the ion chamber are from measurements made at a depth of 10 cm. Each plot is
averaged over a time of 10 sec and normalized by the value at 100 sec. The readings of both the plastic scintillator and

ion chamber decreased with exposure time. i
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