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Abstract:The biologically effective dose (BED) based on the linear-quadratic (LQ) model has
been commonly used to evaluate the dose-effect relationships among the different fractionation
schedules, but whether the LQ model is appropriate for hypofractionated (HF) high-dose
stereotactic irradiation (STI) is uncertain. The validity of the model at high doses per fraction
has been critically examined. In this study, STI of metastatic brain tumors was evaluated to
suggest the applicability of the LQ model to HF high-dose radiotherapy. No significant difference
was found between stereotactic radiosurgery (SRS) and HF stereotactic radiotherapy (SRT) in
the analyses of 151 tumors. Furthermore, no significant differences were found among SRS,
HF-SRT, and non-HF SRT in 117 metastatic lung adenocarcinomas. The results of this study
suggest that BED calculation is a reasonable approach for careful dose-effect evaluation based
on the LQ model for HF high-dose radiotherapy for metastatic brain tumors, especially lung
adenocarcinomas.
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Introduction

The biologically effective dose (BED) based on the linear-quadratic (LQ) model has been
most commonly used to evaluate dose effect to compare different fractionation schedules in
radiotherapyl-6). The basic LQ equation and BED calculation formula are as follows:

E = qd+ pd?nE=n( ad+pd?

BED= nE/a =nd(I+d/a/f ),
where FE is the effect per fraction, BED is the biologically effective dose, #z is the fraction
number, d is the fraction size, a and § are constants, and a/f is the a/f ratio.
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The efficacy and validity of the LQ model for various fractionation schedules in recent
high-precision radiotherapy are often discussed*®. Whether the LQ model is appropriate for
hypofractionated (HF) high-dose stereotactic irradiation (STI), stereotactic radiosurgery (SRS),
or stereotactic radiotherapy (SRT) is uncertain. The validity of the model at high doses per
fraction has been critically examined” . The possibility of additional effects resulting from
endothelial cell damage, enhanced tumor immunity, or stem cell damage has been suggested to
account for the superior effect of single-fraction SRS® ¥ In contrast, fractionated SRT has been
suggested to be more effective than SRS in other studies®'” .

In the present study, the relationships among the different fractionation schedules for STI
of metastatic brain tumors were evaluated to suggest the applicability of the LQ model to HF

high-dose radiotherapies such as SRS and SRT.

Materials and Methods

The radiation treatment plans for metastatic brain tumors treated with STI in our institute
between March 2006 and May 2014 were reviewed. To evaluate treatment response, treatment
plans for 151 tumors in 52 patients with follow-up of at least 3 months were included. In this
study, the stereotactic treatment plans were classified into three groups as follows: SRS, single
high-dose irradiation with a fraction size of > 12-Gy; HF-SRT, hypofractionated irradiation with
a fraction size of >4 Gy; non-HF SRT (NHF-SRT), fractionated irradiation with a fraction size of
<4 Gy.

Radiation treatment planning was performed with a pencil beam algorithm using Brain Scan
and iPlan (BrainLab, Feldkirchen Germany), and radiotherapy was administered using 6-MV
X-rays (Novalis, BrainLab).

The BED for each tumor was calculated using the LQ equation and BED calculation formula
to compare the differences among the three groups. An alpha-to-beta ratio of 10 was used for
LQ-model and BED calculation (BED10), and ratios of 5 and 15 were also used in some analyses
(BED5 and BEDI15). Changes in tumor volume were evaluated using 1.5-T magnetic resonance
imaging performed during the follow-up after the irradiation (Magnetom Symphony 1.5 T,
Siemens, Erlangen, Germany). The cumulative probabilities of the partial response rates (PRRs)
and Kaplan-Meier plot of local disease control (LDC) were estimated as a function of day after
the initial treatment with SRS, HEF-SRT, or NHF-SRT for metastatic brain tumors. The groups
were compared using the log-rank test.

Results

The characteristics of the 52 patients with metastatic brain tumors and the prescribed doses
of SRS, HF-SRT, and NHF-SRT are shown in Table 1. The characteristics of the tumors and the
number of tumors in each treatment group are shown in Table 2. Most of the cases were lung
adenocarcinomas, and approximately 70% of the tumors (107/151) were treated with SRS.

The comparison of PRRs as a function of day after the initial treatment with SRS, HF-SRT, or

NHEF-SRT for all 151 metastatic brain tumors is shown in Fig. 1. The PRRs of SRS and HF-SRT
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Table 1. Characteristics of the patients with metastatic brain tumors treated with
stereotactic radiosurgery (SRS), hypofractionated stereotactic radiotherapy (HF-SRT),

or non-hypofractionated SRT (NHF-SRT)

Patients (M/F) 52 (28/24)
SRS HF-SRT NHF-SRT

Gender (M/F) 14/15 13/8 8/4
Age , median (y) 64.0 63.8 67.4

(range) (46.8-79.1) (56.1-80.6) (44.0-79.1)
Prescribed doses

Median 22Gy 30Gy/5Fr 30Gy/10Fr

(range) (12Gy-25Gy) (30Gy/5Fr-35Gy/7Fr) (50Gy/25Fr—35Gy/7Fr)

Table 2. Characteristics of the tumors treated with stereotactic radiosurgery (SRS),
hypofractionated stereotactic radiotherapy (HF-SRT), or non-hypofractionated SRT

(NHF-SRT)
SRS HF-SRT NHF-SRT
Primary site
Lung 95 28 8
Colon 4 0 1
Breast 1
Other 2 1 2
Total 107 32 12
Pathology
Adenocarcinoma 85 21 11
Small cell carcinoma 2 2 1
Non Smalll cell 17 7 0
carcinoma
Squamot{s cell 3 2 0
carcinoma
PTV volume "‘(‘:1:3'; 0.26 3.07 0.34
(0.01-4.11) (0.17-21.97) (0.01-7.02)

(range)

11)
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were significantly better than that of NHF-SRT (p < 0.05). No significant difference in PRR was
found between SRS and HF-SRT.

Comparison of PRRs as a function of day after the initial treatment with SRS, HF-SRT, or
NHF-SRT for metastatic brain tumors in an equivalent BEDI0 level (55 Gy < BEDI10 < 65 Gy) is
shown in Fig. 2. The PRRs of SRS and HF-SRT were significantly better than that of NHF-SRT
(p < 0.05). No significant difference in PRR was found between SRS and HF-SRT.

The Kaplan-Meier plot of LDC as a function of day after the initial treatment with SRS, HF-
SRT, or NHF-SRT for all 151 metastatic brain tumors is shown in Fig. 3. SRS and HF-SRT
showed significantly better LDC than NHF-SRT (p < 0.05). No significant difference in LDC was
found between SRS and HF-SRT.

The Kaplan-Meier plot of LDC as a function of day after the initial treatment with SRS, HF-
SRT, or NHF-SRT for metastatic brain tumors in an equivalent BED10 (55 Gy < BEDI10 < 65
Gy) is shown in Fig. 4. SRS and HF-SRT showed better effect in terms of LDC than NHF-SRT,
but this was not statistically significantly. No significant difference in effect was found between
SRS and HF-SRT.

The Kaplan-Meier plot of LDC as a function of day after the initial treatment with SRS, HF-
SRT, or NHF-SRT for 117 metastatic lung adenocarcinomas is shown in Fig. 5. No significant
differences were found among SRS, HF-SRT, and NHF-SRT.

The Kaplan-Meier plot of LDC as a function of day after the initial treatment with SRS, HF-
SRT, or NHF-SRT for metastatic lung adenocarcinomas in an equivalent BED10 (55 Gy < BEDI10
< 65 Gy) is shown in Fig. 6. No significant differences were found among SRS, HF-SRT, and
NHF-SRT.

In addition to the aforementioned analyses, comparison of PRRs and LDC in equivalent BED5
(55 Gy < BEDIO < 65 Gy) and BED15 (55 Gy < BEDI0 < 65 Gy) resulted in similar results,
respectively (data not shown).
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Fig. 1. Comparison of partial response rates (PRRs) as a
function of day after the initial treatment with stereotactic
radiosurgery (SRS), hypofractionated stereotactic
radiotherapy (HF-SRT), or non-hypofractionated SRT
(NHF-SRT) for all 151 metastatic brain tumors.

Days

Fig. 2. Comparison of partial response rates (PRRs) as a
function of day after the initial treatment with stereotactic
radiosurgery (SRS), hypofractionated stereotactic
radiotherapy (HF-SRT), or non-hypofractionated SRT
(NHF-SRT) for metastatic brain tumors in an equivalent
BEDI10 (55 Gy < BEDI10 < 65 Gy).
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Fig. 3. Kaplan-Meier plot of local disease control (LDC)
as a function of day after the initial treatment with
stereotactic radiosurgery (SRS), hypofractionated
stereotactic radiotherapy (HF-SRT), or non-
hypofractionated SRT (NHF-SRT) for all 151 metastatic
brain tumors.
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Fig. 5. Kaplan-Meier plot of local disease control (LDC)
as a function of day after the initial treatment with
stereotactic radiosurgery (SRS), hypofractionated
stereotactic radiotherapy (HF-SRT), or non-
hypofractionated SRT (NHF-SRT) for 117 metastatic lung
adenocarcinomas.
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Fig. 4. Kaplan-Meier plot of local disease control (LDC)
as a function of day after the initial treatment with
stereotactic radiosurgery (SRS), hypofractionated
stereotactic radiotherapy (HF-SRT), or non-
hypofractionated SRT (NHF-SRT) for metastatic brain
tumors in an equivalent BED10 (55 Gy < BED10 < 65 Gy).
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Fig. 6. Kaplan-Meier plot of local disease control (LDC)
as a function of day after the initial treatment with
stereotactic radiosurgery (SRS), hypofractionated
stereotactic radiotherapy (HF-SRT), or non-
hypofractionated SRT (NHF-SRT) for metastatic lung
adenocarcinomas in an equivalent BED10 (55 Gy < BED10
< 65 Gy).

Discussion

In the present study, treatment responses to the radiation treatment plans for 151 brain

metastases were evaluated to suggest the applicability of the LQ model and BED to HF high-

dose radiotherapy by considering the isoeffective dose. No significant differences were found

between SRS and HF-SRT in the analyses of all 151 tumors. Furthermore, no significant
differences were found among SRS, HF-SRT, and NHF-SRT in the analyses of 117 metastatic

lung adenocarcinomas.

The alpha-to-beta ratios in the LQ model were usually suggested to be >8 Gy, but in some
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tumors, this was <5 Gy'*'?. However, tumors available for LQ model calculation based on an i
vivo study are limited®*" . Most of the available data are obtained by in vitro studies at doses
lower than those used in SRS?, and caution against using iz vitro cell survival data for a / f
ratio determination was suggestedls). An alpha-to-beta ratio of 10 was used for BED calculation
in this study, in accordance with that used in previous studies®'”. In addition, ratios of 5 and
15 were used in some analyses to determine the effect of differences in alpha-to-beta ratio,
considering the previous discussions. BED5, BED10, and BED15, calculated using ratios of 5, 10,
and 15, respectively, showed similar curves. The differences among the ratios of 5, 10, and 15
had little impact on the results.

In the biological basis of radiotherapy, 5 factors (5 Rs) are suggested to be critical in
determining the net effect of radiotherapy on tumors. These factors are as follows: repair of
sublethal damage, repopulation after radiation, redistribution within the cell cycle, reoxygenation,
and (intrinsic) radiosensitivity'*' . Brown et al. suggested that the radiobiology concepts of the
5 Rs are sufficient to explain the clinical data for most tumors. The data obtained from clinical
studies were the result of the much larger BEDs delivered via SRS and SBRT?. The validity
of the LQ model at high doses per fraction has been critically examined”, and the possibility of
additional effects resulting from endothelial cell damage, enhanced tumor immunity, stem cell
damage, and so forth have been frequently discussed® ® Most of the available data on alpha-
to-beta ratio were based on iz vitro studies, and most of the clinical data were derived from
treatments for metastatic brain tumors or early-stage non-small cell lung cancer?. Our data
show no significant differences between SRS and HF-SRT, and support the clinical usefulness of
the biological concept and model™® .

In conclusion, this study suggests that it will be reasonable to use BED calculation for careful
dose-effect evaluation based on the LQ model for HF high-dose radiotherapy for metastatic
brain tumors, especially lung adenocarcinomas, in clinical practice, considering the possibility of
some positive or negative additional effects.

Ethical Statement

This study was approved by the institutional ethics committee of Nara Medical University.
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