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of HI compared to reoptimization, although the amplitude
was small. The change in CI was not statistically significant
for any imaging dose.

Effects of reoptimization on OAR dose

Figure 3A illustrates changes in the rectal Dp,, value
from nonimaging values. While both compensation and
reoptimization plans showed an imaging dose-dependent
increase in rectal Dye.,, reoptimization significantly sup-
pressed dose elevation by half compared with compensa-
tion (p < 0.001 for all MU). Whereas the D,.,, value of
compensation plans became larger than observed with por-
tal imaging when 8- to 15-MU CBCT was added, the D .
value of reoptimization plans did not exceed that of portal
imaging. Figure 3B shows the changes in gEUD from non-
imaging plans. For the simple addition of portal imaging
and 3-MU CBCT, the amplitude of gEUD elevation was
similar to that of D ,,. In contrast, gEUD determined by
both techniques changed modestly with every imaging
dose. Because gEUD reflects the effect of inhomogeneous
dose distribution, the cause of the disagreement seen in
these results may be found in the dose-volume analysis

(Fig. 3C). The rectal Vx value was uniformly elevated by
addition of portal imaging and 3-MU CBCT. In contrast,
compensation plans showed a remarkable increase of
low-dose volume (V30-V50), while the changes in high-
dose volume (V60-V70) were modest. The Vx elevations,
especially those of low-dose volumes, were suppressed by
reoptimization. No significant difference was noted be-
tween V60 for compensation and reoptimization plans
when 3-MU CBCT was added, and there was no significant
difference in V70 for all MU.

Figure 4 shows results for bladder doses subjected to the
same analyses as those conducted above. The bladder D¢,
value was also increased with increasing imaging dose
(Fig. 4A). Unlike the results for the rectum, however,
gEUD increased significantly for compensation and reop-
timization plans compared with nonimaging values
(Fig. 4B), and reoptimization significantly suppressed the
gEUD elevation when 5 to 15 MU were added (p = 0.008
and 0.001 and p < 0.001 for 5 and 8 and 15 MU, respec-
tively). As the analysis of Vx (Fig. 4C) shows, V70 was
increased with increasing CBCT dose, and reoptimization
significantly suppressed V70 elevation when 5 to 15 MU
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Fig. 3. The effects of MV-CBCT integration on rectal dose. The Dy.., (A), gEUD (B), and Vx (C) values are shown. Each
value represents the chanlge from those of nonimaging plans. Columns and bars represent median and interquartile range,
respectively. T, p < 0.05; ¥, p < 0.01. (Paired t-test comparisons between compensation and reoptimization plans with the

same MU are shown).
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Fig. 4. The effects of MV-CBCT integration on bladder dose are shown. The Dyeqn (A), gEUD (B), and Vx (C) values are
shown. Each value represents the change from those of nonimaging plans. Columns and bars represent median and inter-
quartile range, respectively. f p<0.05;% p <0.01. (Paired r-test comparisons between compensation and reoptimization

plans with the same MU are shown).

were added (p = 0.044 and 0.009 and p < 0.001 for 5 MU and
15 MU, respectively).

DISCUSSION

The accurate calculation of MV-CBCT dose distribution is
essential to the integration of imaging dose with prescribed
dose. Here, we were able to accurately calculate MV-
CBCT dose distribution by using our method, even for quite
low MU (Fig. 1B-D). We confirmed the fact that this method
also allowed the accurate calculation of dose in differently
shaped phantoms and that the stability of the MV-CBCT
beam output was ensured by weekly measurement, routinely
performed for IMRT quality assurance. We conclude that our
method is feasible for any imaging dose, if the stability of
beam output is confirmed by scheduled measurements. Sim-
ilarly, the report of the American Association of Physicists in
Medicine Task Group 142 recommended annual or more fre-
quent assessment of imaging dose (25).

Regarding target coverage, compensation plans showed
slightly decreased HI (Fig. 2C), indicating a decrease in
hot or cold regions in the target volume. This is attributed
to the uniform dose distribution of the MV-CBCT dose.
However, the alteration was quite small and might be consid-
ered clinically negligible. Because the results of HI and CI

demonstrated that MV-CBCT dose integration with both
techniques did not worsen the quality of target coverage,
the necessity of reoptimization can be simply evaluated by
considering the effects of imaging dose on critical organs.

For the rectal Dy,.,, value, reoptimization seemed to
have a significant advantage for suppressing rectal dose
elevation upon addition of imaging dose, particularly for
high-MU CBCT (Fig. 3A). However, gEUD values for
both techniques showed negligible changes from nonimag-
ing values (Fig. 3B). The results of dose-volume analysis
(Fig. 3C) explain the cause of the disagreement: compensa-
tion plans mainly increased low-dose volume (30-50 Gy),
while their alteration of high-dose volume was modest. In
contrast, simple addition of both portal imaging and 3-
MU CBCT uniformly increased rectal Vx. In general, rectal
complications result from high doses (26). Although many
studies have demonstrated the association of late rectal tox-
icity with high dose (=60 Gy), rectal bleeding correlates
with the volume exposed to intermediate doses (40-60
Gy) (26, 27). Jackson et al. (27) stated that the intermediate
dose might be associated with the recovery of tissue
exposed to high dose. While compensation might be suffi-
cient for reducing rectal injury, reoptimization could
still be beneficial for reducing the volume receiving
intermediate dose.
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Although MV-CBCT dose increased both rectal and
bladder Dy, values, the amplitude of the bladder dose
elevation was larger than that of the rectal dose (Figs.
3A and 4A). The dose distribution of MV-CBCT is
arch-shaped, indicating that the anterior region receives
a relatively higher dose than the isocenter (Fig. 1A). In-
terestingly, the bladder but not rectal gEUD value in-
creased with imaging dose. As Figure 4C shows,
a significant increase in bladder V60 to V70 was observed
in compensation plans. This increase can also be ex-
plained by the arch-shaped dose distribution of MV-
CBCT. When PTV D95 is normalized to the prescribed
dose by scaling down IMRT beams, insufficient compen-
sation will result in the increased bladder dose, even for
high Vx. Reoptimization significantly reduced bladder
gEUD by modifying beam intensity and reduced high-
dose volume (V60-V70) when 5 to 15 MU were added.
Although little information about dose-volume
relationship related to genitourinary toxicity was pro-
vided, Zelefsky et al. (28) reported a 20% incidence in
late Grade =2 toxicity after 81-Gy prostate IMRT com-
pared to a 12% incidence for non-IMRT patients treated
with lower doses. While conformal RT techniques enable
dose escalation, the bladder receives a localized but

higher dose than with conventional RT. In patients in
whom frequent MV-CBCT acquisition with high MU ele-
vates the dose to this organ, reoptimization will be bene-
ficial in reducing the risk of complications.

CONCLUSIONS

Many institutions may use MV-CBCT less frequently
(i.e., once weekly) or with low MU (i.e., 3-5 MU) because
of increased dose to normal tissue. For institutions using por-
tal imaging for daily setup, portal imaging can be replaced
by 3-MU CBCT because its dose is low and close to that
of portal imaging. However, dose compensation is still valu-
able for reducing OAR dose. In that case, the low-MU CBCT
calculation method described here would facilitate dose
compensation. As our present study shows, compensation
is sufficient for reducing the OAR dose increased by low-
MU CBCT, and reoptimization is unnecessary. In contrast,
for high-MU CBCT, reoptimization is obviously beneficial
for reducing OAR dose, especially for the bladder. Appropri-
ate application of these measures should allow accurate
treatment with smaller PTV margins that result in fewer
complications.
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Background: To investigate the treatment results of intracranial meningiomas treated with
hypofractionated stereotactic radiation therapy in three to five fractions.

Methods: Thirty-one patients (32 lesions) with intracranial meningioma were treated with
hypofractionated stereotactic radiation therapy in three to five fractions using CyberKnife.
Fifteen lesions were diagnosed as Grade | (World Health Organization classification) by surgi-
cal resection and 17 lesions were diagnosed as meningioma based on radiological findings.
The median follow-up time was 48 months. The median planning target volume was 6.3 cm®
(range, 1.4-27.1), and the prescribed dose (D90<) ranged from 21 to 36 Gy (median, 27.8)
administrated in three to five fractions.

Results: Five-year overall and progression-free survival rate of all 31 patients with intracranial
meningioma was 86 and 83%, respectively. Five-year progression-free rate of all 32 lesions
was 87%. Six of the 31 patients (19%) developed marked peritumoral edema, three of whom
were asymptomatic and three symptomatic, the latter with late adverse effects of more than
or equal to Grade 3. The mean planning target volume of the six lesions with marked peritu-
moral edema was 15.6 cm®, and for the remaining 26 lesions without marked peritumoral
edema was 7.1 cm® (P = 0.004). The threshold diameter of 2.56 cm for meningioma was cal-
culated from the planning target volume (11 cm®) and was used as marker of developing peri-
tumoral edema (P = 0.003).

Conclusions: Tumor volume is a significant indicative factor for peritumoral edema in intra-
cranial meningioma treated with hypofractionated stereotactic radiation therapy in three to five
factions.

Key words: intracranial meningioma — stereotactic radiation therapy — CyberKnife — peritumoral
edema — tumor volume

INTRODUCTION

residual or recurrent tumor after surgical resection, and the
presence of factors, which contraindicate surgical resection

Surgical resection is the main treatment for intracranial
meningioma (1). However, radiation therapy may also be
considered for a tumor which is not suitable for resection, a

TPresented in part at the 69th annual meeting of the Japan Radiological
Society (2010) in Yokohama, Japan.

such as low performance status, advanced age or compli-
cations. For such cases, conventional radiation therapy
remains the preferred modality (2—5), but stereotactic radi-
ation therapy has recently come into worldwide use (6—12).
According to previous reports, results for stereotactic

© The Author (2011). Published by Oxford University Press. All rights reserved.
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radiation therapy for intracranial meningioma were compar-
able to those for conventional radiation therapy, but severe
adverse effects, such as peritumoral edema of intracranial
meningioma, have been also reported. The risk factors of the
peritumoral edema of intracranial meningioma are mainly
reported in radiosurgery (13—28). However, there have been
few reports on the risk factors of the peritumoral edema of
intracranial meningioma treated with hypofractionated stereo-
tactic radiation therapy in three to five fractions.

The purpose of this study was to investigate the treatment
results for intracranial meningiomas treated with hypofractio-
nated stereotactic radiation therapy in three to five fractions
using CyberKnife and the risk factors for peritumoral edema
as an adverse effect.

PATIENTS AND METHODS

Between June 1999 and June 2008, 31 patients (32 lesions)
with intracranial meningioma were treated with extreme
hypofractionated stereotactic radiation therapy in three to
five fractions using CyberKnife at Osaka University
Hospital, Japan. Eligibility criteria for this treatment were:
(i) patients with tumors which were not suitable for
resection; (ii) patients with residual or recurrent tumors after
surgical resection; (iii) patients with factors contraindicative
of surgical resection such as low performance status, severe
complications or advanced age; (iv) patients with symptoms
caused by the tumor. In principle, the criterion for size was
a meningioma of <3 cm. Patient characteristics and treat-
ment parameters are listed in Table 1. The median age was
68 years old (range, 18—90), and there were 27 female and 4
male patients. One patient (two lesions) was diagnosed with
neurofibromatosis type II. Fifteen lesions were diagnosed as
Grade I (World Health Organization classification) by surgi-
cal resection or biopsy and the remaining 17 lesions as
meningioma based on radiological findings or clinical
course. The types and locations of the 32 meningiomas were
parasagittal meningiomas (8), falx (5), petroclival (4), caver-
nous sinus, convexity (3 each), sphenoidal ridge, tentorial,
cerebellopontine angle (2 each), and clival, middle cranial
fossa, anterior clinoidal (1 each). The median follow-up time
was 48 months (range, 10—127) and the median radiological
follow-up time was 40 months (range, 1—125).

The CyberKnife (Accuray, Sunnyvale, CA, USA) is a
stereotactic radiation therapy system with a 6-MV X-band
linac on a robot arm controlled along six axes. The guidance
system uses X-ray radiographic imaging to track the treat-
ment site and control the alignment of radiation beams from
the robot-mounted liniac. Shiomi et al. (29) reported that the
accuracy of this system as used at our hospital was 0.7 mm
(median). A thermoplastic plastic shell is used for fixation of
the patient. At our hospital, enhanced computed tomography
(CT) with a 1.25 mm slice thickness was performed with the
patient in the treatment position. The gross tumor volume
(GTV) was defined as the visible lesion detected by

Table 1. Patient characteristics and treatment parameters

Patients 31 (32 lesions)
Male 4

Female 27

Diagnosed pathologically 15

Diagnosed with radiological findings 17

The median age (range) 68 (18—90)

The median follow-up time (range) 48 months (10—-127)
Tumor location
Parasagittal
Falx
Petroclival
Cavenous sinus
Convexity
Sphenoidal ridge

Tentorial

RN N W W R W

Cerebellopontine angle
Clival

Middle cranial fossa
Anterior clinoidal I

27.8 Gy (21-36)
3(3-5)

6.3 cm® (1.4-27.1)

The median total dose (90 < D) (range)
The median fractionation (range)

The median planning target volume (range)

enhanced CT with reference to magnetic resonance imaging
(MRI). The clinical target volume (CTV) was defined as
being of the same size as the GTV. The planning target
volume (PTV) was defined in principle as expansion of
0.1 cm of the CTV in all directions, with a median PTV of
6.3 cm® (range, 1.4—27.1). For 14 of 32 lesions, we chose
the treatment plan in which at least 90% of the PTV was
included within the prescribed isodose line (D90<). The
remaining 18 were treated with a prescribed dose of D90,
which represents the dose with which 90% of the tumor
volume is irradiated. Our prescribed dose ranged from 21 to
36 Gy (median, 27.8) in three to five fractions. Twenty-one
gray in three fractions was used for 2 of the patients, 24 Gy
in three fractions for 12 patients (13 lesions), 25.5 Gy in
three fractions for 1 patient, 30 Gy in three fractions for 11
patients, 30 Gy in four fractions for 1 patient, 30 Gy in five
fractions for 3 patients and 36 Gy in three fractions for 1
patient. The total dose and fractionation for each patient
were decided at weekly meetings of the radiation oncologists
and the neuro-oncologists. However, the actual dose often
changed the dose according to the distance to the risk organs
or other patient factors, and it often depended on the judg-
ment of the primary doctor.

The dose was converted to the biologically equivalent
dose (BED) normalized to 2 Gy in 1 fraction (NTD of 2 Gy)
based on the following linear quadratic equation [BED =
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number of fractions x dose per fraction x (1 4+ dose per
fraction/(a/B)], &/B = 10 for early responding tissue, &/ =
3 for late responding tissue). NTD 2 Gy, o/f3 = 10 of stereo-
tactic radiation therapy ranged from 29.8 to 66 Gy (median,
39.7), and its NTD 2 Gy, o/ = 3 counterpart from 42 to
108 Gy (median, 54). Stereotactic radiation therapy was
delivered at one fraction a day which took about 1.5to 1 h
to complete. All three to five fractions were administrated on
consecutive days except in case of holidays.

Our patients were routinely followed up every 0.5—12
months and follow-up MRI was performed routinely. The
tumor diameter in the X, Y and Z planes on MRI was
determined for every case and the tumor size was classi-
fied as decreased, increased or unchanged. A decrease in
tumor size was defined as one of the three diameters of
the tumor as observed on MRI having decreased after
treatment to less than half of what it was before the treat-
ment. An increase in tumor size was defined as one of
the three diameters having increased after treatment to
more than 1.5 times of what it was before the treatment.
Unchanged tumor size was defined as not meeting for
either a decrease or an increase. This classification is a
modified version of the one by Selch et al. (30). The
patients with tumors unchanged or decreased in size were
defined as progression free.

Late adverse effects were defined as symptoms that
occurred more than 3 months after stereotactic radiation
therapy. Common terminology criteria for adverse events,
v4.0 were adopted for evaluation of such effects (31).
Edema was defined as marked peritumoral edema if it
developed >3 cm from the edge of the tumor as
observed on T2-weighted MRI after stereotactic radiation
therapy.

Retrospective treatment results were analyzed for evalu-
ation of the following clinical endpoints: overall survival
rate, progression-free survival rate, progression-free rate, the
appearance rate of marked peritumoral edema and the fre-
quency of adverse events more than or equal to Grade
3. Overall survival rate, progression-free survival rate and
progression-free rate were measured from the beginning of
stereotactic radiation therapy of the meningioma and were
estimated with the Kaplan—Meier method. Significant differ-
ences between groups were tested with #-test or Fishers exact
test. The findings of multivariate analysis were tested with
sequence regression analysis. The P value was two-sided,
and a P value of 0.05 or less was considered significant.
SPSS, version 12.0 (SPSS, Inc., Chicago, IL, USA) was
used for all statistical analyses.

RESULTS

OVERALL SURVIVAL, PROGRESSION-FREE SURVIVAL AND
PrOGRESSION-FREE RATES

Five-year overall and progression-free survival rate of all 31
patients with intracranial meningioma were 86% (Fig. 1A)
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and 83% (Fig. 1B), respectively. Five-year progression-free
rate for all 32 lesions was 87% (Fig. 1C). One patient
(2 lesions) who was diagnosed with neurofibromatosis type
II was alive with lesions unchanged at last the follow-up. Of
the 32 lesions, 3 were judged to have decreased, 25 to have
remained unchanged and 4 to have increased, with the latter
estimated to have increased at 25, 29, 37 and 105 months,
respectively, after stereotactic radiation therapy. The respect-
ive PTV and treatment doses were 3.3 cm® (24 Gy in three
fractions), 9.6 cm® (30 Gy in three fractions), 24.1 cm?
(30 Gy in three fractions) and 27.1 cm® (30 Gy in three frac-
tions) and their locations were parasagittal (2), clival and
falx (1 each). Three patients underwent salvage treatment,
two patients surgical resection, one patient re-stereotactic
radiation therapy. Three patients with increased meningiomas
died of the disease at 30, 43 and 68 months after the initial
treatment. In addition to these three, three others died for a
total of 6 deaths. These other three patients whose menin-
gioma was controlled died of lung cancer, diabetes mellitus
and gastrointestinal bleeding, respectively.

MARKED PERITUMORAL EDEMA AND ADVERSE EVENTS

Six of the 31 patients (19%) developed marked peritumoral
edema, 3 asymptomatic and 3 symptomatic with late adverse
effects more than or equal to Grade 3. Three of the sympto-
matic patients developed seizure, gait disturbance and
central nervous system necrosis accompanied by loss due to
long-term heightened intracranial pressure. One of the three
patients whose PTV of convexity meningioma was 14.2 cm®
developed seizure (Grade 3) 3 months after treatment with
24 Gy in three fractions and often required hospitalization to
control the seizure. One of the three patients whose PTV of
falx meningioma was 22.2 cm® developed gait disturbance
(Grade 3) 5 months after treatment with 30 Gy in five frac-
tions. This patent was confined to a wheelchair and died of
gastrointestinal bleeding from unknown causes 8 months
after the initial stereotactic radiation therapy. The last of the
three patients whose PTV of cavernous sinus meningioma
was 13.1 cm® developed central nervous system necrosis
(Grade 4) 9 months after treatment with 36 Gy in three frac-
tions (Fig. 2A). She developed bilateral vision loss associ-
ated with bilateral papilledemas and marked peritumoral
edema (Fig. 2B,C) and underwent a craniotomy to reduce
the intracranial pressure. The necrotic tissue around the
tumor was confirmed pathologically. After 8 years, the
marked peritumoral edema seen in Fig. 2C was compara-
tively resolved (Fig. 2D). She was alive with bilateral vision
loss at the last follow-up. The respective PTV, treatment
dose and location of the marked peritumoral edema in the 3
asymptomatic patients were 5.9 cm’® (24 Gy in three
fractions, falx), 11.4 cm® (30 Gy in four fractions, sphenoidal
ridge) and 27.1 cm? (30 Gy in three fractions, parasagittal).
A scatter chart of the PTVs with or without marked peri-
tumoral edema is shown in Fig. 3. We performed univariate
analysis. The mean PTV of the 6 lesions with peritumoral
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Figure 1. (A) Overall survival rate of meningioma patients (n = 31). (B) Progression-free survival rate of meningioma patients (n = 31). (C) Progression-free

rate of meningioma lesions (n = 32).

edema was 15.6 cm®, whereas that of the 26 lesions without
marked peritumoral edema was 7.1 cm® (P = 0.004). We
determined the threshold of the PTV with the strongest cor-
relation with marked peritumoral edema and found that PTV
of 11 cm? correlated most strongly (P = 0.003). We further
assumed that the tumor was a spherical and adopted the fol-
lowing formula for calculation: PTV (cm®) = 4/3 x 7 x
(GTV diameter (cm)/2 + 0.1 cm)®. For a PTV of 11 cm®, the
diameter of the GTV was 2.56 cm. Of the 32 lesions, 9 GTV
diameters were >2.56 cm and 5 of the 9 diameters were
associated with marked peritumoral edema. Of the 32
lesions, 23 diameters of the GTV were <2.56 cm and 1 of
the 23 diameters were associated with marked peritumoral
edema. Intracranial meningiomas with a GTV diameter of
more than 2.56 cm developed significantly marked peritu-
moral edema.

The total dose and schedule with or without peritumoral
edema was converted to NTD of 2 Gy, a/B8 =3, and the
respective average total doses were 68.1 and 62.0 Gy. The
difference in dosage between tumors with and without

peritumoral edema was not significant (P = 0.377). The
most frequent sites of the tumors with peritumoral edema
was falx, but this location turned out not to be significant
factor in peritumoral edema (P = 0.102). We also performed
multivariate analysis of PTVs dose and location. The
results showed that PTVs was a marginally significant factor
(P =0.066), while the dose (P = 0.372) and the location
(P = 0.493) were not.

DISCUSSION

Clinical endpoints in this study were comparable to those of
other published study reports (2—12).

Reports on treatment of peritumoral edema with stereotac-
tic radiosurgery have appeared in the literature since the
1990s. Engenhart et al. (13) reported that 5 of 17 menin-
gioma patients (29%) developed a large area of brain edema
resulting from treatment with single high-dose radiation
therapy using a linac accelerator. Since then, the frequency
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Figure 2. (A) Enhanced T1-weighted magnetic resonance image before stereotactic radiation therapy. The well-defined enhanced tumor which was compatible
with meningioma is indicated in the right cavenous sinus. (B) Bilateral eye-fundus images 9 months after stereotactic radiation therapy. Bilateral papilledemas
are indicated and were due to intracranial high pressure. (C) T2-weighted magnetic resonance image after stereotactic radiation therapy of 9 months. Marked
peritumoral edema was indicated. (D) T2-weighted magnetic resonance image 8 years after stereotactic radiation therapy. Marked peritumoral edema was

resolved compared with the image in (C).

and the risk factors of peritumoral edema have been widely
discussed. The frequency of mainly radiosurgery-induced
edema has been reported as 6—43% (13—28). The risk
factors of peritumoral edema resulting from treatment with
stereotactic radiation therapy are summarized in Table 2
(20-28). Patil et al. (20) reported that the risk factor was
parasagittal location, mainly for stereotactic radiosurgery
using CyberKnife. Chang et al. (21) reported that location or
dose was the risk factors of peritumoral edema with Gamma
Knife. Ganz et al. (22) reported that patients treated with

Gamma Knife developed edema preferentially in case of
non-basal tumors, especially those around the midline and
sagittal sinus. In all but one case where radiation-induced
edema was observed was the margin tumor dose 18 Gy or
more. Kalapurakal et al. (23) reported that the risk factors of
peritumoral edema were parasagittal location, presence of
pretreatment edema, sagittal sinus occulusion, use of >6 Gy
per fraction for liniac stereotactic radiosurgery and radiation
therapy. Cai et al. (24) stated that the risk factors of peritu-
moral edema were tumor—brain contact interface area and
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614 Tumor volume and peritumoral edema in meningioma

tumor volume for meningioma treated with Gamma Knife.
Kollova et al. (25) found that the risk factors were age >60
years, no previous surgery, presence of pretreatment edema,
tumor volume > 10 cm?, tumor location in anterior fossa and
marginal dose >16 Gy for treatment with Gamma Knife.
Novotny et al. (26) reported that no previous surgery, edema
present before stereotactic radiosurgery, tumor volume
>10 cm?, location in anterior fossa and maximum dose
>30 Gy were risk factors for peritumoral edema with
Gamma Knife. The importance of the tumor location was
thus most often reported in radiosurgery, whereas the impor-
tance of the tumor volume was reported only in Gamma
Knife. Kan et al. (27) reported that molecular factors for
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Figure 3. Scatter chart of the planning target volume (PTV) with or
without marked peritumoral edema (n = 32). The difference in mean PTV
was significant (P = 0.004)

peritumoral edema included vascular endothelial growth
factor of peritumoral edema after stereotactic radiosurgery
for intracranial meningiomas. Chen et al. (32) described the
causes of peritumoral edema as radiation necrosis, infiltration
of inflammatory cells and radiation injury to the vasculature
causing hyalinization of blood vessels. On the other hand,
Selch et al. reported no treatment-induced peritumoral
edema resulting from fractionated stereotactic radiation
therapy with 50.4 Gy in 28 fractions (30). Finally, Girvigian
et al. reported that fractionated stereotactic radiation therapy
(median, 50.4 Gy in 28 fractions) was associated with less
risk of post-treatment symptomatic peritumoral edema com-
pared with stereotactic radiosurgery treatment with a mar-
ginal dose of 14 Gy (28).

Most of the reports on the risk factors of peritumoral
edema in association with meningioma are concerned with
radiosurgery, while there have been hardly any reports of the
risk factors of tumor volume for peritumoral edema resulting
from hypofractionated stereotactic radiation therapy with
three to five fractions. In our study, marked peritumoral
edema was observed in 6 of 31 patients (19%), a rate which
was not high compared with other reports. As for the bio-
logical aspects, extreme hypofractionation was found to be
more harmful to normal cerebral tissue than conventional
radiation therapy because the o/ level of cerebral tissue is
supposed to be low. However, indication of meningioma
with the small volume (the PTV <11cm?® diameter
<2.56 cm) for hypofractionated stereotactic radiation therapy
has made it possible to reduce severe adverse effects. Our
study offers suggestions as to which meningiomas can be
indicated for stereotactic radiation therapy with three to five
fractions. We could not determine in our study whether
tumor location is a significant factor. The number of patients
might not be enough to reveal the difference in the incidence

Table 2. The significant risk factors of the peritumoral edema in patients treated with stereotactic radiation therapy

Investigator Modality Case Total dose (Gy) Fractions Risk factors

Chang et al. (21) GK 140 15 1 Tumor location, dose

Ganz et al. (22) GK 35 12 1 Tumor location, dose

Kollova et al. (25) GK 331 12.5 1 Tumor location, tumor volume, age, no previous surgery,
presence of pretreatment edema

Novotny et al. (26) GK 331 12.5 1 Tumor location, tumor volume, dose, no previous surgery,
presence of pretreatment edema

Cai et al. (24) GK 182 13.6 1 Tumor-brain contact interface, tumor volume,
presence of pretreatment edema

Kalapurakal et al. (23) Linac 43 13.5-54 <1 Tumor location, dose, sagittal sinus occulusion,
presence of pretreatment edema

Kan et al. (27) Linac 18 13—15 1 Molecular marker

Girvigian et al. (28) Linac 32 14 or 50.4 1 or28 Single fraction

Patil et al. (20) CK 102 18 1 Tumor location

Present study CK 31 27.8 3 Tumor volume

GK, Gamma Knife; CK, CyberKnife.
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of peritumoral edema among the locations of the tumor. We
guessed another possibility that unlike treatment with a single
fraction, three to five fractions could overcome the problem of
the location compared with a single fraction. Hashiba et al.
(33) reported that the proliferative potential of meningioma
can be predicted from radiologic characteristics and 16 of 70
incidentally discovered meningiomas were found to have been
grown exponentially (34). The treatment timing of stereotactic
radiation therapy for such meningiomas with rapid growth
should therefore be considered carefully.

In conclusion, tumor volume was identified as a signifi-
cant factor for peritumoral edema in intracranial meningioma
treated with extreme hypofractionated stereotactic radiation
therapy in three to five factions using CyberKnife.
Specifically, careful attention should be paid when treating
meningiomas >2.56 cm in diameter. We have not been able
to establish a unified treatment or patient criteria in stereo-
tactic radiation therapy for meningioma at our institution.
We therefore had to establish our treatment strategy for
meningiomas based on the analyses performed in this study.
From now on, we will deliver 24 Gy in three fractions for
meningioma in principle and be more careful not to treat
large meningiomas with the PTVs >11 cm® or close to the
risk organs in the regimen. We will consider more fractiona-
tions for these cases according to need.
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MONOTHERAPEUTIC HIGH-DOSE-RATE BRACHYTHERAPY FOR PROSTATE
CANCER: FIVE-YEAR RESULTS OF AN EXTREME HYPOFRACTIONATION REGIMEN
WITH 54 GY IN NINE FRACTIONS
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Purpose: To evaluate an extreme hypofractionation regimen with 54 Gy in nine fractions provided by high-
dose-rate (HDR) brachytherapy as monotherapy for prostate cancer by reporting 5-year clinical results.
Methods and Materials: Between 1996 and 2005, 112 patients with localized prostate cancer were treated with
HDR brachytherapy without external beam radiotherapy. Of the 112 patients, 15 were considered low risk, 29 in-
termediate risk, and 68 as high risk. The prescribed dose was uniformly 54 Gy in nine fractions within 5 days. Of
the 112 patients, 94 also received hormonal therapy. The median follow-up time was 5.4 years.

Results: All the patients safely completed the treatment regimen. The S-year prostate-specific antigen (PSA)
failure-free, local control, disease-free survival, and overall survival rate was 83%, 97%, 87%, and 96 %, respec-
tively. The S-year PSA failure-free rate for low-, intermediate-, and high-risk patients was 85% (95% confidence
interval, 66-100%), 93% (95% confidence interval, 83-100%), and 79% (95% confidence interval, 69-89%),
respectively. The significant prognostic factors for PSA failure were the initial PSA level (p = .029) and younger
age (p =.019). The maximal toxicities observed were Grade 3 using the Common Terminology Criteria for Adverse
Events, version 3.0, for both acute and late toxicity (6 and 3 patients had acute and late Grade 3 toxicity, respec-
tively). Late Grade 2 toxicity was observed in 13 patients. :

Conclusion: Monotherapeutic HDR brachytherapy with an extreme hypofractionation regimen of 54 Gy in nine frac-
tions associated with hormonal therapy was feasible, and its toxicity was acceptable. The interim tumor control rate at
a median 5.4 years was promising, even for patients with locally advanced disease. This dose-fractionation scheme
might be referred to by other terms, such as stereotactic body radiotherapy. Studies with longer follow-up periods
and from multiple institutions are needed to confirm the efficacy of this novel approach. © 2011 Elsevier Inc.

Prostate cancer, Radiotherapy, High-dose-rate brachytherapy, HDR, Monotherapy, Hypofractionation.

INTRODUCTION invasive prostate cancer with a more computerized and
precise dose distribution. Many investigations (3-9) of
HDR brachytherapy have been published since the 1990s;
however, all these studies used HDR brachytherapy
combined with EBRT. In 2000, however, we (10) were the

Low-dose-rate permanent brachytherapy has become a stan-
dard treatment option for early-stage prostate cancer. In con-
trast, for locally advanced cases, the debate on the role of
such brachytherapy regimens is ongoing. As yet, no evidence

has confirmed that combining external beam radiotherapy
(EBRT) and low-dose-rate brachytherapy improves the out-
come (1, 2). Determining the optimal radiotherapy (RT)
method, especially for locally advanced prostate cancer, is
of the utmost importance.

High-dose-rate (HDR) brachytherapy is in the clinical trial
phase and is expected to be able to treat even extracapsular

first to report on the use of HDR brachytherapy without
EBRT based on the concept that HDR alone is the most
efficient method to escalate the radiation dose to the prostate.
In our subsequent reports (11, 12), a promising preliminary
outcome and a low rate of acute and late toxicity were
reported. Only a few other groups have initiated the use of
HDR brachytherapy without EBRT (13-15).
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The present report is an update on the use of this protocol
applied to 112 consecutive patients with a median follow-up
period of 5.4 years. In addition, the presented dose-
fractionation regimen might be referred to as a model case
for extreme hypofractionation in prostate cancer RT.

METHODS AND MATERIALS

Patient characteristics and selection

In January 1994, we launched HDR brachytherapy for prostate
cancer at Osaka University Hospital (Osaka, Japan), at first com-
bined with EBRT. In May 1995, we initiated HDR brachytherapy
as monotherapy (i.e., without EBRT), which had been, to the best
of our knowledge, the first trial in the world of HDR monotherapy
(10). The first regimen was 48 Gy in eight fractions within 5 days.
In November 1996, we escalated the radiation dose and changed
the regimen to 54 Gy in nine fractions within 5 days. From Novem-
ber 1996 through November 2005, 112 consecutive patients were
treated with this 54-Gy regimen and were the subjects of the present
report. This 54-Gy regimen was closed at that time; and a new reg-
imen with 45.5 Gy in seven fractions within 4 days is now ongoing.

The eligibility criteria were (1) clinical TNM Stage T1c-T3b or
T4 with only bladder neck invasion and without nodal or other dis-
tant metastases as established by clinical, biochemical, and imaging
studies, including magnetic resonance imaging, computed tomogra-
phy, and bone scans; (2) candidacy for epidural anesthesia; (3) pre-
treatment transrectal ultrasound (TRUS) and serum prostate-specific
antigen (PSA) levels available; and (4) informed consent. Patients
were considered ineligible for various reasons, including previous
pelvic RT for another malignancy; previous surgery or transurethral
resection of the prostate, and prostate cancer recurrence.

The median age at diagnosis was 68 years (range, 47-81). All pa-
tients had biopsy-proven adenocarcinoma of the prostate. Using the
2002 International Union Against Cancer TNM staging system, 28
patients had Stage T1, 34 had T2, 46 had T3, and 4 had Stage T4.
The initial PSA (iPSA) level was 3.8-233.0 ng/mL (median,
16.6), including 31 patients with a PSA level <10.0 ng/mL, 31
with 10.0-19.9 ng/mL, and 50 with a PSA level of =20.0 ng/mL.
Of the 112 patients, 50 had a Gleason score of =6, 36 had Gleason
score 7, and 26 had Gleason score of =8. We defined low-risk pa-
tients as those with an iPSA <10.0 ng/mL, Gleason score of =6,
and Stage Tlc-T2a; intermediate-risk patients as those with an
iPSA level of =10 but <20 ng/mL, Gleason score 7, or Stage
T2b-T2c; and high-risk patients as those with an iPSA level of
=20.0 ng/mL, Gleason score of =8, or Stage T3-T4. Of the 112 pa-
tients, 15 were classified as low risk, 29 as intermediate risk, and 68
as high risk (Table 1).

Hormonal therapy

The treatment protocol for hormonal therapy was as follows.
Patients with a large prostate volume (>40 cm?), those with interme-
diate- or high-risk cancer underwent 6—12 months of neoadjuvant
hormonal therapy, and high-risk patients underwent 3 years or life-
time adjuvant hormonal therapy. Both neoadjuvant and adjuvant
hormonal therapy included luteinizing hormone-releasing hormone
agonists and antiandrogens. The final decisions concerning
hormonal therapy were made by the urologists.

Of the 112 patients, 18 (16%) received no hormonal therapy and
94 (84%) underwent neoadjuvant and/or adjuvant hormonal ther-
apy, with a median duration of 36 months (range, 2-131). Of these
94 patients, 59 (53%) had finished their hormonal therapy by the last
follow-up, with a median duration of hormonal therapy of 22 months
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Table 1. Patient characteristics

Characteristic Value
Patients (n) 112
Age

Median 68

Range 47-81
T classification

Tl 28

T2 34

T3 46

T4 4
Gleason score

2-4 15

5-6 35

7 36

8-10 26
Pretreatment PSA (ng/mL)

<10.0 31

10.0-20.0 31

=20.0 50

Med@an 16.6

Range 3.8-233.0
Risk group*

Low 15

Intermediate 29

High 68
Hormonal therapy

Yes 94

No 18
Follow-up (y)

Median 54

Range 1.3-114

Abbreviation: PSA = prostate-specific antigen.

* Low, T1c-T2a, Gleason score =6, and PSA <10 ng/mL; inter-
mediate, T2b-T2c, Gleason score 7, or PSA =10 but <20 ng/mL;
and high, T3-T4, Gleason score =8, or PSA =20 ng/mL.

(range, 2—120), and 35 (31%) were still receiving hormonal therapy
at their last follow-up visit, with a median duration of 71 months
(range, 20-131). Of the 15 low-risk patients, 6 received no hormonal
therapy, 8 had finished neoadjuvant and/or adjuvant hormonal
therapy, with a median duration of 14 months (range, 5-36), and
1 had been receiving hormonal therapy for 25 months at their last
follow-up visit. Of the 29 intermediate-risk patients, 10 received
no hormonal therapy, 17 had finished hormonal therapy, with
a median duration of 11 months (range, 3-53), and 2 had been
receiving hormonal therapy for 74 and 98 months at their last
follow-up visit. Of the 68 high-risk patients, 2 received no hormonal
therapy, 34 had finished hormonal therapy, with a median duration
of 29 months (range, 2-120), and 32 had been receiving hormonal
therapy for a median duration of 71 months (range, 20-131).

Implant technique

The implant technique has been previously described in detail by
us (10). In brief, it involved continuous epidural anesthesia, real-
time TRUS guidance, the use of metallic applicators and applicator
stoppers (Trocar Point Needles and Needle Stoppers, Nucletron,
Veenendaal, The Netherlands), and an original template and its
cover plate (Taisei Medical, Osaka, Japan).

Under real-time TRUS monitoring of the largest cross-section of
the prostate, the applicators were placed on the line encompassing
the prostate (with or without extracapsular invasion) and within
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the prostate, but sparing the urethra, at 1-1.5-cm intervals. For the
posterior (rectal) side, the applicators were placed 0-3 mm inside
the prostatic capsule. The top 2 cm of the catheters were placed
within the bladder pouch. When a seminal vesicle was included in
the target, the placement of some applicators involved piercing the
medial one-half of the seminal vesicle.

Treatment planning and RT

The clinical target volume (CTV) included the whole prostate
gland plus 5 mm in all directions, except for the posterior (rectal)
margin. The posterior margin varied from 2 to 5 mm, depending

-on the distance to the rectal wall. If extracapsular invasion was ob-
served or strongly suspected, that area with a 5-mm margin was in-
cluded in the CTV. If seminal vesicle invasion was observed or
strongly suspected, the medial one-half of the seminal vesicle with
a 5-mm margin was also included in the CTV. The planning target
volume (PTV) was equal to the CTV, except for in the cranial direc-
tion, where it was larger. The top 2 cm of the applicators were placed
within the bladder pouch, such that the PTV included a 1-cm margin
in the cranial direction from the CTV. This margin was established,
not only to avoid the cold area at the base of the prostate, but also to
compensate for possible needle displacement in the caudal direction.
At 1 hour before each radiation fraction, a urinary balloon catheter
was clipped in place to keep the urine within the bladder pouch so
that the opposite side of the bladder wall and bowel were kept
away from the radiation field.

Treatment planning was done with the aid of PLATO (Nucletron)
using geometric optimization (volume method) and one prescription
dose point. The prescription dose point was positioned 5 mm distant
from one source in the central plane. In principle, that source was the
closest one to the rectum, and the prescription dose point was in the
direction of the rectum (i.e., outside the prostate). The source dwell
positions were located on the prostate surface and inside the prostate
(except for in the cranial direction, where it was located 1 cm outside
the prostate). The dose constraints were as follows: the dose to the
whole urethra should be 100-150% of the prescription dose, and
the dose to the whole rectal mucosa should be <100% of the pre-
scription dose. According to our previous analyses (10, 11),
a volume receiving =100% of the prescription dose, regardless of
the PTV, of <60 cm® and a dose nonuniformity ratio (volume
receiving =150% of the prescription dose/volume receiving
=100% of the prescription dose) of <30% were preferred, but
they were not adopted as constraints.

The patients remained in bed with epidural anesthesia for 5 days
from Monday to Friday and underwent RT twice daily, with an in-
terval of =6 h. The treatment consisted of nine fractions of 6.0 Gy
each (total 54 Gy). The isoeffective dose used in the present study
corresponded to approximately 116 Gy administered at 2 Gy/frac-
tion, according to the linear-quadratic model and with the assump-
tion of an /B ratio of 1.5 Gy for prostate cancer or 97 Gy with
the assumption of an «/f ratio of 3 Gy (16, 17). Prophylactic
antibiotics were administered twice daily from the day of implant
through Day 7. Air pumping devices were attached to the
patients’ lower legs to prevent deep vein thrombosis from the day
of implant through Day 5.

To ensure the correct needle position, radiation oncologists con-
firmed that no abnormal space was present between the perineum
and template, no unexpected edema was present in the perineum,
and none of the needle ends protruded unexpectedly compared
with the others before each RT session. However, we did not per-
form routine repositioning of the inserted needles before each ses-
sion (e.g., radiography before each RT session). We used a 1-cm

PTV margin in the cranial direction so that it covered the CTV ad-
equately even when the needles had moved in the caudal direction
=1 cm. We had collected data on needle displacement in the very
early period of the present study and had found that unexpected
changes in needle position were distributed between 0 and 1 cm
in the caudal direction in most sessions for most patients. However,
the data were not meant for publication. We are planning to reassess
needle displacement but have not yet done so.

Follow-up and toxicity analysis

A radiation oncologist and urologist performed the follow-up
evaluations, including PSA determinations and queries about uri-
nary and bowel symptoms, at least every 3 months. Magnetic reso-
nance imaging was performed at least every 2 years during the
follow-up period for all patients. PSA failure was defined as the na-
dir plus 2 ng/mL according to the Radiation Therapy Oncology
Group/American Society for Therapeutic Radiology and Oncology
Phoenix Consensus Conference recommendations (18). The PSA
level was examined using AIA-PACK PA (Tosoh, Tokyo, Japan).
Acute and late toxicity was scored according to the Common Termi-
nology Criteria for Adverse Events, version 3.0 (19). Acute toxicity
was defined as symptoms observed during or after treatment that had
completely resolved by 6 months after treatment. Treatment-related
toxicity that persisted >6 months after treatment completion were
considered late toxicity. The toxicity data were collected retrospec-
tively by chart review. During the study period, we did not use any
prospective  patient-administered quality-of-life  instruments.
The median follow-up for the present study was 5.4 years (range,
1.3-11.4).

Statistical analysis

Local control, overall survival, disease-free survival, and PSA
failure-free rates were calculated using the Kaplan-Meier method
(20). Univariate and multivariate analysis was performed for PSA
failure using a Cox proportional hazards model. p Values <.05
were considered significant.

RESULTS

Feasibility

All 112 patients completed the treatment regimen. No
significant intraoperative or perioperative complications
requiring treatment modification occurred.

Clinical outcome

Of the 112 patients, 19 developed PSA failure, with 14
showing evidence of clinical events, including 3 with local
recurrence only, 1 with lymph node metastases only, 8 with
bone metastases only, | with both bone and lymph node me-
tastases, and 1 with bone and lymph node metastases and lo-
cal recurrence. Of the 112 patients, 4 died of prostate cancer
and 1 of intercurrent disease. All 5 patients had belonged to
the high-risk group.

The 5-year local control, overall survival, disease-free sur-
vival, and PSA failure-free rate was 97%, 96%, 87%, and
83%, respectively (Fig. 1). The 5-year PSA failure-free rate
for the low-, intermediate-, and high-risk groups was 85%
(95% confidence interval, 66—100%), 93% (95% confidence
interval, 83—-100%), and 79% (95% confidence interval, 69—
89%), respectively (Fig. 2).
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Fig. 1. Local control, overall survival, disease-free survival, and
PSA failure-free rates for all 112 patients.

Univariate and multivariate analysis revealed that iPSA
(p=.029) and younger age (p = .019) were significant prognos-
tic factors for PSA failure. A Gleason score of =7 had
atendency toward a greater PSA failure rate (p =.123; Table 2).

Acute toxicity

No Grade 4 or 5 acute toxicity was detected. However, 6
patients (5%) had Grade 3 acute toxicity (3 with urinary fre-
quency/urgency and 1 each with hematuria, retention, and
urinary pain). Grade 2 acute toxicity developed in 21 patients
(19%), all of whom recovered without special treatment, and
58 patients (52%}) developed Grade 1 acute toxicity only. The
details of acute toxicity that occurred with this treatment ap-
proach are listed in Table 3. A total of 4 patients (4%) re-
quired urethral catheterization in the acute phase because of
Grade 3 or Grade 2 retention (Table 3). Temporary events,
such as hematuria during or just after implantation or detach-
ment of the needles, were not considered acute radiation tox-
icity, because such events were caused by mechanical
stimulation of the needles, and the patients recovered without
treatment within a few hours.

Late toxicity
No Grade 4 or 5 late toxicity was detected. Grade 3 late
toxicity developed in 3 patients (3%), 1 of whom developed
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Fig.2. PSA failure-free rates for patients stratified by the risk group.
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Table 2. Univariate and multivariate analysis for PSA failure
using Cox proportional hazards model

Univariate analysis Multivariate analysis

Variable HR (95% CI) P HR (95% CI) p

Age 0.930 .035 0.920 .019

(0.869-0.995) (0.857-0.986)
PSA 1.010 .009 1.010 .029
(1.003-1.017) (1.001-1.019)

Gleason score .050 123
=6 1.000 (Referent) 1.000 (Referent)
=7 3.014 2.314

(0.999-9.091) (0.797-6.714)

T classification 227 619
Ti-T2 1.000 (Referent) 1.000 (Referent)
T3-T4 1.754 0.739

(0.705-4.367) (0.224-2.439)

Risk group .098 460

Low- 1.000 (Referent) 1.000 (Referent)
intermediate
High 2.536 1.716

(0.841-7.646) (0.409-7.197)

Abbreviations: HR = hazard ratio; CI = confidence interval; PSA
= prostate-specific antigen.

a sigmoid colon perforation 7 years after HDR brachytherapy
and underwent surgical treatment, including colostomy. No
clear relationship between HDR brachytherapy to the pros-
tate and the sigmoid colon perforation could be established.
Another patient developed a rectourethral fistula 4 years after
HDR brachytherapy. He had undergone a laser coagulation
procedure against rectal bleeding. Another patient developed
severe urethral stenosis and underwent surgery 4 years after
HDR brachytherapy.

A total of 13 patients (12%) developed Grade 2 late
toxicity, including 6 cases of rectal bleeding, 2 of urinary fre-
quency/urgency, 2 of urinary pain, and 1 each of hematuria,

Table 3. Acute toxicities

Grade Adverse event Patients (n)
5 0
4 0
3
Urinary frequency/urgency 3
Genitourinary hemorrhage (bladder or urethra) 1
Urethral pain 1
Urinary retention 1

2
Urinary frequency/urgency 13
Genitourinary hemorrhage (bladder or urethra) 3
Urinary retention 3
Constipation 1
Anal pain 1
1 58
0 27

Grade determined using Common Terminology Criteria for
Adverse Events, version 3.0.
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dysuria, and retention. Finally, 26 (23%) developed Grade 1
late toxicity only (Table 4).

DISCUSSION

Radiation dose escalation with high conformity has been
an essential component of attempts to achieve better treat-
ment results with RT for localized prostate cancer (21).
HDR brachytherapy is one of the most efficient modalities
for that purpose because of its excellent conformity and rapid
dose falloff outside the target volume. Historically, HDR
brachytherapy has been performed as a boost after EBRT
(3-9, 22-24). However, this combination method typically
takes an additional 4-5 weeks for EBRT, in addition to
hospitalization for HDR brachytherapy. In contrast, if
a satisfactory dose distribution could be achieved with
HDR brachytherapy alone, without EBRT, it would
definitely be the most efficient method to achieve high
conformity and dose escalation. Thus, we initiated HDR
brachytherapy without EBRT; to the best of our
knowledge, the first such treatment reported in published
studies (10). Some other groups subsequently initiated
HDR brachytherapy without EBRT (13-15) (Table 5).

High-dose-rate brachytherapy has many advantages in
terms of radiation physics, including good tumor coverage,
even for extracapsular tissue, homogeneous dose distribu-
tion, no radiation exposure to the medical staff, and no
need to isolate patients in highly shielded rooms. Some inves-
tigators have suggested that HDR brachytherapy is superior
to conformal EBRT or low-dose-rate permanent brachyther-
apy in terms of dosimetry (25, 26). The developments in
remote afterloading brachytherapy devices and computer
algorithms have made anatomy-related dose optimization
possible (i.e., adaptation of dwell locations and dwell times
of the stepping source to the target and no impairment from
edema, source migration, or prostate movement during the

Table 4. Late toxicities

Grade Adverse event Patients (n)
5 0
4 0
3

Rectourethral fistula
Gastrointestinal perforation of sigmoid colon 1*
Urethral stricture/stenosis
2 Grade
Rectal hemorrhage 6
Urinary frequency/urgency 2
Urethral pain 2
Genitourinary hemorrhage (bladder or urethra) 1
Urethral stricture/stenosis 1
Urinary retention 1
1 26
0 70

Grade determined using Common Terminology Criteria for Ad-
verse Events, version 3.0.

* Relationship between perforation and high-dose-rate brachy-
therapy was unclear.

short treatment course) and significantly lowered the costs
of remote afterloading treatment (27, 28).

The method we used to determine our dose fractionation
schedule (54 Gy in nine fractions) has been previously re-
ported (12). From the viewpoint of radiation biology, prostate
cancer might have a very low «/f ratio of about 1.5 Gy (17).
Thus, a radiation dose fractionation regimen with a high
dose/fraction such as ours (6 Gy/fraction) has advantages
compared with a conventional dose/fraction (e.g., 2 or 1.8
Gy/fraction for EBRT) or permanent brachytherapy. In addi-
tion, a regimen of HDR brachytherapy alone could be ex-
pected to maximize this advantage compared with
a combination regimen of HDR brachytherapy and EBRT.
The isoeffective dose used in the present study corresponded
to approximately 116 Gy administered at 2 Gy/fraction using
the linear-quadratic model and assuming an «/@ ratio of 1.5
Gy for prostate cancer or 97 Gy, assuming an o/ ratio of 3
Gy (16, 17). This isoeffective dose was significantly greater
than that used with other RT modalities. For example,
a well-known technique for dose escalation is intensity-
modulated RT, used at the Memorial Sloan-Kettering Cancer
Center, with 81.0 Gy or 86.4 Gy delivered (29).

Hypofractionation is one of the greatest concerns in the
field of EBRT for prostate cancer. Several randomized and
nonrandomized trials have indicated the noninferiority of hy-
pofractionated regimens (30-32). The typical up-to-date
technique with a linear accelerator might be image-guided in-
tensity-modulated RT, in which the dose/fraction is usually
2.5-3.0 Gy. However, very recently, the enthusiasm for ex-
treme hypofractionated regimens has been driven by several
forces, including patient convenience, developing technolo-
gies, and preclinical data suggesting fewer, larger fractions
might increase the therapeutic ratio in prostate cancer (33).
However, the available clinical data are very few. The typical
technology used for extreme hypofractionated regimens has
included HDR monotherapy and stereotactic body RT. No
consensus exists on the dosage, fractionation, technique, or
normal tissue constraints. For example, a HDR monotherapy
regimen other than ours delivered 31.5-38 Gy in three to four
fractions of 8.5-10.5 Gy (13-15), and a stereotactic regimen
delivered 33.5-36.25 Gy in five fractions of 6.7-7.25 Gy
(34, 35). If such a consensus evolves, it might enable
extreme hypofractionated regimens to be compared with
conventionally fractionated approaches, although no direct
comparisons (randomized controlled trials) of extreme
hypofractionation have been planned.

The clinical results obtained with our protocol have been
encouraging. The 5-year PSA failure-free rate for low-, inter-
mediate-, and high-risk groups was 85%, 93%, and 79%, re-
spectively; comparable to previously reported results. This
can be attributed to the very high isoeffective dose adminis-
tered, which might have been an adequate dose to control
even the locally advanced cases in the present study.

Regarding toxicity, the monotherapeutic HDR brachyther-
apy protocol also proved promising. Although.we adminis-
tered a very high isoeffective dose, only 3 patients
developed Grade 3 late toxicity. All other patients with Grade
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Table 5. Regimen and outcome of HDR brachytherapy with or without EBRT

5-y PSA Grade 2
Start Patients HDR Risk failure-free  or more late
Investigator year (n) brachytherapy EBRT group rate (%) toxicity rate (%)
Galalae et al. (3) 1986 144 30 Gy/2 Fr 40 Gy/20 Fr Low to high 74 11*
Borghede ez al. (4), 1988 214 20 Gy/2 Fr 50 Gy/25 Fr Low to high 82 17%*
Astrom et al. (22)
Mate et al. (5) 1989 104 12-16 Gy/4 Fr 50.4 Gy/28 Fr Low to high 84 12
Demanes et al. (6) 1991 209 24 Gy/4 Fr 36 Gy/20 Fr Low 920 18
Intermediate 87
High 69
Martinez er al. (7), 1991 197 16.5-19.5 Gy/3 Fr, 46 Gy/23 Fr Intermediate to high 81 15%
Vargas et al. (23) 16.5-23 Gy/2 Fr
Dinges et al. (8), 1992 442 18-20 Gy/2 Fr 40 Gy/20 Fr, 45 Gy/25 Fr, Low to high 65 1t
Deger et al. (24) 50.4 Gy/28 Fr
Hiratsuka er al. (9) 1997 71 16.5 Gy/3 Fr, 45 Gy/25 Fr, Low to high 93 10
22 Gy/4 Fr 41.8 Gy/19 Fr
Martinez et al. (13) 1999 41 38 Gy/4 Fr - Low — -
Martin et al. (14) 2002 82 38 Gy/4 Fr - Low - -
Corner eral. (15) 2003 110 34 Gy/4 Fr, 36 Gy/4 Fr, - Low to high - -
31.5Gy/3Fr
Present study 1996 112 54 Gy/9 Fr - Low 85 14
' Intermediate 93
High 79

Abbreviations: HDR = high-dose-rate; EBRT = external beam radiotherapy; Fr = fractions.

* Data for gastrointestinal toxicity alone.
! Data for Grades 3 and 4.

1 or 2 toxicity recovered without any special treatment, ex-
cept for medication. The low rate of late toxicity seen in
our study might be attributable to the highly conformal
dose distribution of HDR brachytherapy and the small radia-
tion volume. The steep dose falloff reduced the radiation ex-
posure to the adjacent normal tissues (i.e., rectum and
bladder), and the dose optimization process spared the dose
of the organ at risk inside the prostate (i.e., urethra). We
have previously demonstrated that the smaller irradiated vol-
ume was related to the lower rate of acute and late toxicity
(11, 36) and that the more sophisticated algorithm used by
the planning computer could reduce the dose to the urethra
more efficiently while maintaining the dose to the prostate
(28). However, underreporting and underestimating the tox-
icity was possible owing to the retrospective nature of data
collection in the present study.

One of the major limitations of the present study was the
high rate of use of hormonal therapy. Its duration varied
widely and, in some cases, was substantially long. This might
have been a result of the characteristics of Japanese clinical
practice, because, in some reports (37), 95% of the EBRT

patients with localized prostate cancer received hormonal
therapy. The main reason was probably that no limit has
been placed on the reimbursement by the Japanese health in-
surance system for the cost of hormonal therapy once the pa-
tient has been diagnosed with prostate cancer, regardless of
the type of accompanying therapy. Moreover, medical insur-
ance in Japan is a system of universal health coverage. This
mix of hormonal therapy might have compromised the results
of HDR brachytherapy. Another limitation was that, for pros-
tate cancer, the median follow-up (5.4 years) was still too
short for any definitive conclusions with regard to tumor
control. Moreover, this was a single-institution experience.

Finally, the findings from the present report indicate that
monotherapeutic HDR brachytherapy with an extreme hypo-
fractionation regimen of 54 Gy in nine fractions combined
with hormonal therapy was feasible and its toxicity accept-
able. The interim tumor control rate at a median of 5.4 years
was promising, even for locally advanced cases. However,
reports with longer follow-up periods and from multiple
institutions are needed to confirm the efficacy of this novel
approach.
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