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STEREOTACTIC RADIOTHERAPY FOR INTRACRANIAL NONACOUSTIC
SCHWANNOMAS INCLUDING FACIAL NERVE SCHWANNOMA

KenTARO NisHioka, M.D.,* DaIsuke Aso, M.D.,* HioEFuMI AOYAMA, M.D.,* Yasusur Furuta, M.D.,T
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Purpose: Although the effectiveness of stercotactic

radiosurgery for nonacoustic schwannomas is
assessed, there have heen few studies on the efficacy of stereotactic radiotherapy (SRT) for these

currently being
tumors. We in-

vestigated the long-ferm outcome of SRT for nonacoustic intracranial nerve schwannomas.

Methods and Materials: Seventeen patients were

oculomotor nerve.

treated between July 1994 and December 2006. Of these patients,
7 had schwannomas located in the Jjugular foramen, 5 in the trigeminal nerve,

4 in the facial nerve, and 1 in the

Radiotherapy was used as an initial treatment without surgery in 10 patients (59%) and after

initial subtotal resection in the remaining patients. The tumor volume ranged from 0.3 to 31.3 mL (mean, 8.2 mL).
Thie treatment dose was 40 to 54 Gy in 20 to 26 fractions. The median follow-up period was 59.5 months (range, 7.4—

122.6 months). Local controf was defiried as
aging.

stable or decreased tumor size on follow-up magnetic resonance im-

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

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

© 2009 Elsevier Inc.

Stereotactic radiotherapy, Facial nerve, Trigeminal nerve, Schwannoma.

INTRODUCTION

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

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

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

On the basis of the effectiveness of radiation therapy for
acoustic schwannomas, stereotactic radiosurgery (SRS)
with a Gamma Knife or linear accelerator—based system
has been applied to nonacoustic schwannomas, and an excel-
lent local control rate and few adverse effects have been re-
ported (8-14). Pollock et al. (8) administered SRS (1220
Gy; mean tumor volume, 8.9 mL frange, 0.2-17.6 mL])
with a Gamma Knife to 23 patients (trigeminal nerve in 10,
jugular foramen in 10, hypoglossal nerve in 2, and trochlear
nerve in 1). The local control rate was 96% during the follow-
up period (median, 43 months; range, 12-111 months), and
new neurologic deficits developed in 3 cases (12%). Mabanta
et al. (9) reported on 18 patients (trigeminal nerve in 7, jug-
ular foramen in 9, and facial nerve in 2) who were treated
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with linear accelerator radiosurgery (10-15 Gy; mean tumor
volume, 5.5 mL [range, 0.7-15.4 mL]). The rate of tumor
control was 100%, with worsening of pre-existing nerve
VII palsy in 1 case and new-onset hearing Ioss in 2 cases.

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

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

METHODS AND MATERIALS

Between July 1994 and December 2006, 17 patients with nona-
coustic intracranial nerve schwannomas were treated with SRT at
our institution. There were 7 men and 10 women. The median age
was 47 years (range, 20~75 years). Of the patients, 5 had schwanno-
mas of the trigeminal nerve (V), 7 of the lower cranial nerves (EX/X/
XI) (so-called jugular foramen schwannomas), 4 of the facial nerve

(VII), and ! of the oculomotor nerve (I1I). There was no patient who

was diagnosed with neurofibromatosis.

The tumor volume at the start of radiotherapy ranged from 0.3 to
31.3 mL (mean, 8.2 mL). Surgical total resection had been per-
formed as the initial treatment until 2000, but starting in April
2000, SRT was selected as the initial treatment in principle regard-

‘thelast day of radiatherapy
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less of tumor size, site, age, and so on, becanse the effectiveness of
SRT for intracranial schwannomas was gradually being clarified.
Only 1 patient, who received SRT at December, 2006, had been ini-
tially treated by surgery at December, 1987. Of 17 patients, 6 had
surgical resection as the initial treatment and radiotherapy was ad-
ministered for residual or relapsed tumors. One patient had received
craniotomy and biopsy before radiotherapy. Consequently, the pe-
riod between surgery and radiotherapy varied from 0.9 to 228.2
months (median, 7.3 months).

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

The treatment planning was based on thin-slice computed tomog-
raphy (CT) scans. Since October 1998, we have used magnetic res-
onance imaging (MRI) for planning in addition to CT scan. Five
patients in the initial stage were treated without the use of MRI.
The images from MRI and CT were overlapped on the computer,
and the outline of the target and the organs at risk was enclosed.
In principle, the clinical target volume margin was | mm and the
planning target volume margin was 2 mm. The margin had been
slightly modified by the therapeutic radiologist’s judgement accord-
ing to the tumor size, location, and surgical findings. The prescribed
dose was given at the isocenter, and the planning target volume was
covered by 80% to 90% of the prescribed dose. Conformity indices
were not commonly used in the 1990s and were not able to be ana-
lyzed in this study. Three-dimensional treatment planning was per-
formed by use of FOCUS and X10 systems (CMS Inc., Maryland
Heights, MO).

Informed consent was obtained from all patients. Locil fumor
control was defined as stable or decreased tumor size on follow-
up MRI after the last day of radiotherapy. The tumor volume was
measured by use of contrast-enhanced T1-weighted MRI images.
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RESULTS

The median follow-up period was 59.5 months (range,
7.4-122.6 months). The local control rate was 94% (16 of
17 patients) at the last follow-up. The tumor size remained
stable in 13 patients and decreased in 3 patients (Fig. 1).
No obvious difference was observed between the patients
who received radiotherapy after surgery and those initially
treated by radiotherapy with respect to both local control
and improvement of neurologic symptoms: 85.7% (6 of 7)
versus 100% (10 of 10) and 57.1% (4 of 7) versus 50% (5
of 10), respectively. Tumor enlargement with cystic change
was seen 12 months after SRT in 1 patient who received 44
Gy in 22 fractions plus 10 Gy in 4 fractions for postoperative
recurrence of trigeminal nerve schwannoma. This patient
received a salvage operation because the tumor had not
decreased in size even at 32 months after SRT. The surgical
specimen showed schwannoma cells and cysts with a wall of
collagen fiber without evidence of gliosis. There was no re-
lapse after the salvage surgery until she died of gastric carci-
noma 92 months after surgery.

Regarding pre-existing neurologic symptoms, 8 of 17 pa-
tients (47%) improved and 9 patients remained unchanged.
Among the 4 patients with facial nerve schwannomas, none
had worsening of their pre-existing neurologic symptoms
and 2 patients showed an improvement (Table 1}. Temporary
Dausea, taste change, dizziness, tinnitus, and headache were
seen in 5 patient, 3 patients, 2 patients, 1 patient, and 1 pa-
tient, respectively. All these patients showed improvement
during the follow-up period. No patients had new cranial
nerve deficit or other symptomatic adverse effects develop.
Intracranial malignant tumor did not develop any patient,
suggesting that there was no radiation-induced secondary
carcinogenesis during the follow-up period.
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DISCUSSION

Stereotactic irradiation by use of precise diagnostic images
and accurate fixation has been proven useful to treat intracra-
nial benign tumors. Fractionated radiotherapy is expected to
reduce the risk of injury to the surrounding normal structures
and to better preserve normal tissue function than single-dose
irradiation. It has been reported that SRT is superior to SRS
with regard to the preservation of acoustic function (17, 18),
and the same may be true for monacoustic intracranial
schwannomas. Fractionated SRT has also been suggested
to be more effective for cystic-type schwannomas than SRS
(19). In addition, the fractionated radiotherapy does not re-
quire an invasive fixation and is more comfortable for the pa-
tients than SRS, with the only requirement being that patients
are available to visit the clinic frequently.

Zabel et al. (20) administered SRT (total dose of 54-57.6
Gy, 5 days per week, with 1.8 Gy per fraction) for 13 nona-
coustic intracranial schwannomas (located in the trigeminal
nerve in 7 cases, located in the lower cranial nerve origin
in 3, and located in the cerebellopontine angle without in-
volvement of the acoustic nerve in 3) from 1996 to 2000.
They found that the local control rate was 100% and there
was no development of new cranial nerve or brain stem def-
icits over the median follow-up period of 33 months (range,
13-70 months). Improvement of pre-existing neurologic def-
icit was seen in 4 patients (31%). The authors concluded that
SRT is an effective and well-tolerated noninvasive treatment
for nonacoustic intracranial schwannoma, with an excellent
tumor control rate,

Our study showed that the local control rate of SRT was
94% (16 of 17 patients) after a median imaging follow-up of
59.5 months. The mean tumor volume was 8.2 mL witharange
of 0.3 to 31.3 mL, which is equivalent to the values in the

Table 1. Characteristics of patients with facial nerve schwannoma

Patient Age Dose (Gy/ Follow-up Adverse
no. Gender (y) Side Surgery  Size (mm) fractions/d) (mo) Tuamor size Symptoms effect
6 F 25 Right None 1B3x13x 15  50/25/51 61.8 No remarkable  Grade 11 facial  None
change (14 x palsy;
13 x 13) unchanged
after SRT
9 F 20 Teft None 9x8x8 50/25/49 71.7 No remarkable  Grade O facial  None
change (11 x palsy;
8§ x 8) subjectively
improved
after SRT
10 F 43 Left None 5x5x%20 50/25/45 75.7 Decreased (4 X Grade I facial None
4 x 10) palsy;
subjectively
improved
after SRT
13 M 26 Right None 22x 19 x 20 50/25/45 54.0 Decreased (21 x  Grade IV facial Temporal
15 x 14) palsy; nausea and
unchanged headache
after SRT

Abbreviations: F = female; SRT, stereotactic radiotherapy; M = male.
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Table 2. Surgical resection, stereotactic radiosurgery, and stereotactic radiotherapy for nonacoustic schwannomas
Neurologic
Local  Neurologic deficits improvement
Series No. of patients Tumor size Follow-up control (patients) ’ (patients)
Surgical resection
Sarma et al. (7), 46 (Vin 26, VI in N.R. Mean, 33.6 mo 100% New deficitsin 11  Ifin4,Min5,IVin
2002 7, IX/X/XIin 9, (24%) 2,Vin9,Viin9,
XITin3,Ilin 1) ViIin6, VIilin 6,
IX/X/XIin 4
Samiietal (1,3), 12 (V) From2 x2x3cm Mean, 25 mo 83% Temporary N.R.
1995 to4x4x5cm paraparesis in 1,
temporary facial
weakness in 2
16 (AX/X/X1) From1 x lcmto  Mean, 22 mo 100%  Temporary cranial NR.
’ 6x5cm ' nerve morbidity
in 6 (38%), new
deficits in 11
(50%y
Sanna et al. (10), 22 AX/X/XD) NR. Mean, 36.6 mo 100% Worsened VIIin3, VIini1, VIlin?2
2006 VIlIin 2
Day and 38 (V) NR. Mean, 77 mo 97% New or worsened V. Diplopia in 4,
Fukushima in 53% headache in 5,
(21), 1998 ataxia in 2
Stereotactic
radiosurgery .
Pollock et al. (8), 23(Vin 10, IX/Xf Median prescription  Median, 43 mo 96% New or worsened V NR.
2002 - XIin 10, X1lin 2, isodose volume, in 3 (10%)
IVin 1) 8.9 mL v .
Mabanta et al. 18(Vin7, VHHin2, Mean volume, Mean, 32 mo 100% Worsening of pre- 5 (28%)
9, 1999 IX/X/X1in 9) 5.5mL existing VI palsy
. in 1 (6%), new
onset of hearing
loss in 2 (11%)
Kida et al. (5), 14 (VID Mean volume, Mean, 314 mo 100% Worsened VIlin1 5 (36%)
2007 55 mL (T%)
Litre etal. (11), 11 (VID Mean volume, Median, 39 mo 91% Did not worsen in VIin 3 27%),
2007 0.888 mL any patient balance problems
' and hearing in 1
. (9%)
Huaxig etal (12), 16(V) Mean volume, Mean, 44 mo 100% Did not observe any 5(31%)
1999 53 mL new neurologic
deficits
Martin et al. (13), 34 (IX/X/XD) Median, 4.2 mL Mean, 83 mo 94% Worsenedin 1 (3%) 20% of affected
2007 cranial nerves
Muthukumar 17 (IX/X/X1} Median tumor Median, 39 mo 94% Worsened in 1 (8%) 6 (46%)
et al. (14), diameter,
1999 22.5 mm
Stereotactic
radiotherapy
Wallner et al. 18 NR. Range, 2-15 y 50% NR. N.R.
(22), 1988
Zabeletal. 20), 13 (Vin7, lower Median, 19.8 mL Median, 33 mo 100%  Slight worsening of 4 (31%)
2001 cranial nerve in 3, pre-existing V/
cerebellopontine Xin1 (8%)
angle in 3)
Present series 17 (Vin5, X/X/XI Mean, 8.2 mL Median, 59.5mo  94% No patient had 8 (47%)
in7, VIlin4, 11 development of
inl)

new neurofogic
deficit

Abbreviations: V = trigeminat nerve; VII = facial nerve; IX/X/XI =
Jjugular foramen; X1 = hypoglossal nerve; T = ocnlomotor nerve; N.

nerve; VIII = vestibulocochlear nerve.

previous series using SRS (8-14) and SRT (20). No patient
showed a worsening of pre-existing neurologic symptoms or
had new cranial nerve deficits develop. Improvement of pre-

glossopharyngeal nervefvagus nervefaccessory nerve passing through
R. = not reported; II = optic nerve; IV = trochlear nerve; V1= abducent

existing neurologic symptoms was seen in 8 patients (47%),
whichis arelatively highrate in comparison to existing reports
(Table 2). No severe complications were observed during
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follow-up. In clinical practice facial nerve schwannoma has
probably been the most harmful disease among the nonacous-
tic intracranial schwannomas because of the facial nerve palsy
after total resection. However, it was notable that in our series
no patients had worsening of their pre-existing neurologic
symptoms and 2 patients showed an improvement. Mabanta
et al. (9) reported that SRS achieved local control of 2 facial
nerve schwannomas, although one of these cases had worsen-
ing of pre-existing facial nerve palsy. Considering that wors-
ening of facial palsy often induces depression in patients and
reduces their quality of life, SRT should be considered an al-
ternative to surgery for patients with facial nerve schwan-
noma. SRT is at least as effective as SRS and possibly more
effective in preserving neurologic function, although the num-
ber of patients is too small to compare between SRT and SRS
for nonacoustic intracranial schwannoma,

Transient enlargement of schwannoma with cystic change
is often seen in patients with acoustic schwannoma (19), but
little is known about the phenomenon of nonacoustic
schwannoma. We have seen 1 patient with a trigeminal nerve
schwannoma who had enlargement of the tumor with cystic

change for as long as 32 months after SRT. Considering
that cystic enlargement of acoustic schwannomas is usually
transient, there might be a difference between acoustic and
nonacoustic intracranial schwannomas with respect to the
ability to resolve the cystic degeneration, although the num-
ber of patients in this study was too small to reach a conclu-
sion on this matter.

The optimal radiation dose for the nonacoustic intracranial
schwannoma is not known. At our institution, we initially
used 4 Gy in 1 fraction or 10 Gy in 4 fractions as a stereotactic
boost, but its clinical efficacy was not certain. Fifty grays in 25
fractions, which is used for acoustic schwannoma, would be
a reasonable dose for nonacoustic intracranial schwannoma
as well,

In conclusion, although the number of patients in each
group (i.e., different anatomic sites and treatment methods)
is small because of the rarity of nonacoustic intracranial
schwannomas, SRT can provide long-term tumor control
with a low incidence of neurologic complications for nona-
coustic intracranial schwannomas, including facial nerve
schwannomas. )
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High Dose Three-Dimensional Conformal Boost Using
the Real-Time Tumor Tracking Radiotherapy System
in Cervical Cancer Patients Unable
to Receive Intracavitary Brachytherapy

Hee Chul Park,' Shinichi Shimizu,' Akio Yonesaka,' Kazuhiko Tsuchiya,’
Yasuhiko Ebina,’ Hiroshi Taguchi,' Norio Katoh,' Rumiko Kineshita,’

Masayori Ishikawa,' Noriaki Sakuragi, and Hiroki Shirato'
Departivents of *Radiology and *Gynecology, Holkaido University Graduste School of Medicine, Sapporo, Japar;
Department of Aadiaticn Onedlogy, Sunghywkwan University Sched of Medicine, Samsung Medical Canter, Seotd, Kores.

Purpose: The purpose of this study is to evaluate the clinical results of treatment with a high dose of 3-dimensional
conformal boost (3DCB) using a real-time tracking radiation therapy (RTRT) system in cervical cancer patients.
Materials and Methods: Between January 2001 and December 2004, 10 patients with cervical cancer were treated
with a high dose 3DCB using RTRT system. Nine patients received whole pelvis radiation therapy (RT) with a median
dose of 50 Gy (range; 40-50 Gy) before the 3DCB. The median dose of the 3DCB was 30 Gy (range, 25-30 Gy). Eight
patients received the 3DCB twice a week with a daily fraction of 5 Gy. The determined endpoints were tumor
response, overall survival, focal failure free survival, and distant metastasis free survival. The duration of survival was
calculated from the time of the start of radiotherapy. Resuits: All patients were alive at the time of analysis and the
median follow-up was 17.6 months (range, 4.9-27.3 months). Complete response was achieved in nine patients and
one patient had a partial response. The 1- and 2-year local failure free survival was 78.8% and 54%, respectively. The - -
1- and 2-year distant metastasis free survival was 90% and 72%, respectively. Late toxicity of a grade 2 rectal
hemorthage was seen in one patient. A subcutaneous abscess was encountered in one patient Conclusion: The use of
the high dose 3DCB in the treatment of cervical cancer is safe and feasible where intracavitary brachytherapy ICBT)
is unable to be performed. The escalation of the 3DCB dose is currently under evaluation.
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Intracavitary brachytherapy (ICBT) in combination with external-beam radio-
therapy (EBRT) has long been accepted as the standard treatment for uterine
cervical cancer.! ICBT is used to deliver high radiation doses to the clinical target
Tel: 81-11-766-7878, Fax: 85-11-706-5975 Vo ¢ by rep lacing .rafhoathe sources that are in direct ?ontaa Wlfh the
E-tnail: shirato@med holudai.ac. gross tumor. Traditionally, it is known that a cure is rarely achieved without a

' | Al high dose of radiation delivered by ICBT. However, the clinical reality is that the
¢ The authors have na financial conficts of treatment with EBRT alone is needed in patients where ICBT is not feasible due

intarast, to a failure to insert a tander, a narrow vagina, relapses at the cervical stump, or
@ Copyright the refusal of the patient. Interstitial brachytherapy is often helpful in these cases,
Yonsei Univarsity Collegs of Medicine 2010 “but it involves invasive procedures and its success is highly dependent on the
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ability of the operator.

Replacing the use of ICBT with an EBRT boost should
be applicable with the advances of the conformal radiation
delivery technique. Some innovative researchers have
challenged the use of ICBT by using EBRT instead with
modest results obtained.** However, in these studies, severe
complications were observed in some patients. While the
use of ICBT can keep a fixed geometry between the CTV
and the applicator, minimizing the error in delivering the
planned dose distribution to the target, EBRT has shortcom-
ings with regards to setup errors and possible internal
organ motion. To overcome these shortcomings, a fluoro-
scopic real-time tumor tracking radiotherapy (RTRT)
system was developed and applied for the treatment of
pelvic malignancies.*'* We have previously reported the
feasibility and accuracy of the use of a high dose three-
dimensional conformal boost (3DCB) with the RTRT
system in patients with gynecologic malignancies.”? The
RTRT system was useful to reduce the uncertainty due to
external and internal error, confirming that a planning
target volurne (PTV) margin of 7-8 mm should be applied
in the protocol setting.

To maintain similar therapy conditions to the tumor as
with ICBT, the daily dose and the overall treatment time with
the use of a high dose 3DCB are needed to be kept similar as
with ICBT. The usual fractionation scheme for ICBT in our
institution was 25 Gy/5 fractions or 35 Gy/7 fractions, with a
daily fraction of 5 Gy and two fractions per week. Using the
RTRT technology, we applied a hypofractionated 3DCB
mimicking ICBT in patients with uterine cervical cancer that
were unable to undergo ICBT after EBRT.

In this report, early clinical results of cervical cancer
patients treated with high dose 3DCB using the RTRT
System were evaluated. The possibility of high precision
conformal therapy using the RTRT technology as an alter-

Table1. Characteristics of 10 LN (-} Patients

native to ICBT is discussed.

Patients

Between January 2001 and December 2004, 10 patients
with cervical cancer were treated with a high dose 3DCB
using the RTRT system without ICBT. Before starting the
3DCB, we explained to the patients that the standard defi-
nitive radiotherapy (RT) method was a combination of
EBRT and ICBT, but the use of a high dose 3DCB with
the RTRT system could be an option in patients unable to
undergo ICBT. All patients decided to receive a high dose
3DCB. Pre-treatment evaluation included a complete history
and physical examination, biopsy, abdominal and pelvic
computed't’omography (CT), and chest X-ray. Lymph
node sampling was not performed routinely. Threshold
value for identifying metastatic LNs was 10 mm short axis
diameter. Patients with an outside pathology diagnosis had
their pathology slides reviewed at our institution. For stag-
ing purposes, a radiation oncologist and a gynecologic
oncologist performed a physical examination. Staging was
performed according to the International Federation of
Gynecology and Obstetrics (FIGO) classification.'*

Five patients with newly diagnosed uterine cervical
cancer, two patients with a stump carcinoma, and three
patients with a vault recurrence were included ini the ‘anal-
ysis. Three patients with a vault recurrence received a
radical hysterectomy due to FIGO stage I cervical cancer.
Postoperative radiotherapy was added in 1 patient (patient
2). Two patients with a stump carcinoma received a hys-
terectomy due to myoma. The median age of the patients
was 64 years (range, 32-78 years). The patient and tumor
characteristics are summarized in Table 1.

Smuall B _ 80

LN, lymph node; KPS, Kamofsky perforrance score; HGO ntematmnal Federation of Gynecology and Chbstetrics; Small; small cell

carcinoma; Squamous, squamous cell carcinora,
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Treatment planning and treatment

The general principles of treatment planning and delivery
were reported in previous studies.™2 If ICBT and interstitial
RT were abandoned and the patients agreed to enter this
study, three radiopaque gold markers were implanted in or
near the tumor by a trans-vaginal approach using specially
made equipment (Medikit, Tokyo, Japan). After the gold
markers were implanted, a planning CT scan was performed
using a | mm slice thickness for the level involving the
tumor mass and three gold markers (Fig. 1). The treatment
planning was performed using the Focus® system (CMS,
St. Louis, MO USA). The CTV encompassed the gross
tumor volume with a safety margin. Usually, a safety
margin of up to 5 mm was taken. In lateral directions, a
safety margin of 8 mm was used. For the PTV, a 7-8 mm
margin from the CTV was applied. After finishing the
treatment planning, the coordinates of the target volume,
isocenter, and three markers were registered and sent to the
RTRT system. After adjusting the patient set-up using the
RTRT system, the treatment was delivered. We checked
the intrafractional movement of the marker several timeb
during each treatment while the gantry was moving to the

ﬁg, 1. Rucrascopy and planning £T image of thres old markers placed in a
patiert

Table 2. Treatment Charactenistics of the Patients

radiation therapy; CTX, chemotherapy,
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next position. The details of set-up and the radiation deli-
very pracedure in our protocol setting were reported pre-
viously.?

The treatment characteristics of the patients are summa-
rized in Table 2. Nine patients received a whole pelvis RT
with a median dose of 50 Gy (range, 40-50 Gy). Midline
shielding was performed in six patients after a dose of 40
Gy. The median dose of the 3DCB was 30 Gy (range, 25-
30 Gy). The 3DCB was delivered by a 3D-conformal tech-
nique (7 patients) and forward planning intensity-modulated
radiation therapy (IMRT) technique (3 patients). Eight
patients received the 3DCB twice a week with a daily frac-
tion of 5 Gy, as with the ICBT fractionation scheme of our
institution.” Two patients received 2.5 Gy daily fractions
3-4 times a week. The treatment volume typically covered
the gross tumor and the area of parametrium invasion.
Concurrent chemotherapy with weekly cisplatin was admi-
nistered to three patients.

Follow-up

Patients were scheduled for follow-up visits every 3 months.
We determined the dates of local and distant failure using
imaging studies, primarily abdomen and pelvic CT scans,
which were performed at approximately three-month inter-
vals during the initial two years of follow-up.

End points and statistical analysis

The major endpoints of this study were tumor response,
overall survival (OS), local failure free survival (local
failure, defined as any recurrence within the RT volume),
and distant metastasis free survival. Nodal recurrences
were also evaluated. Late toxicity was graded according to
the Radiation Therapy Oncology Group/European Organi-
zation for Research and Treatment of Cancer late radiation

s
_
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morbidity scoring scheme.'s

The duration of the follow-up period was calculated
from the date of the first visit to our clinic. The duration of
survival was calculated from the day of commencing RT.
The survival time was censored at the time of the last
follow-up on record if death was not observed. Dates of
local and distant failure were determined using imaging
studies. Survival probabilities were estimated non-para-
metrically using the Kaplan-Meier’s product limit method. '

Clinical response

The endpoints are summarized in Table 3. Of 10 patients,
complete response (CR) of the tumor was achieved in nine
patients (90%), and one patient had a partial response (PR).
‘Therefore, the response rate (CR + PR) was 100%. Fig. 2
shows the tumor response in case 5.

Disease control and survival

All patients were still alive at the time of analysis and the
median follow-up was 17.6 months (range 4.9-273 months)
(Fig. 3). Four patients were alive without disease, and six
patients were alive with disease. Four patients had local
failure and the crude rate of local control was 60%. Two
patients had distant metastases and the crude rate of distant
disease control was 80%. One patient had a liver and bone
metastasis and the other patient had a metastasis to the
para-aortic lymph node and the adrenal gland. The actuarial
[ year and 2 year local failure free survival was 78.8% and
54%, respectively. The actuarial 1 year and 2 year distant
metastasis free survival was 90% and 72%, respectively.

Table 3. Summary of the Treatment Results

Liver, bone

FU, followsup; CR, complete response; PR, partal es
of disease.

ponse; Y, yes; PA, para-aortic; G, grade: AWD, alive with disease; NED), no evidence

Treatment toxicities

All patients tolerated the 3DCB very well and no severe
adverse effects were encountered. However, acute toxicity
of grade 1 diarthea was seen in five patients. Late toxicity
of grade 2 rectal hemorthage was seen in one patient. A
subcutaneous abscess was encountered in one patient 6
months after the completion of RT.
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It is well known that ICBT is an essential component of
RT for uterine cervical cancer.! With a direct contact fo the
tumor, ICBT effectively delivers the tumoricidal dose while
sparing the surrounding normal tissue. However, a small
but definite proportion of patients are not suitable to undergo
ICBT for several clinical reasons. Thus, we intended to
treat those patients with a high dose 3DCB replacing the
ICBT portion of the entire treatment. The RTRT technology
provides the effective tools to realize individual-based,
precise adaptive irradiation for moving, shrinking, and
deforming targets, such as gynecologic malignancies. In an
effort to mimic the ICBT portion of the treatment, we
applied RTRT technology in the current protocol settings.

The treatment results of the use of the high dose 3DCB
in the present study were not satisfying. The local failure
free survival was relatively low at 2 years. Though there
were six patients with disease recurrence, the OS was still
100% because of the short-term follow-up. It is thought
that a further follow-up with more patients could confirm
the treatment results and the effectiveness of our study
protocol. In our study, the adaptive set-up of patients using
the RTRT system was proved as a safe adjunct showing a
minimal level of late complications. It seems that further
escalation of the 3DCB dose could be pursued safely.
Among patients with local failure, three patients had FIGO
IIIB disease and two patients had a large tumor size
(patient 3 and 4). The escalation of the 3DCB dose is being
evaluated to improve local control for these patients with
locally advanced diseases.

Some investigators have performed definitive external
radiation therapy without ICBT for uterine cervical can-
cer.*** Table 4 shows the treatment results of these studies.
Matsuura, et al* used” concomitant boost with aceelerated
hyperfractionation to shorten the overall treatment time as
compared to ICBT. However, due to a small study popula-
tion and short term follow-up, the level of local control
(85.7%) and survival comparable to the results of standard
treatment has not yet been confirmed. The particle radiation
therapy series has shown better long-term local control and
survival.** However, these studies showed a significant
level of Iate morbidity. Detrimental sef-up errors and
internal organ motion contributed to late morbidity result-
ing from a high dose to the surrounding normal tissues.
The use of a befter adaptive set-up strategy is needed for
the successful execution of definitive EBRT for gyneco-
logic malignancies.

Except in the clinical situation in which proper ICBT
cannot be performed, the use of ICBT is being challenged
in many studies. Several researchers have performed a
dosimetric comparison between the use of IMRT and
ICBT in terms of dose homogeneity and target coverage."®
Chan, et al* compared different EBRT techniques as an
alternative to ICBT. These investigators showed that the
use of IMRT could improve target coverage and reduce
the dose to critical structures. Moreover, when used in
conjunction with a suitable immobilization systemn, IMRT
may provide an alternative to ICBT. The average minimum
tumor dose was significantly greater and the mean percent
tumor volume receiving more than the prescription dose
was higher with IMRT. The mean volume at the tolerance
limit decreased for the bladder. These advantages of IMRT

Table 4. Qutcomes for Various Studies Evaluating the Role of EBRT to Replace ICBT

e

Photon + Proton bea tixerapy
IB-IVA  Pelvis with X-ray 50.4 Gy /28 Fx

Kagei, et al® 25

R

75%
6w

59%
(10yr)

24% grade 2 - 4 GI complication
8% grade 2 - 4 complication

St S AR AR

Concomnittant baost AHF e

| oncotmittant bo 857%  857% = 28.6% Grade 2 recta

Matsmra, efal? 7 IB-IVA  Pelvis4S Gy/25 Fx o )" o ) ioé;icaﬁo 2 ectal
Tumorboost21-28Gy/15Fx O ¥ complcation

L o6
e
EBRT, extemal beam radiation therapy; ICBT, intracavitary

rapy; HGG,

GyE, gray equivalent; AHF, accelerated hyperfiactionation; 3DCB, 3-dimensional conformal boost; RTRT, reak-time tracking radiotherapy; Gl, gastrointestinal; GU,

genitourinary.
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over ICBT are accentuated, especially in large volume
tumors.

A weakness of ICBT is that tumors may have a particular
size or geometry that places much of the tumor volume in
peripheral under-dosed regions. Furthermore, critical
structures may be over-dosed because of their proximity to
the radioactive sources. To optimize the ICBT planning at
best, some recommendations have been published on the
use of 3-dimensional image-based treatment planning in
ICBT.** However, even with the best optimization, it
seerns that the weakness of ICBT could not be removed
completely due to the interplay between the tumor shape
and the limited degree of freedom of the applicator geo-
metry. Chao, et al* investigated the consequences of utero-
sacral space involvement in patients with stage ITIB cervical
cancer. These investigators concluded that the combination
of ICBT and EBRT did not deliver an adequate dose to the
tumor in the uterosacral space, and an improved dose
delivery regimen should be investigated.

Non-uniform doses are unavoidable in ICBT resulting in
a hot spot and cold spot that develop in the tumor. This
inhomogeneity in the dose delivered by the ICBT is both
advantageous and disadvantageous for tumor control.
Since a dose deficit to a 1% sub-volume of the target larger
than 20% of the prescription dose may Jead to serious loss
of tumor control probability (TCP), even if 80% of the target
receives a 10% boost, particular attention is required for
small-volume cold regions in the target.* Once the target is
covered adequately, the use of deliberate non-uniform doses
may increase the TCP. Tome, et al.®% reported that up to
30% of a sub-volume boost to the 60-80% of the target
volume appeared worthwhile or necessary to maximize the
TCP. IMRT gives the best scenario of inhomogeneous
iradiation with adequate target coverage. The simultaneous
integrated boost (SIB) technique of IMRT was success-
fully applied in the treatment of head and neck cancer.
Thus, IMRT using RTRT technology can be the best
modality for EBRT to replace ICBT in the treatment of
cervical cancer. We have reported the feasibility of the use
of synchronized IMRT using the RTRT system. Unlike the
thoracic and upper gastrointestinal malignancies in which a
narrow gating window is needed, it is thought that this
technique could be applied successfully in the treatment of
pelvic malignancies without an excess fluoroscopy dose to
the skin surface.”

In conclusion, although more patients with longer follow-
up periods are needed to evaluate the usefulness of high
dose 3DCB, especially to determine the long-term toxicity
level, our results suggest that a high dose of 3DCB replacing
ICBT in the treatment of gynecologic malignancies is safe
and feasible where ICBT is unable to be performed. To
improve local control, the escalation of the radiation dose

®

should be pursued. The use of synchronized IMRT with
the RTRT system is a promising therapy and needs to be
investigated further.

This work was supported in part by a grant from the Japan-
ese Ministry of Education, Culture, Sports, Science and
Technology.
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Purpose: To evaluate the linear quadratic (L.Q) model for hypofractionated radiotherapy within the éontext of
predicting radiation pneumonitis (RP) and to investigate the effect if a linear (L) model in the high region

(LQL model) is used.

Methods and Materials: The radiation doses used for 128
were converted to the equivalent doses given in fractions of

patients treated with hypofractionated radiotherapy

2 Gy for a range of o/f ratios (1 Gy to infinity) accord-

ing to the LQ(L) model. For the LQL model, different cut-off values between the LQ model and the linear
component were used. The Lyman model parameters were fitted to the évents of RP grade 2 or higher to derive

the normal tissue complication probability (NTCP).

the percentage of lung volume (V) receiving doses hig|

The lung dose was calculated as the mean Iung dose and
her than a threshold dose of xGy (V).

Results: The best NTCP fit was found if the mean lung dose, or V., was caleulated with an /8 ratie of 3 Gy. The
NTCP fit of other a/f ratios and the LQL model were worse but within the 95% confidence interval of the NTCP fit
of the LQ model with an a/g ratio of 3 Gy. The Vso NTCP fit was better than the NTCP fit of lower threshold doses.
Conclusiens: For high fraction doses, the LQ model with an a/f3 ratio of 3 Gy was the best method for converting
the physical lung dose to predict RP. © 2010 Elsevier Inc.

LQ modél, LQL model, Radiation pneumonitis, Hypofractionation.

INTRODUCTION

An increasing number of radiotherapy departments imple-
ment hypofractionated radiotherapy (RT) regimens for
pulmonary malignant lesions, encouraged by reports of
good tumor control and little toxicity. Consequently, clinical
questions concerning normal tissue tolerance dose and the
possibility of including multiple targets or irradiating larger
lung volumes (e.g., applying multiple treatments or irradia-
tion of larger tlimors) are important,

For conventional fractionated radiotherapy, the physical
dose can be converted into a biological equivalent dose by us-
ing the linear quadratic (LQ) medel (1, 2). Historically, the
strength of the LQ model for conventional fraction doses is
twofold. First, it is a simple mathematical model fitting log
cell survival data as a function of the dose. Second, this

model enables isoeffect calculations of fractionation schemes
with different doses per fraction. However, in 1954, Puck
et al. had already observed that for the high-dose regions
the log cell survival was linear (3). As a result, some modifi-
cations have been derived from NSCLC cell lines 4) and
other tumor cell lines and animal isceffect data (5). In gen-
eral, a nonlinear part (LQ) in the low-dose region and a linear
(L) part for the high-dose region differentiated by a transition
dose (dr) was proposed (i.e., LQL model) (6). Since clinical
data are lacking, the clinical isoeffect calculations by the LQ
model at higher fraction doses remains uncertain, as was
comprehensively discussed previously (7-11). Using the
LQ model with an o/g ratic of 3 Gy, it was observed that
the normal tissue complication probability (NTCP) model
predicting radiation pneumonitis (RP) after hypofractionated
RT was not different than the NTCP model after conventional
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fractionated RT (12). For conventional fractionated RT, the
relationship between lung dose and RP has been extensively
evaluated (e.g., ref. 13). RP is a serious complication after
irradiation, and fatal RP toxicities are also observed after
hypofractionated schemes (14).

To evaluate the applicability of the LQ() model and
normal tissue complication models for higher-dose per
fraction, we evaluated the prediction of RP occurring after hy-
pofractionated RT. Different /@ ratios and different d values
of the LQ(L) models were analyzed, modeling the probability
of RP after hypofractionated RT as function of the dose.

METHODS AND MATERIALS

Patients

Patients and treatment schedules were comprehensively
described elsewhere (12). In summary, 128 patients were irradiated
with hypofractionated RT at the Department of Radiation Medicine
of the Hokkaido University School of Medicine, Sapporo, Japan,
with 35 Gy in 4 fractions, 40 Gy in 4 fractions, 48 Gy in 8 fractions,
60 Gy in 8 fractions, and 48 Gy in 4 fractions. Twenty patients had
multiple targets in one freatment plan (18 patients had two targets,
2 patients had three targets). For 13 patients, multiple treatment
plans were made for different targets because of metastasis or recur-
rence (5 patients had two plans, 4 patients had thre¢ plans, and
4 patients had four plans) (for time schedule, dose schedule, and
tolerated maximum dose for organs at tisk see ref. 12).

Toxicity

RP was prospectively scored according to National Cancer Insti-
tute Common Toxicity Criteria (NCE-CTC) version 2, in which grade
2 RP is scored after prescribing steroids for treatment-related toxic-
ity, like progressive shortness of breath combined with typical RP
changes on the X-thorax. Grade 3 RP is scoted after requiring oxy-
gen. None of the patients whose RP was grade 2 had used steroids
before radiotherapy. For all patients, the diagnosis and grade of
RP were determined by a radiation oncologist and a pulmonologist
experienced in the diagnosis of RP. Patients for whom the diagnosis
of RP was unlikely were not included (those with progressive cardiac
problems, medical history of receiving oxygen before treatment, and
tumor progression).

Dose
Three dimensional treatment plans were made using Focus (CMS,

St. Lonis, MO}, XiO (CMS}, or Pinnacle. A convolution superposi-
tion algorithm for tissue density heterogeneity was used (plans
initially carried out with the Clarkson method were recalculated).
Nommal lung tissue was defined by computed tomography scan by bi-
nary thresholding (thus, excluding the gross tumor volume). Both
lungs were considered together as one organ. Fourte six noncoplanar
beams were used. The beam energy was 4, 6, or 10 MV. Plans were
further analyzed with in-house-developed software. The physical
dose distribution was converted into the normalized total dose
(NTD) distribution (15), using the LQ model. The NTD is defined
as the equivalent total dose given in. fractions of 2 Gy, as follows:

d+ a/p
2+ a/p o

in which the total dose (D) is the number of fractions multiplied by
the dose per fraction (d).

NTD =
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Dose distributions were converted according to Eq. 1 (1) for of
B atios of 1 Gy, 2 Gy, 3 Gy, 4 Gy, 5 Gy, 7.5 Gy, 10 Gy, and infinity
(i.e., physical dose) to evaluate the effect of different o/8 ratios.
After this conversion for the dose per fraction, we determined differ-
ent dose-volurne parameters from the dose-volume histograms: the
mean lung dose (MLD) and the lung volume percentage receiving
doses higher than 5 Gy (Vs), 13 Gy (V3), 20 Gy (Vy), 40 Gy
(Vag), and 50 Gy (Vsp) or, in general, higher than xGy (V,). For

" the 33 patients who underwent irradiation for multiple lesions, indi-

vidual plans were summed after NTD corrections, and image regis-
tration had been performed. Time-related recovery of lung tissue
was not taken into account for multiple treatments.

The dose response relationship between RP and MLD was
modeled by a sigmoid-shaped dose effect relationship according
to Lyman (16). The NTCP can be calculated from the MLD (17)
according to the equation:

t
1 =22
NTCP=— | e%dx 2
e @

witht = 1%:1-%?5‘1 in which TDsg represents the dose for a 50%
NTCP and m is the (inverse) steepness parameter in the standard
formulation of the Lyman model. Similarly for the V, parameter,
Eq. 2 was used with t = ;;—'T,\ff such that the V,sq represents the
V, parameter for a 50% NTCP.

Modification of the LQ model to the LOL model

We adapted the LQ model (LQL) by applying a two-compo-
nent model proposed by Park et al. (4) (Fig. 1). For the low-
dose range, the total dose is corrected according to the LQ model
by using Eq. 1 according to the best o/8 ratio. For the high-dose
range, the log survival curve is assumed to be linear. The slope of
the linear part is determined by the derivative of the LQ curve at
the cut-off value between the linear-quadratic part and the linear

part (i.e., the transition dose [dr]} (Fig. 1, also see Appendix E1)
resulting in the equation:

/8 + 2dT"

NTD = 2+ o/ @
In contrast to nomenclature in the literature, we propose to use the
denotation of a lower-case letter (dy) because this transition dose
refers to the dose-per-fraction correction. We converted the dose
distributions for dy values of 0 Gy, 5 Gy, 7 Gy, and 9 Gy and
subsequently calculated the MLD (not the V) from these dose

distributions (i.e., MLDLQL}.

Statistics
The terms TDsq and m were estimated by maximizing the loga-
rithm of the likelihood function (17), as follows:

In(L) = m(ﬁ Li) = i In(Ly)

=l
N

Z In(P)+(1-ep,)In(1-P))] ')

=

-

where P; (i = 1,..., N) represents the predicted NTCP and ep; is the
observed binary outcome (0 = an RP grade of <1, and { = an RP
grade of =2) for patient i.

The confidence intervals (CI) of the fitted parameters were cal-
culated using the profile likelihood method (18). These CI were
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. Dose (d)
b dr
‘)

Fig. 1. Schematic representation of the log survival curve as
a function of the dose according to the LQL model is shown.
Below the transition dose (dy), the curve is linear quadratic (the
LQ model). Above dr , the log survival curve is linear, whereby
the slope is determined by the asymptote of the LQ model at
dose dr.

calculated by finding the points in the parameter space where the
In(L) values are Aln(L) lower than In(L,) (e.g., for the 95% CI
the value of AlnfL] is 1.92, corresponding to half of the 95%
percentile of the cumulative chi-square value for 1 degree of
freedom).

In order to evaluate which o/8 ratio would give the maximum
likelihood estimation, a profile likelihood approach of the best
NTCP fit was performed according to o/f ratios in the range of
! Gy to infinity. This analysis was performed only for the MLD
(i.e., the corrected mean lung dose (MLDLQ]).

Converting the dose according to the LQL model, we used an o/f
ratio of 3 Gy. The LQ and the LQE models are nested, since the three-
parameter (TDsg, m , and dy) MLDLQL model reduces to the two-pa-
rameter (TDsg, m) MLDLQ model when dy goes to infinity (or at least
becomes higher than the highest dose-per-fraction value in the data
set) (Fig. 1). According to the LQL model, the doses were converted
with dr values of 0, 5, 7, and 9 Gy. The NTCP model fit using the
MLDLQL was compared to the NTCP model fit with the MLDLQ,
using the maximum likelihood ratio test; since the two models were
nested (19). For this analysis, this requires that twice the difference
of the log likelihoods between the two models should be larger than
the quantile of a chi-square distribution with 1 degree of freedom
(i.e., 3.84/2) to be significantly different.

For regression analysis, the slope of the linear regression(sy with
azero intercept was used to assess the relationship between different
parameters. A two-tailed p value of <0.05 was considered to be
statistically significant.

RESULTS

The crude incidence of RP was 10.9% (14 events in the
group of 128 patients). One patient was diagnosed with
a grade 3 RP, all other patients were diagnosed with grade
2 RP.
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Fig. 2. The MLDLQ calculated according to the LQ model with afB
ratios of 1 Gy, 3 Gy, 10 Gy plotted as function of the MLDys. The
straight line with a slope of 1 represents the equivalent line where
MLDLQ equals MLDyyy. The other lines represent the best fit
through the data with a zero intercept; s represents the slope and
r the regression coefficient.

MLD corrected for different a8 ratios

The relationships between the MLD calculated with an o/8
ratio of infinity (MLDyyyo) and of I Gy (MLDy), 3 Gy
(MLD3), and 10 Gy (MLD,) are illustrated in Fig. 2. The
MLDLQ calculated with a low /@ ratio is higher than the
MLDLQ calculated with a higher «/8 ratio, as expected. A
linear fit of the data (with zero intercept) resulted in the
following relationships and comelations; MLD,; = 1.83 x
MLD iy (% = 0.74), MLD; = 1.50 x MLD,pys (2 = 0.84),
and MLDyo = 1.21 x MLDyyys (> = 0.95), respectively.
Two patients were located under the equality line. These
two patients were also irradiated at a target in the mediasti-
num with a more fractionated scheme whereby the high-
dose region in the lung tissue received less than 2 Gy.

To evaluate the effect of the dose per fraction, the MLD,
and the MLDs values were plotted as a function of the
MLDyy, (Fig. 3) for each dose per fraction separately for
patients irradiated on one single target. Because only
3 patients received 35 Gy/4 fractions, these patients were
excluded. As expected, the slopes of the linear regression
of the higher dose per fraction schedules (10 Gy and 12 Gy
per fraction) were higher than for the lower dose per fraction
schedules (6 Gy and 7.5 Gy per fraction). In addition, the
slopes for the /g ratio of 1 Gy was higher than the slope
for the o/@ ratio of 3 Gy for each dose per fraction. All
correlations were significant with a p of <0.001.

The MLD calculated according to the LQL model
(MLDLQL) with a dy of 5 Gy is shown as a function of
the MLD; in Fig. 4. For patients with a high MLD; and
who were irradiated with a high dose per fraction, larger
differences between the MLD; and the MLDLQL were
observed than for other patients (Fig. 4).
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Fig.3. The MLD; and MLD; as a function of the MLDjpy, are plotted for different fractionation schemes. The straight line
with a slope of 1 represents the equivalent line where MLDLQ equals MLDgpys. The other lines represent the best fit
through the data with a zero intercept; s represents the slope and r the regression coefficient.

NTCP for different o/ ratios and the LQL and V, models

Optimizing the LQ NTCP model as a function of the m,
TDsq , and o/ ratio revealed that the highest maximum log
likelihood was found at an «/f ratio of 3 Gy (with TDs¢ =
20.8 Gy and m = 0.45). All other evaluated «/g ratios had
lower maximum log likelihoods (Fig. 5) but were within
the 95% CI of the NTCP fit with an «/@ ratio of 3 Gy. The
largest difference was found between the NTCP fit with an
/@ ratio of 3 Gy and the NTCP fit with an o/ ratio of infinity
(i.e., physical dose) (with TDsg = 14.6 Gy, and m = 0.48), but
this was not significant (p = 0.07) (Fig. 6).

Evaluating the NTCP model according to the LQE model
with a dy value of 5 Gy, the maximum log likelihood was
lower than the- MLD3; NTCP LQ model fit. The LQL
NTCP fit parameters TDsqg of 19.5 Gy and m = 0.46 were
not significantly different from the LQ fit parameters
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Fig. 4. The MLDLQL as a function of MLDj; is shown plotted for
different fractionation schemes. The straight line with a slope 1 rep-
resents the equivalent line where MLDLQL equals MLD;.

(p = 0.28). The NTCP model according to the LQL model
with a dt of 7 Gy and a dy value of 9 Gy was approaching
the MLD3 NTCP LQ model fit, as expected, because only
a limited part of the distribution of doses per fraction was
larger than these dp values. The NTCP according to the
LQL model with a dy value of 0 Gy was, as expected, similar
to the MLDp,ys NTCP LQ model fit.

For the V , (calculated with the L.Q model with an o/ ratio
of 3 Gy), the maximum likelihood profile approach revealed
that the highest likelihood (i.e., best fit) is achieved with
a threshold dose of 50 Gy. The Vsq calculated with the
LQL model had lower log likelihood parameters (worse
fits), although these differerices were not significant
(r = 0.16 for dy = 5 Gy and p = 0.21 for dy = 7 Gy). For
all other V, values, similar results were observed (data not
shown).

The values Vs, V33, and V44 were outside the 95% CI of
Vso (Table 1). Because one patient had 0% of the lung
volume receiving doses higher than 60 Gy (corrected for an
o/ ratio of 3 Gy), we did not evaluate V, values higher
than 50 Gy.

'

DISCUSSION,

Our results showed that the NTD-corrected MLDLQ
calculated with an «/f ratio of 3 Gy was the best parameter
to fit the NTCP model to the observed incidence of RP after
hypofractionated RT. These data suggest that a correction for
the dose per fraction after hypofractionated radiotherapy
should be performed similar to conventional fractionated
schemes (i.e., LQ model and an ofg ratio of 3 Gy [e.g., see
ref. 20]). Other tested /8 ratios or a modification of the
LQ model (by introducing a linear relation after a threshold
dose dr of 5 Gy or higher) deteriorated the predictive value
of the lang dose but were within the 95% CI of the NTCP
LQ model fit with an « /@ ratio of 3 Gy. The nonsignificant
differences in the NTCP fits might be explained by the strong
correlations between the corrected dose parameters.
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Fig. 5. The maximum log likelihood of the NTCP fit for the MLD calculated for different /@ ratios is shown. In the grey
rectangle the maximum log likelihood of the NTCP fit based on the MLD calculated with the LQL model {(with an «/8 ratio

of 3 Gy'and a d of 5 Gy) is indicated next to the MLDs. The maximum log likelihood of the

NTCP fit based on the MLD

calculated with the LQL model (with an /g ratio of 3 Gy and a dy of 5 Gy) is indicated next to the MLDs.

Since the dose per fraction in hypofractionated RT is con-
siderably larger than 2 Gy, a substantial volume of lung tissue
received more than 2 Gy per fraction. Because the MLDLQis
expressed as 2-Gy equivalents, the MLDLQ is, therefore,
expected to be larger than the MLDypy,. Evaluating different
/B ratios resulted in different relationships between the
MLDLQ and the MLD,,ys. By the nature of the LQ model,
for lower &/8 ratios and higher fraction doses, the difference
between the MLDLQ and MLD,,,y, increased, and for higher
/B ratios, the MLDLQ approached that of the MLD,ys
Because of the strong correlation between the MLEDLQ and
the MLD,y,, it might be questioned whether the physical
dose can be used to estimate complication probabilities.
However, our results confirm also that after hypofractiona-
tion, the physical dose should not be used for calculation of
toxicity probabilities.

By calculating the MLD, the local dose in the lungs is
weighted according to a linear local dose-effect relation. In
contrast, for the V,, the local dose-effect relationship is
considered a binary effect whereby no damage is taken into
account below the threshold dose of xGy and a fult damage
above the threshold dose of xGy. Different dose volume
parameters and their mutual relationships have not previously
been evaluated for hypofractionated RT. Since the dose effect
relationship expressed by the MLD and Vx are based on dif-
ferent parameters (i.¢., models are not nested), a direct com-
parison of the NTCP fits via a log likelihood ratio approach
is not possible. Including these parameters (MLD, Vs, Vi3,
V20, and V) in a multivariate logistic regression analysis re-
vealed that only the MLD was significantly associated with
RP (data not shown). However, these data should be inter-
preted with caution since it is known from studies with con-

ventional fractionated RT evaluating clinical and dose
factors predicting RP that there is a large heterogeneity of re-
sults (21-32), whereby no validation was performed. One col-
laborative study from Duke University and The Netherlands
Cancer Institute developed a prospective method to predict
RP from dose and clinical parameters in one group of patients,
but validation failed in another group of patients (33).

The validity of the LQ model for both clonogenic cell
survival as clinical isodose calculations for higher dose per
fraction was discussed previously; Hall and Brenner (11) es-
timated from the isoeffect data of van der Kogel (34) (late-
responding damage to the rat spinal cord) and Douglas and
Fowler (35) (acute damage to the mouse skin) that the LQ
model would be valid for single doses up to 20 Gy, Accord-
ing to this estimation, Fowler ef al. (9) extrapolated the
relationship between RP and MLD, as determined for con-
ventionally treated patients, to hypofractionated schemes.
Unfortunately, clinical data were lacking to validate such
an extrapolation. Concemning RP (or other clinical toxicity
endpoints), it might be questioned whether the applicability
of the LQ model for these fraction doses can be answered
by clinical studies. For example, the high number of (nonco-
planar) beams results in an irradiation dose to healthy (lung)
tissue that will be much smaller than the maximum dose, In
addition, the refative volume of healthy tissue receiving
such a high dose is limited by current advanced radiotherapy
techniques (e.g., intensity-modulated RT and Image guided
RT [IGRTY)). Moreover, the purpose of these techniques is
to avoid high doses to normal tissues.

Guerrero et al (5) developed a modification of the LQ
model by extending the LQ model with a protraction factor,
based on the lethal-potentially lethal (LPL) model, which is
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Fig. 6. (Top) The NTCP fit (solid line) is shown as a function of the
MLD calculated according to the LQ model and an a/@ratioof 3 Gy
with the 68% CI (dotted lines) (TDso = 20.8 Gy, m = 0.45). The
number of events and number of patients are indicated. (Bottom)
The NTCP fit {solid line) is shown as a function of the physical
MLD (i.e., LQ model and an «/@ ratio of infinity) with the 68%
CI (dotted lines) (TDsq = 14.6 Gy, m = 0.48). The number of events
and number of patients are indicated.

supposed to be superior, describing log cell survival data in
the higher dose region (36). This modification was based
on cell survival and animal toxicity data. The authors
observed a wide range of dose values where the LQ started
to deviate from the LPL model (cell lines 0.6 Gy to 37.7
Gy; animal toxicity data 2.6 Gy to 100 Gy). It was shown
that this modification results in a LQ model with a linear
extension of the log cell survival as funiction of the dose for
the high-dose range by Carlone et al. (6), and they proposed
to name this model the linear-quadratic-linear (LQL) model.
Elaborating this discussion in the clinical setting, we evalu-
ated the LQL model with clinical data by using the simpler
but similar methed proposed by Park et al. (4), using a linear
extension of the log cell survival as a function of the dose for
doses higher than the threshold (i.e., transition dose d). For
adyof 5 Gy, we observed a (nonsi gnificant) worse NTCP fit.
For higher dy values, the LQL NTCP fit approached the LQ
NTCP fit; the differences between the MLDLQL and
MLDLQ are becoming smaller because less lung tissue
dose will be recalculated according to the linear part of the
LQL model (dose larger than the d). Last, if the dris larger
than the largest fraction doses, the MLDLQL equals the
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Table 1. The optimized Vsg and m for the different Vi

values with the 95% CI
Vi Maximum log
value Viso (95% CIy m (93% CI) likelihood
Vs 65.4 (49.0-121.00' 046 (0.34-0.66) —39.40
Via 39.2 (30.0-77.0) 0.48 (0.36-0.67) —39.77
Voo 30.6 (23.0-57.0) 0.50 (0.37-0.68) —39.63
Vo 15.9 (13.0-27.0) 0.48 (0.37-0.65) -38.12
Vso 13.1 (11.0-21.0) 0.48 (0.37-0.65) —-37.04

The Vs, and m representing the value of Vi (%) with a 50%
Normal Tissue Complication Probability (NTCP) and steepness
parameter, respectively.

! Note that the upper boundary of 95% CI exceeds the 100% lung
volume due to the approximation in the statistical method applied,
whereas in mathematical and clinical terms, the upper limit is 100%.

MILDLQ. Another mathematical model to describe the cellu-
lar response as function of the irradiation dose is the linear
quadratic cubic (LQC) (37) model, whereby the cubic term
is negative. This LQC model also has a (more) linear
response in the high-dose region, approximating that of the
LPL model. As with the LQL model, the LQC model is math-
ematically simpler than the LPL model, with only one
additional parameter (as in the LQL model).

At the NKI (and many other institutes), the hypofractio-
nated schedule that is mainly given is 3 x 18 Gy. Unfortu-
nately, the patients treated at the NKI could not be included
in the current analysis. The first reason for this is the limited
follow-up of a substantial part of these patients. Second, the
patients with sufficient follow up (>1 year) had lung doses
only in the lower MLD range, resulting in low incidences
of RP. Consequently, these patients cannot be of additional
value for this type of analysis. However, the relationship
between the MLDLQL as a function of the MLDLQ for
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Fig. 7. For patients treated at the NKI-AVL, the MLDLQL is plot-
ted as a function of MLD; for adp of 5 Gy, adyof 10 Gy, and ady of
15 Gy. The straight line with a slope § represents the equivalent line
where MLDLQL equals MLD;.
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higher transition doses than those used in current analysis
could be evaluated. As illustrated in Fig. 7, only a dy of about
10 Gy or lower results in a difference between the MLDLQL
and the MLDL.Q. Introduction of a higher d would lead to
imperceptible differences between the MLDLQ and the
MLDLQL. Consequently, it might be questioned whether
a higher dy can be clinically evaluated with respect to RP
In the future due to limited amount of lung tissue receiving
high doses. Imradiation of healthy lung tissue of animals
with increasing fraction sizes, which could be possible in
the future with advances in preclinical irradiation techniques,
might facilitate resolving this issue.

We evaluated the LQL model by using an «/g ratio of 3
Gy, which did not improve the NTCP fit to the data. Although
the slope of the linear component is dependent of both the dr
and the o/f ratio, we did not analyze the LQL model with
other o/f values. The first reason for this is that evaluations
of the LQL model with ¢/8 ratios close to 3 Gy would not
affect the NTCP fit significantly according to current data.
Second, for (much) higher /8 values, the LQL model
approaches the LQ model (for o/8 equal to infinity the
LQL and LQ model both are becoming the L [linear] model).
Third, for lung tissue, an «/8 value of 3 to 4 Gy is an accepted
value, converting doses in the lower dose range (38-42).

Predictive models based on clinical data are as good as the
clinical data. Consequently, the limitations of this study
should be stressed. We discussed the clinical limitations of
our study comprehensively previously (12). First, the study
was a retrospective univariate analysis evaluating RP grade
Z2. Second, although the assessment of RP was carefully
performed, the prescription of steroids and oxygen relies on
the intention to treat of the physician. Third, only one grade
3 RP was scored, and the duration of the RP grade 2 treatment
was not registered. Therefore, no dose response analysis
could be performed regarding the severity of the radiation-
induced toxicity. Another discussion point is whether the
time interval between the subsequent treatments should be

taken into account. As discussed previously (12), we did
not considered any repair between the treatments. A mouse
study suggested that for higher doses per fraction, less recov-
ery might be expected (43). Moreover, limited clinical data
showed that patients are experiencing a high probability of
RP after reirradiation (44).

Besides the reliability of NTCP modeling on the robust-
ness of the clinical data, some assumptions have to be
made for (NTCP) medeling in general. First, a NTCP model
based on one (dose) characteristic distegards all other factors
influencing the probability to develop toxicity (e. g., genetic
variability and/or comorbidity) for one individual patient.
Second, to evaluate clinically applicable dose parameters,
dose-volume histograms are reduced to simple parameters
(e.g., MLD and V), whereby a (biological) background is as-
sumed but questionable. Third, the limited number of patients
included in the current study might have caused the fact that
a real intrinsic difference between these parameters was not
apparent with statistical significance.

CONCLUSIONS

In conclusion, with our study we provide clinical toxicity
data for the discussion of the applicability of current radiobi-
ological models for higher doses per fraction. We observed
that the LQ model was valid (with an /8 ratio of 3 Gy for
lung tissue) to recalculate the physical dose into biologically
equivalent dose and that the biological dose should be used
for estimating toxicity probabilities. The LQL model did
not improve the prediction of RP. This might be due to the
limitations of our study and/or to (still) unknown fundamen-
tal mechanisms complicating the translation of mathematical
models developed with cell survival data into clinical data.
With currently used fraction doses of up to 18 Gy, substan-
tially different results are not expected, but this should be
confirmed in future evaluations,
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