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Abstract

Purpose To assess the clinical outcomes of single or

oligo-fractionated stereotactic radiotherapy (SRT) using

dynamic conformal arcs (DCA) for head and neck tumors

(HNTs).

Methods Thirty-four consecutive patients with 35 lesions

treated between 2005 and 2009 were retrospectively eval-

uated, of whom 85.7 % had recurrent or metastatic disease,

and 45.7 and 34.3 % had previous radiotherapy and sur-

gery, respectively. The median SRT dose was 22.3 Gy

(11.2–32.8) in 2–4 fractions with a median interval of

7 days and 10.4 Gy (9.2–12.4) in one fraction. SRT was

combined with upfront conventionally fractionated RT in

48.6 % of patients.

Results The median follow-up periods were 18.4 months

(2–84.1) for the entire cohort and 49.6 months for the

survivors. The 1- and 2-year local control (LC) rates were

84.3 and 70.5 %, with the 1- and 2-year overall survival

(OS) rates of 78.6 and 51.6 %. LC was significantly better

for tumor volumes \25.6 cm3 (p = 0.001). OS was sig-

nificantly longer in patients without any disease outside the

SRT site (p \ 0.001), whereas LC after the SRT did not

affect the OS. Late adverse events occurred in 9 patients,

including cranial nerve (CN) injury (grade 3/4) in 2, brain

radionecrosis in 5 (grade 1), and fatal bleeding in 2 patients

harboring uncontrolled lesions abutting the carotid artery.

Conclusions DCA-based SRT can confer relatively long-

term LC with acceptable toxicity in selected patients with

HNTs. The patients with CN involvement or tumor volume

C25.6 cm3 were deemed unsuitable for this treatment

regimen.

Keywords Reirradiation � Dynamic conformal arcs �
Stereotactic radiotherapy � Head and neck � Micromultileaf

collimator

Introduction

Treatment of patients presenting with recurrent or meta-

static disease after previous surgery and/or radiotherapy

(RT) for head and neck tumors (HNTs) poses a genuine

challenge (Vermorken and Specenier 2010; Chen et al.

2011). Stereotactic radiotherapy (SRT), also referred to as

stereotactic body radiotherapy (SBRT), has emerged as a

promising strategy for these patients (Gardner et al. 2003;

Heron 2009; Siddiqui et al. 2011; Yamazaki et al. 2011).

Furthermore, SRT has been adopted as a boost for persis-

tent or residual disease after conventionally fractionated

RT (cRT) (Ahn et al. 2000; Uno et al. 2010; Al-Mamgani

et al. 2012), or even as a definitive therapy for primary

disease (Siddiqui et al. 2009; Kodani et al. 2011). Data,

however, have been rather limited, particularly with regard

to the nasopharynx as a treatment site (Yamazaki et al.

2011; Seo et al. 2009), cyberknife (CK) as a treatment

modality (Roh et al. 2009; Heron et al. 2009; Truong et al.

2009; Unger et al. 2010; Kawaguchi et al. 2010; Cengiz

et al. 2011; Rwigema et al. 2011; Vargo et al. 2012),

squamous cell carcinoma (SCC) in histological specimens

(Vargo et al. 2012), and the lack of long-term observations

(Ryu et al. 2004; Unger et al. 2010; Cengiz et al. 2011).
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Despite encouraging results in local tumor control, severe

late toxicities, such as carotid blowout (CB), have been

reported (Yamazaki et al. 2011; Kodani et al. 2011; Cengiz

et al. 2011; Milano et al. 2011; McDonald et al. 2012).

The prevailing treatment technique is intensity-modu-

lated SRT (IMSRT) using a CK or the Trilogy linear

accelerator (LINAC) using static conformal multi-beams

(Siddiqui et al. 2009; Heron et al. 2009; Rwigema et al.

2010; Rwigema et al. 2011). Dynamic conformal arcs

(DCA) using a micromultileaf collimator (mMLC) is one

of the state-of-the-art techniques of LINAC-based SRT

mainly used for intracranial disease (Jin et al. 2011; Kung

et al. 2011; Ohtakara et al. 2012a). To our knowledge, there

is only one report describing the preliminary results of

DCA-based SRT for the treatment of limited cases with

HNT (Ryu et al. 2004). The dose/fractionation schemes

(DFS) for SRT varies substantially between institutions.

Furthermore, SRT is generally delivered on consecutive

days or within a 1- or 2-week period (Yamazaki et al.

2011). Thus, several issues regarding SRT for HNT have

remained unresolved, including optimal patient selection,

DFS, and treatment techniques (Siddiqui et al. 2011;

Yamazaki et al. 2011).

Starting with 2005, we extended the use of DCA-based

SRT to selected patients with HNT. The use of mMLC as

an add-on device for non-dedicated linac and the machine

capacity at our institution required us to use a very limited

number of fractions (1–4) and to adopt a non-daily delivery

scheme with C3 days of interval, resulting in 1 or 2 frac-

tion(s) per week. In addition, upfront cRT was incorporated

in selected patients. This DFS of SRT with or without cRT

appeared to be quite unique compared with those described

in other reports.

We herein describe the clinical outcomes of DCA-based

SRT with or without cRT for the treatment of HNT based

on relatively long-term observations, addressing the feasi-

bility, efficacy, and toxicity and also exploring the factors

significantly associated with tumor control and survival.

Materials and methods

Study population

Thirty-five lesions in 34 consecutive patients with residual,

persistent, recurrent, or metastatic HNT who were treated

with DCA-based SRT between January 2005 and Sep-

tember 2009 at our institution were the subjects of this

study. All the patients had a neoplasm proven by patho-

logical examination. All the cases were discussed among

the head and neck surgeons and radiation oncologists

regarding the optimal treatment of choice, especially for

further operability, based on a multidisciplinary approach.

Written informed consent was obtained from the patients or

guardians. The lesions that were deemed susceptible to

intrafractional motion, such as that induced by swallowing,

were excluded. Upfront cRT was prescribed to selected

patients, with room for additional large-volume irradiation

to compensate for the aforementioned limitations of SRT

delivery. Concurrent chemotherapy was also administered

in the selected cases to augment the radiosensitivity. This

study was performed in accordance with Declaration of

Helsinki in 1964.

Treatment procedures

SRT was performed by using the m3 mMLC (BrainLAB

AG, Feldkirchen, Germany) as an add-on device on the

Clinac 21EX (Varian, Palo Alto, CA, USA) with 6-MV

photon energy (Ohtakara et al. 2012a). The DCA plans

were generated by using the BrainSCAN version 5.3

(BrainLAB). The dose calculation was based on a pencil-

beam (PB) algorithm with the radiological path length

(RPL) for heterogeneity correction. The patients were

immobilized with the BrainLAB thermoplastic mask. The

clinical target volume (CTV) was defined based on simu-

lation computed tomographic (CT) images fused with

contrast-enhanced magnetic resonance imaging (MRI) and/

or [18F]-fluorodeoxyglucose (FDG) positron emission

tomography (PET)-CT, coupled with the clinical exami-

nation. The contours were rather overdrawn for the tumors

exhibiting poor demarcation. A dedicated image-guidance

system (IGS) was not available; therefore, each planning

target volume (PTV) was generated with the addition of

C2-mm margin to the CTV. The PTV was basically cov-

ered with 80 % isodose surface (IDS) normalized to 100 %

at the isocenter. A conformal blocking technique was used

in the selected cases to reduce the dose to an organ at risk

(OAR) such as the brainstem or optic apparatus, although it

resulted in a substantial compromise of the PTV coverage

for the intended %IDS. The DFS for each PTV was chosen

on a case-to-case basis by considering various factors, such

as PTV size, proximity to OARs, complexity in shape, dose

and field of previous RT and/or combined upfront cRT,

expected survival, and presumed radiosensitivity. Com-

bined cRT was delivered using the Clinac 21EX with a

6-MV photon beam. The dose calculations were performed

using the Eclipse version 7.3 (Varian) with the Batho

power law method for heterogeneity correction. The CTV

for cRT was generally defined with adequate margin

(C5 mm) to the PTV for SRT.

Review of the planning parameters

The dose-volume histogram data in all the cases were

reviewed with the grid size set to 1.0 mm. The dose
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encompassing at least 95 % of the PTV (PTV D95) was

defined as a prescription dose in this cohort (Ohtakara et al.

2012a). The conformity index (CI) available in the Brain-

SCAN (Ohtakara et al. 2012c) and the homogeneity index

(HI) defined as maximum dose/PTV D95 were calculated,

respectively.

A biologically effective dose (BED) was calculated

according to the linear-quadratic (LQ) formula BEDn LQ

(Gy) = total dose 9 [1 ? (dose per fraction)/n], where

n represents the a/b ratio, a/b = 10 for early-responding

tissue, a/b = 3 for late-responding normal tissue. The LQ

model is the de facto standard method to compare the

effects of different DFSs and has been used in many lit-

eratures (Siddiqui et al. 2011; Roh et al. 2009; Unger et al.

2010; Brenner 2008). However, debate continues regarding

the applicability of the LQ model for dose per fraction of

[8–10 Gy that was given to the substantial cases in this

study (Siddiqui et al. 2011; Yamazaki et al. 2011; Kirk-

patrick et al. 2008; Shibamoto et al. 2012a). We therefore

also calculated the BED using an alternative method: lin-

ear-quadratic-cubic (LQC) model (Joiner 2009; Wig-

genraad et al. 2011). The BED based on the LQC model

(BEDn LQC) was defined as total dose 9 [1 ? (dose per

fraction)/n - (dose per fraction)2/(a/c)]. According to

Joiner, the survival curve becomes straightened at dose Dl

by choosing c = b/(3Dl) and the LQC curve becomes a

straight line at a dose of 18 Gy (Joiner 2009).

Outcome assessment

To determine the efficacy of SRT, the actuarial overall

survival (OS), local control (LC), and disease-failure-free

(DFF) rates from the commencement of SRT were esti-

mated. LC was defined as no increase in tumor size or no

appearance of a new lesion within or in the periphery of the

SRT site at the last follow-up and was evaluated by clinical

examinations and CT/MRI scans, augmented with PET

when available. Disease failure was defined as local and/or

distant. Acute and late toxicity was scored using Common

terminology Criteria for Adverse Events v3.0 (CTCAE)

(Trotti et al. 2003), where late toxicities were defined as

symptoms or imaging changes that developed more than

3 months after the completion of SRT.

Statistical analyses

Comparison of paired numerical variables was performed

using Wilcoxon signed-rank test for the median value and

Levene’s test for the equality of variances, respectively.

Spearman’s rank correlation coefficient was applied to

evaluate any correlations between the variables. LC, and

DFF probability, and OS from the commencement of SRT

were estimated using Kaplan–Meier method, and the

differences between the subgroups were compared using

the log-rank test. Univariate Cox regression analyses were

performed in order to identify factors associated with LC

and OS. The significant (p \ 0.05) and marginally signif-

icant (p \ 0.10) variables were included in multivariate

analyses using a forward stepwise selection with the like-

lihood-ratio criterion. The receiver operating characteristic

(ROC) curves were determined to assess the area under the

curve (Az) and the optimal cutoff value for numerical

variables. Statistical significance was considered to be

p \ 0.05. Statistical analyses were performed using the

PASW Statistics 18.0 (SPSS Inc, Chicago, IL Illinois,

USA).

Results

Patients and treatment characteristics

The demographic and clinical characteristics of the patients

and the treatment parameters are summarized in Table 1,

of whom 45.7 and 34.3 % had received prior radiotherapy

and surgery, respectively. Most lesions (85.7 %) were

recurrent or metastatic disease, and most cases (94.3 %)

were deemed further inoperable. Most of the primary

(88.2 %) and treated sites (94.3 %) corresponded to non-

nasopharyngeal lesions, and the predominant site of treat-

ment was the retropharyngeal lymph node (RPLN) (20 %).

Approximately half (48.6 %) of the lesions showed non-

SCC histologic features. Upfront cRT and concurrent

chemotherapy was administered in 48.6 and 37.1 % of the

patients, respectively. All the patients completed the

planned cRT and SRT without toxicity-related deferral.

The median number of fractions was 2, and the median

interfractional interval for SRT was 7 days. The BED10 or 3

values for SRT based on the LQC formula were lower than

those for the LQ model (p \ 0.001). The variance of the

BED3 LQC values for SRT was significantly smaller than

that of the BED3 LQ (Levene’s test, p = 0.017), whereas

these values for BED10 showed a similar variance

(p = 0.911). The cumulative BED10 LQ or LQC values of

cRT and SRT were inversely correlated with previous RT

dose (Spearman’s q = -0.53, p = 0.001), but not with the

PTV (q = -0.04, p = 0.831). The BED10 LQ values

of SRT were inversely correlated with the HI values

(q = -0.59, p \ 0.001).

Clinical outcomes

The median follow-up period was 18.4 months (range,

2.0–84.1), and 15 patients (44.1 %) were alive at the last

follow-up visit. The median follow-up duration for the

survivors was 49.6 months (range, 2.9–84.1). Fifteen
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Table 1 Demographic and clinical characteristics (a) and treatment parameters (b)

Median (range)a Median (range)a

(a) Demographic and clinical characteristics (b) Treatment parameters

Age (years) 64 (36–85)a PTV (cm3) 22.0 (3.4–80.7)a

Sex [male, n (%)] 20 (58.8 %) PTV margin (mm) 2.0 (2.0–3.0)a

KPS (%) 70 (50–100)a Upfront cRT 17 (48.6 %)

Disease presentation [n (%)] Dose (Gy) 40 (20–70)a

Residual or persistent 5 (14.3 %) BED10 LQ (Gy) 48.0 (24.0–84.0)a

Recurrence 19 (54.3 %) BED3 LQ (Gy) 66.7 (33.3–116.7)a

Metastasis 11 (31.4 %) Chemotherapy

Any disease outside the SRT siteb 13 (44.1 %) Concurrent 13 (37.1 %)

Previous RTc 16 (45.7 %) Adjuvant 12 (34.3 %)

Dose (Gy) 55 (34–115)a Concurrent ? adjuvant 9 (25.7 %)

BED3 LQ (Gy) 83.3 (56.7–206.7)a SRT

Interval (mo)d 12.3 (2.6–292)a Fraction(s) [n (cases)] 4(4) 3(13) 2(13) 1(5)

Previous surgery 12 (34.3 %) Number of arcs 6 (5–8)a

Grossly total removal 1 Interfractional interval (day) 7 (3–10)a

Residual 3 OTT (day) 8 (1–33)a

Recurrence 8 Total dose (SRT)g

Further operable [n (%)]e 2 (5.7 %) Dose (Gy, 1 fr) 10.4 (9.2–12.4)a

Treatment sites [n (%)] Dose (Gy, 2–4 fr) 22.3 (11.2–32.8)a

Pharynx and parapharynx 12 (34.3 %) BED10 LQ (Gy) 38.8 (17.5–67.1)a

RPLN 7 BED10 LQC (Gy) 36.4 (16.2–59.9)a

RPLN ? parapharynx 3 Cumulative dose (cRT ? SRT)

Parapharynx 1 BED10 LQ (Gy) 62.5 (23.1–128.3)a

Nasopharynx 1 BED10 LQC (Gy) 58.0 (20.6–124.8)a

Nasal and paranasal sinuses 10 (28.6 %) BED3 LQ (Gy) 162.7 (86.7–273.6)a

Nasal cavity 4 BED3 LQC (Gy) 104.7 (43.1–197.7)a

Maxillary sinus 2 Cumulative dose (?previous RT)h

Ethmoid sinus 2 BED3 LQ (Gy) 193.4 (86.7–279.5)a

Sphenoid sinus 2 BED3 LQC (Gy) 144.5 (56.6–256.9)a

Base of skull 8 (22.9 %) OTT (day, cRT ? SRT) 19 (1–104)a

Clivus 4 Plan quality

Petrous bonef 3 % IDSi 81.6 (56.0–90.9)a

Cavernous sinus 1 Conformity index 1.38 (1.13–1.85)a

Orbit 3 (8.6 %) Homogeneity index 1.35 (1.15–1.89)a

Parotid gland 2 (5.7 %) OAR [n, (%)]

Histology [n (%)] Spinal cord 10 (28.6 %)

Squamous cell carcinoma 18 (51.4 %) Brainstem 8 (22.9 %)

Adenocarcinoma 4 (11.4 %) Other brain tissue 18 (51.4 %)

Adenoid cystic carcinoma 2 (5.7 %) Eye ball 10 (28.6 %)

Mucoepidermoid carcinoma 2 (5.7 %) Optic nerve/chiasm 17 (48.6 %)

Undifferentiated carcinoma 2 (5.7 %) Other CN 12 (34.3 %)

Acinic cell carcinoma 1 (2.9 %) Cochlea 3 (8.6 %)

Sinonasal mucosal melanoma 1 (2.9 %) Pituitary gland 6 (17.1 %)

Chondrosarcoma 1 (2.9 %) Mucosa (nasopharynx) 17 (48.6 %)

Chordoma 1 (2.9 %) Mucosa (oral cavity) 5 (14.3 %)

Hepatocellular carcinoma 1 (2.9 %) Mucosa (nasal cavity) 10 (28.6 %)
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patients (42.9 %) had symptoms related to the treated site,

and the symptoms of 80 % of them abated at least

temporarily.

The 1- and 2-year LC rates were 84.3 and 70.5 %,

respectively. The ROC analyses failed to determine any

cutoff value of either nominal or BED-based doses for

better LC. Previous reports suggested that SRT doses C30

or 35 Gy administered in 5 fractions was significantly

associated with better LC (Unger et al. 2010; Rwigema

et al. 2011; Vargo et al. 2012). These doses correspond to

48/59.5 and 46/56.3 Gy for the BED10 LQ and BED10 LQC,

respectively. These cutoff values were therefore applied to

each dose parameter as a dichotomous variable for Cox

regression analyses.

The multivariate analyses revealed that a PTV

\25.6 cm3 was the only significant factor associated with

better LC (Table 2, Fig. 1c). The cumulative BED10 LQ of

cRT and SRT (C59.5 vs. \59.5 Gy) and HI (\1.24 vs.

C1.24) were included but were not significant in the final

multivariate model. The patients receiving a cumulative

BED10 LQ C59.5 Gy showed better LC (log-rank test,

p = 0.020, Fig. 1d). The DFF probability (Fig. 1e) was

significantly lower than the LC probability (log-rank test,

p = 0.001).

The actuarial OS rate is shown in Fig. 1a. The median

survival time (MST) was 28.8 months, and the 1- and

2-year OS rates were 78.6 and 51.6 %, respectively. The

multivariate analyses revealed that the absence of any

disease outside the SRT site was the only significant factor

for better OS (Table 2, Fig. 1b). Notably, the LC status

after SRT did not affect the OS. The main cause of death

was attributable to failed LC after SRT in only 4 patients

(21.1 %).

On the other hand, any differences in histology and

treatment sites or the use of chemotherapy were not

prognostic for LC or OS (data not shown).

Additional salvage SRT for recurrence after SRT

Two patients received salvage SRT for in-field or marginal

recurrence after SRT. The first case was that of a 56-year-

old woman who received salvage SRT with a dose of

20.4 Gy in 3 fractions for marginal recurrence of middle

ear carcinoma that was initially treated with cRT followed

by SRT (Table 3-2). The lesion was controlled at the last

follow-up at 59.6 months after the salvage SRT. The sec-

ond case was that of a 47-year-old woman who received

salvage SRT with a dose of 17.6 Gy in 2 fractions for the

in-field recurrence of the RPLN metastasis from the

nasopharyngeal cancer (NPC), resulting in local and out-

of-field failure 7 months after the salvage SRT (Table 3-8).

Despite the administration of oral chemotherapy, she

exhibited abducens nerve palsy caused by extensive skull

base invasion of the recurrent tumor 9 months after the

recurrence and died of fatal bleeding 12.3 months after the

recurrence. If the outcomes after the second SRT were

included, the 1- and 2-year LC rates were 88.2 and 74.5 %,

respectively.

Toxicity

With regard to acute toxicity, only 1 patient developed

grade 3 neutropenia related to concurrent chemotherapy.

Other complications included grade 1 or 2 mucositis and

dermatitis, which subsided favorably.

The cumulative incidence of late adverse events is

shown in Fig. 1f, and the details of the events are listed in

Table 3. Apart from the aforementioned patient, fatal

bleeding also occurred in one other patient (Table 3-9).

This case was that of a 63-year-old man who received SRT

with a dose of 28 Gy in 3 fractions for postoperative

recurrence of RPLN metastasis. Subsequently, metastases

along with the ipsilateral upper jugular lymph nodes

Table 1 continued

Median (range)a Median (range)a

Carotid artery 17 (48.6 %)

Skin 9 (25.7 %)

n Number
a Continuous variables expressed as a median value (range)
b No obvious evidence of disease outside the site treated by SRT
c History of RT at the site treated by SRT
d Time between the completion of previous RT and the commencement of the upfront cRT or SRT
e Technically operable considered by head and neck surgeon
f Including the middle ear and internal auditory meatus
g Prescribed dose to SRT was defined as PTV D95
h Cumulative dose of previous RT, upfront cRT, and SRT
i Normalized to 100 % at the isocenter
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Table 2 Factors affecting local control (LC) and overall survival (OS)

LC OS

p value HR (95 % CI) p value HR (95 % CI)

(a) Univariate analyses

Age (year, continuous) 0.274 0.912

Sex (female vs. male) 0.958 0.462

KPS (10 % increase) 0.032 0.94 (0.89–0.99) 0.002 0.94 (0.90–0.97)

Disease presentation

Recurrence/metastasis (no vs. yes) 0.840 0.354

Recurrence (no vs. yes) 0.787 0.623

Metastasis (no vs. yes) 0.635 0.152

Any disease outside SRT site (no vs. yes) 0.400 <0.001 11.79 (3.93–35.32)

Previous RT (no vs. yes) 0.575 0.528

BED3 LQ (Gy) 0.403 0.341

Previous surgery (no vs. yes) 0.644 0.195

Recurrence (no vs. yes) 0.497 0.245

PTV (cm3, continuous) 0.126 0.543

PTV (\25.6 cm3 vs. C25.6 cm3)a 0.005 7.32 (1.83–29.32) 0.266

Upfront cRT (no vs. yes) 0.213 0.249

BED10 LQ (Gy) 0.517 0.232

BED3 LQ (Gy) 0.546 0.288

SRT

Fraction 0.858 –

Number of arcs 0.298 –

Interfractional interval (day, continuous) 0.621 –

OTT (day, continuous) 0.622 –

Total dose (SRT)

BED10 LQ (Gy) 0.142 –

BED10 LQC (Gy) 0.172 –

Cumulative dose (cRT ? SRT)

BED10 LQ (Gy, continuous) 0.150 –

BED10 LQ (Gy, C59.5 vs. \59.5)b 0.029 4.23 (1.16–15.13) –

BED10 LQ (Gy, C48.0 vs. \48.0)c 0.024 4.61 (1.22–17.39) –

BED10 LQC (Gy, continuous) 0.197 –

BED10 LQC (Gy, C56.3 vs. \56.3)b 0.096 –

BED10 LQC (Gy, C46.0 vs. \46.0)c 0.024 4.61 (1.22–17.39) –

BED3 LQ (Gy, continuous) 0.073 0.179

BED3 LQC (Gy, continuous) 0.099 0.168

Cumulative dose (?previous RT)

BED3 LQ (Gy, continuous) 0.310 0.708

BED3 LQC (Gy, continuous) 0.930 0.873

OTT (day, cRT ? SRT) 0.650 0.090

Plan quality

% IDS 0.224 –

Conformity index (continuous) 0.490 –

Homogeneity index (continuous) 0.100 –

Homogeneity index (\1.24 vs. C1.24)d 0.064 –

LC at SRT site (yes vs. no) – 0.438
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developed 1.5 months after the SRT. He received addi-

tional cRT of 40 Gy in 16 fractions, resulting in inadequate

control of the LN metastases. He died of fatal bleeding

6.5 months after the SRT (2 months after the additional

cRT). Both cases had uncontrolled tumors near the ICA. In

the first patient, fatal bleeding occurred [1 year after the

tumor recurrence. The second case received additional

cRT. However, the tumors did not encase but rather abutted

the ICA with C1808 of the wall surrounded by the tumor

(Cengiz et al. 2011), and the PTV D95 dose for SRT was

irradiated to the entire wall of the ICA. Furthermore, the

cumulative dose (BED3 LQ) to the ICA was relatively high

(277 and 224.7 Gy).

Other severe late toxicities were cranial nerve (CN)

injury in 2 cases presenting with CN paresis that deterio-

rated after SRT. Brain radionecrosis (RN) was the most

commonly observed complications (5 cases), and the MRI

findings were scored as grade 3 in 1, grade 2 in 3, and grade

1 in 1, according to the late effects of normal tissue-sub-

jective, objective, management, analytic (LENT SOMA)

scoring system (LENT SOMA tables 1995), and, fortu-

nately, all these patients had been asymptomatic. The

median Karnofsky performance status (KPS) of these sur-

vived patients was 80 % (60–90) at the last follow-up visit.

The BED3 LQ or LQC values of SRT alone, cRT ? SRT, or

previous RT were not associated with the incidence of late

adverse events.

Discussion

Efficacy

The 1- and 2-year LC rates in this study were comparable

with those for IMSRT (Siddiqui et al. 2009; Kodani et al.

2011; Roh et al. 2009; Unger et al. 2010; Rwigema et al.

2010). LC at more than 3- and 4-years was attained in 28.6

and 22.9 % of the patients, respectively. The hypofrac-

tionated regimens using a rather abrasive dose per fraction

may conquer the potential intrinsic radioresistance of

recurrent or persistent tumor cells after cRT (Unger et al.

2010) and originally radioresistant tumors, such as mela-

noma (Ozyigit et al. 2012).

Non-daily delivery with at least 3 days of interval

inevitably leads to prolongation of overall treatment time

(OTT) but may be beneficial in terms of tumor reoxygen-

ation and repair from sublethal damage to normal tissues

(Shibamoto et al. 2012a, b). Furthermore, if tumor

shrinkage occurs immediately after the commencement of

SRT, the PTV coverage with the selected IDS and the

actual dose to the tumor boundary can be increased. Hig-

uchi et al. (2009) adopted a unique SRT regimen for large

brain metastases: 3 fractions with 2-week intervals, in

which the CTV was redefined for each second- and third

session according to the MRI findings in a response-

adaptive manner. In the present study, the OTT of SRT

administered either alone or combined with cRT did not

affect LC significantly.

The combined use of upfront cRT may be beneficial in

terms of providing more expeditious treatment for symp-

tomatic patients, the potential reduction in tumor volumes

(PTV for SRT) before SRT, the relative reduction in SRT

dose, and the potential reduction in the risk for marginal

failure after SRT for the lesions with ambiguous tumor

boundaries on images or with predilection for local inva-

sion. Unfortunately, the merit of combined cRT for LC or

OS was not validated in this study.

A PTV \25.6 cm3 was the only significant factor

associated with improved LC in our study. Other reported

cutoff values of PTV resulting in better LC include 25

Table 2 continued

Endpoint Variable Partial regression coefficient p valuef Adjusted HR (95 % CI)

(b) Multivariate analyses

LC PTV (C25.6 cm3) 1.7 0.026 5.48 (1.22–24.51)

(p = 0.001)e Homogeneity index (C1.24) 1.65 0.149 5.23 (0.55–49.44)

BED10 LQ (\ 59.5 Gy) 0.98 0.167 2.67 (0.66–10.72)

OS Any disease outside SRT site (Yes) 2.03 <0.001 7.58 (2.48–23.17)

(p \ 0.001)e KPS (10 % increase) -0.52 0.051 0.59 (0.35–1.00)

Significant and marginally significant results (p value) are shown in boldface and italic type, respectively

HR hazard ratio, CI confidence interval
a The cutoff value based on the result of ROC analysis (Az = 0.60, odds ratio = 4.15)
b,c The cutoff value based on the equivalent BED of 35 Gyb or 30 Gyc/5 fractions
d The cutoff value based on the result of ROC analysis (Az = 0.72, odds ratio = 8.31)
e Significance of each regression model
f Significance of each variable
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(Rwigema et al. 2011) and 15 cm3 (Kawaguchi et al.

2010), in which the PTVs were defined without any setup

margin. In general, higher doses are required to control

larger tumors, given that the numbers of clonogenic, qui-

escent, and hypoxic cells increase as the tumor volume

increases. However, volume-based dose selection was not

carried out in the study populations. The remarkable het-

erogeneity of the patients’ background also discouraged us

from adopting a consistent DFS or commencing a dose-

escalation trial (Heron et al. 2009). Several studies sug-

gested that higher doses are associated with improved LC

(Unger et al. 2010; Rwigema et al. 2011), and certainly, in

the present study, the patients who received a BED10 LQ

C59.5 Gy had better LC. Although stringent comparison of

our SRT doses with those of other studies was essentially

complicated by the differences in DFSs and OTT, this

BED10 LQ value equivalent to 35 Gy/5 fractions may be a

threshold dose to attain considerable LC. Nonetheless, the

results suggest that the presented SRT regimen has con-

siderable limitations in large tumors, especially to attain

long-term LC. To attain better LC for large tumors without

increasing toxicity to normal tissues, different strategies

using more fractionated SRT regimens with increased BED

should be considered.

Fig. 1 Kaplan–Meier estimates of overall survival (OS), local control

(LC), disease-failure-free (DFF) probability, and the incidence of late

adverse events from the commencement of SRT. a OS for the entire

cohort, b comparison of OS with or without any disease outside the

SRT site, c comparison of LC for PTV\ versus C25.6 cm3,

d comparison of LC between BED10 LQ\ versus C59.5 Gy, e DFF

probability, f the incidence of late adverse events

1518 J Cancer Res Clin Oncol (2012) 138:1511–1522
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The OS in this study was comparable with or better than

that of other reports (Yamazaki et al. 2011; Siddiqui et al.

2009; Kodani et al. 2011; Roh et al. 2009; Unger et al.

2010; Rwigema et al. 2010; Vargo et al. 2012), given the

patients’ backgrounds. Various factors affecting OS have

been suggested in the literature: younger age (Unger et al.

2010), KPS [80 % (Heron et al. 2011), no prior RT

(Kodani et al. 2011), the interval of [24 months from the

previous RT (Kodani et al. 2011), SRT dose of [40 Gy

(Heron et al. 2011), tumor volume\15 cm3 (Kodani et al.

2011), NPC (Heron et al. 2011), completely macroscopic

resection (Unger et al. 2010), non-SCC histologic features

(Unger et al. 2010), and the use of cetuximab (Heron et al.

2011), although none of these had a significant effect on

OS in the present study. Absence of any disease outside the

SRT site was the only significant factor for better OS, and a

3-year OS rate [70 % was attained in these patients

(Fig. 1b). On the other hand, the LC status after the SRT

did not affect the OS. The prognosis of the study popula-

tions appeared to hinge on rather systemic disease control.

Further aggressive local treatment, including SBRT, for a

limited burden of disease, such as oligometastases, along

with systemic therapy, may lead to better OS (Lo et al.

2009). Nonetheless, better survival is expected in patients

undergoing SRT for a solitary lesion; thus, the DFS of SRT

should be optimized to attain long-term LC and minimum

toxicities.

Toxicity

The incidence of late toxicities increased with the longer

follow-up duration (Fig. 1f), suggesting that previous

studies with rather short-term follow-up durations might

have underestimated the possibility of late toxicities. One

of the severe late toxicities was CN injury in this study.

The precise localization of the involved CN on the images

was difficult to determine in most cases, leading to inac-

curate dose estimation. A more fractionated regimen with a

reduced dose per fraction is preferable in these cases for

functional preservation (Buatti et al. 1995; Mori et al.

2010). The most common toxicity was brain RN, with a

median interval of 33 months, which was likely attribut-

able to the dose spillage into these non-eloquent brain

tissues as a trade-off for dose reduction to the OARs, such

as the brainstem or optic apparatus. Further optimization

with the appropriate %IDS selection and arc arrangement

and by considering the balance between the target dose

homogeneity and dose gradient outside the target is

required (Leavitt 1998; Ohtakara et al. 2011).

Although we excluded the tumor locations susceptible to

organ motion from the indications, such as the oropharynx

or larynx, the treated sites (48.6 %) were located in or close

to the mucosal tissue. None of the cases, however,

exhibited severe mucosal injury. The dose calculation

algorithm (PB with RPL) of the DCA was rather simple.

The actual dose of the PTV near the air cavity may be

overestimated at the border owing to the inadequate esti-

mation of the buildup/builddown effect (Linthout et al.

2002). Compared with the CK technique, which uses non-

isocentric conformal planning with multiple narrow beams

to fully cover the entire PTV, the buildup/builddown effect

of the DCA may render the mucosal tissue substantially

protected from radiation damage. Furthermore, the use of

non-coplanar arcs may be beneficial for steep dose falloff

into the mucosal tissue, especially compared with modal-

ities with basically coplanar delivery such as helical

tomotherapy (Ohtakara et al. 2011).

CB has been one of the major late toxicity concerns

(Siddiqui et al. 2011; Yamazaki et al. 2011; Kodani et al.

2011; Cengiz et al. 2011; Milano et al. 2011; McDonald

et al. 2012). In 48.6 % of the cases, the tumors abutted or

engulfed the ICA, and 2 of these sustained fatal bleeding,

although there was no concrete evidence that the hemor-

rhage per se was from the ICA near the treated site in either

case. On the other hand, none of the patients with con-

trolled tumors developed CB. In the cases with fatal

bleeding, the tumor progression near the ICA might have

rendered the arterial wall vulnerable, leading to the disas-

trous results. Nonetheless, hypofractionated SRT for the

lesions abutting the ICA is fraught with a substantial risk

for CB. The scrupulous effort to reduce the dose to the ICA

is thus imperative in treatment planning.

This study bore several intrinsic limitations, including

its retrospective nature, potential selection bias, and small

cohort size and the heterogeneities of the patient charac-

teristics and treatment parameters. In addition, the treat-

ment of the study populations without the use of a

dedicated IGS had room for improvement regarding treat-

ment accuracy of SRT and cRT. Since December 2009, at

our institution, the presented SRT method has been sup-

planted by the Novalis Tx platform equipped with dedi-

cated IGSs (Ohtakara et al. 2012b), and since then, a DFS

using more fractionations (C5–10) and daily consecutive

delivery has been adopted. Whether this DFS provides

better LC and less toxicity compared with the presented

regimens deserves further investigation.

In conclusion, single or oligo-fractionated SRT with

non-consecutive (nondaily) delivery using DCA combined

with or without upfront cRT can confer relatively long-

term tumor control with acceptable late toxicities in

selected patients with HNT. The patients presenting with

CN involvement or large tumor volume (PTV C 25.6 cm3)

were deemed unsuitable for this SRT regimen with respect

to tumor control and functional preservation. The results

indicate that better survival should be expected for patients

who do not show any disease outside the SRT treated site.

1520 J Cancer Res Clin Oncol (2012) 138:1511–1522
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