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Abstract
Objective The purpose of this study is to reveal the dose-effect relationship of linear accelerator (LINAC)-based 
stereotactic radiotherapy (SRT) in patients with brain metastases (BM).

Materials and methods The PubMed, Cochrane, and Web of Science databases were used to identify studies that 
reported local tumour control after LINAC-based SRT in patients with BMs. Studies of other approaches that could 
affect local tumour control, such as whole brain radiotherapy, targeted therapy, and immunotherapy, were excluded 
from the dose-effect relationship analysis. Data extracted included patient and treatment characteristics and tumour 
local control. Probit model in XLSTAT 2016 was used for regression analysis, and P < 0.05 was set as the statistically 
significant level.

Results After literature screening, 19 eligible studies involving 1523 patients were included in the probit model 
regression analysis. There was no significant dose-effect relationship between nominal BED10 and peripheral BED10 
versus 12-month local control probability. There were significant dose effect relationships between the centre BED10 
and the average BED10 versus the 12-month local control probability, with P values of 0.015 and 0.011, respectively. 
According to the model, the central BED10 and the average BED10 corresponding to probabilities of 90% 12-month 
local control were 109.2 GyBED10 (95% confidence interval (CI): 88.7–245.9 GyBED10) and 87.8 GyBED10 (95% CI: 74.3–161.5 
GyBED10), respectively. A 12-month local control rate of 86.9% (95% CI: 81.7–89.7%) and 85.5% (95% CI: 81.2–89.2%) can 
be expected at a centre BED10 of 80 Gy and an average BED10 of 60 Gy, respectively.

Conclusion For patients with BM treated with LINAC-based SRT, more attention should be given to the central and 
average doses of PTV. A clear definition of the dose prescription should be established to ensure the effectiveness and 
comparability of treatment.
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Introduction
Brain metastases (BM) occur in up to one-third of adult 
patients with solid tumour malignancies and lead to 
considerable patient morbidity, anxiety, and mortal-
ity [1]. The rising incidence of brain metastases has 
been ascribed to the development of better imaging and 
screening techniques and the formulation of better sys-
temic therapies. Radiotherapy is the most common form 
of local therapy used in patients with BM. Whole-brain 
radiotherapy (WBRT) has long been considered the cor-
nerstone of treatment to relieve symptoms and control 
tumours. However, WBRT is associated with cognitive 
dysfunction, balance problems, and hearing loss, as well 
as several acute and late side effects, such as fatigue, alo-
pecia, anorexia, xerostomia, and nausea [2].

Several comparative studies showed that stereotactic 
radiotherapy (SRT) showed advantages in tumour con-
trol or quality of life for patients with BM compared with 
WBRT [3–5]. In SRT for patients with BM can be deliv-
ered as either a single fraction (usually 18 to 24  Gy) of 
highly conformal and high-dose treatment or as a frac-
tionated SRT, ranging from 24 to 30  Gy in 3 fractions 
or 25 to 35 Gy in 5 fractions [6]. Both the physical dose 
and biological equivalence dose (BED) of the prescrip-
tion dose vary greatly. Several studies have attempted to 
determine the dose-effect relationship between physical 
dose or BED and local control in SRT for patients with 
BM and have obtained valuable information [6–9]. With 
the implementation and progress of LINAC-based SRT 
for patients with BM, studies including dose parameters 
in detail and tumour control have been increasingly 
reported. The purpose of this study was to reveal the 
dose-effect relationship of LINAC-based SRT for patients 
with BM.

Materials and methods
Data sources and search strategy
A comprehensive literature search was conducted 
using the PubMed, Web of Science and Cochrane data-
bases to determine the published articles regarding BM 
patients treated with SRT. The title field were searched 
for “stereotactic radiosurgery,“ “stereotactic radiother-
apy,“ “hypofractionated radiosurgery,“ “stereotactic body 
radiotherapy,“ “stereotactic ablative radiotherapy,“ “SRT,“ 
“SRS,“ “SBRT,“ and “SABR” to determine article set A 
on SRT. Similarly, the title field was searched for “brain 
metastases” and “brain metastasis” to determine article 
set B about BM. The intersection of A and B was used 
to determine the articles about patients with BM treated 
with SRT. Our last literature search was on Mar 17, 2023 
(see Additional File 1: Table S1).

Inclusion criteria
1. The treatment conforms to the SRT technical 

specifications in the AAPM Task Group 101 report. 
For example, the dose per fraction is 6 to 30 Gy, and 
the number of fractions is 1 to 5.

2. Original studies that reported the prescription dose 
and 6-month and/or 12-month local tumour control 
rate, were included.

Exclusion criteria
1. Stereotactic radiotherapy is not implemented 

based on C-arm-mounted LINAC but is based on 
CyberKnife radiosurgery system, Gamma Knife, etc.

2. Combined with other treatment methods that may 
change the outcome of tumour local control, such as 
whole brain radiotherapy, surgery, targeted therapy, 
or immunotherapy, etc.

5. 3. Studies about SRT as salvage treatment in patients 
with recurrent BM.

Data extraction
After removing the duplicates, we screened the literature 
by title and abstract, and the remaining literature was 
screened by full text. When the patient data reported in 
the literature overlapped, we selected the latest and most 
complete data. The bibliographic references of relevant 
reviews have also been reviewed and included according 
to the criteria. When the data originated from overlap-
ping or almost the same patients, the most recent and 
comprehensive articles were included. Literature screen-
ing and data extraction were conducted independently by 
two authors according to the inclusion and exclusion cri-
teria, and objections were resolved through negotiation.

The following data from all enrolled studies were 
extracted: (1) Study information: first author, publication 
year, country, and inclusion time of patients; (2) Patients 
and tumour characteristics: number of patients, number 
of metastases, median or mean age, most common his-
tology, tumour size, and extracranial disease control; (3) 
Treatment characteristics: the margin from gross target 
volume (GTV) to planning target volume (PTV), pre-
scription dose, peripheral dose, central dose, and median 
number of fractions; and treatment technology; (4) Clini-
cal outcomes: median follow-up and local control (LC) 
at 6 months and 12 months. The biologically effective 
doses (BED) were calculated using the linear quadratic 
(LQ) equation: BED10 = n×d×[1 + d/(α/β)], where d rep-
resents the fraction dose, n represents the fractions. The 
α/β value quantifies the sensitivity to changes in fraction 
size, and higher α/β values (7 to 20 Gy) are typical values 
for tumor control, showing lower effects of fractionation. 
Referring to the dose-response effect and dose-toxic-
ity study of SRT for BM [8], in our study, the α/β value 
was also set to 10. Due to the high heterogeneity of the 
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PTV dose in SRT, to facilitate the dose effect analysis, we 
defined the nominal dose, peripheral dose, central dose 
and average dose as previously described [10]. Conduct-
ing dose-effect analyses of multiple BED parameters 
enables us to delve deeper into the factors that have a 
stronger correlation with tumor control.

Probit analysis
Probit model regression analysis was conducted by 
XLSTAT 2016 (Addinsoft, Paris, France) as previously 
described [11, 12]. The statistical significance was set at 
the level of P value < 0.05. Subgroup analysis was con-
ducted according to country, treatment era, proportion 
of male patients, median age, median tumour diameter, 
PTV margin, fractions and treatment technology. In 
order to analyze the dose-response relationship of tumor 
size subgroups, we conducted a spherical diameter con-
version for the included studies that reported tumor vol-
umes, as most BM exhibit spherical features.

Results
Description of the included studies
After a comprehensive search, no article about regres-
sion analysis on the dose effect relationship between dose 
and tumour local control rate based on published data 
was found. A total of 2377 potential related studies were 
identified using a systematic literature retrieval strategy. 
After removal of duplicates, 19 eligible studies involv-
ing 1523 patients in total and including six bibliographic 
references from relevant reviews, were obtained through 
title, abstract and full text screening and included in pro-
bit model regression analysis, as shown in Additional File 
2: Fig. S1. These included studies were from 7 countries, 
with the most published studies coming from Japan (five), 
followed by Germany (four), the United States, Italy and 
France (three each), and the Netherlands (one). The main 
characteristics of the included studies are presented in 
Table 1.

Probit analyses
The median of prescription dose was 23.1  Gy (range: 
14–42 Gy), the median of fraction was one (range: 1–5), 
and the median of actuarial or rough 6-month and 
12-month local control rates was 94% (range: 84–100%) 
and 86.5% (range: 70–100%), respectively.

For 12-month local control, there was no significant 
dose effect relationship between nominal BED10 and 
peripheral BED10 versus local control probability, with 
P values of 0.108 and 0.081, respectively. There were 
significant dose effect relationships between the centre 
BED10 and the average BED10 versus the 12-month local 
control probability, with P values of 0.015 and 0.011, 
respectively, as shown in Fig. 1. According to the model, 
the central BED10 and the average BED10 corresponding 

to probabilities of 90% 12-month local control were 
109.2 GyBED10 (95% confidence interval (CI): 88.7–245.9 
GyBED10) and 87.8 GyBED10 (95% CI: 74.3–161.5 GyBED10), 
respectively. A 12-month local control rate of 86.9% (95% 
CI: 81.7–89.7%) and 85.5% (95% CI: 81.2–89.2%) can be 
expected at centre BED10 of 80 Gy and an average BED10 
of 60 Gy, respectively.

For 6-month local control, there was no significant 
dose effect relationship between nominal BED10 ver-
sus local control probability, with a P value of 0.074. 
There were significant dose effect relationships between 
the peripheral BED10, the centre BED10 and the aver-
age BED10 versus the 6-month local control probability, 
with P values of 0.041, 0.005 and 0.004, respectively, as 
shown in Fig. 2. According to the model, 6-month local 
control rates of 88.6% (95% CI: 83.8–92.2%), 93.8% (95% 
CI: 91.0–95.3%) and 91.8% (95% CI: 90.1–91.1%) can be 
expected at a peripheral BED10 of 40 Gy, a central BED10 
of 80 Gy and an average BED10 of 60 Gy, respectively.

The Probit analyses based on subgroups show that 
the central BED10 has most cumulative number of sig-
nificance (seven for 6-month and six for 12-month), fol-
lowed by the average BED10 (seven for 6-month and five 
for 12-month), the nominal BED10 (five for 6-month and 
two for 12-month), and peripheral BED10 (three each for 
both 6-month and 12-month), as shown in Tables 2 and 
3.

Discussion
The probability of cancer patients developing BM dis-
eases is high, and there is a growing trend due to the 
support of systematic treatment and high-resolution 
imaging. SRT is an attractive alternative treatment 
option that may avoid these side effects and improve 
local tumour control. With the popularization of various 
high technologies, the application of LINAC-based SRT 
for BM is becoming increasingly widespread. However, 
there is no consensus on the prescription dose and dose 
heterogeneity requirements within the target volume of 
LINAC-based SRT for patients with BM. It is meaning-
ful that our study tried to find the optimal prescription 
dose and dose heterogeneity of LINAC-based SRT for 
BM using probit model regression analysis based on pub-
lished data.

In this study, there was no significant dose-response 
relationship between the nominal BED10 and the 6-month 
or 12-month local control, mainly due to the lack of uni-
versal representativeness of the nominal dose. There was 
no uniform standard for the prescription dose method of 
SRT for patients with BM. Some prescription doses were 
defined at the minimum dose [14, 16, 18, 29, 31], and 
some were defined at the isocentre [15, 24]. At the same 
time, the degree of dose heterogeneity in PTV for differ-
ent studies may be diverse, even if the same clinical trial 
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protocol is followed. For example, in the RTOG 90 − 05 
protocol, the prescribed dose was defined as an isodose 
line of 50–90%, which meant that the maximum dose was 
111–200%, with significant differences. One study among 
the included studies, set the prescribed dose at a 50% iso-
dose line [14], while some set it at 80% [13, 14, 19, 20, 25], 
and others at 90% [17, 21] and even 95% [31]. Therefore, 
for the same nominal dose, it may occur that the actual 
dose given to PTV is not comparable.

To address this issue, we selected peripheral BED10, 
central BED10, and average BED10 to establish the 

dose-response relationship in this study. Interestingly, in 
this study, there were significant dose-effect relationships 
between the centre BED10 and the average BED10 and the 
12-month local control probability. For 6-month local 
control, there were significant dose-effect relationships 
between the peripheral BED10, the centre BED10 and the 
average BED10 and the 6-month local control probabil-
ity. Although there has been no report on dose-response 
relationships for patients with BM treated with LINAC-
based SRT, some scholars have explored the dose-
response relationship, including those based on LINAC, 
Gamma knife, and Cyberknife [6, 8, 9, 32], as well as con-
fusion with other tumours [7]. These dose-effect relation-
ships are to some extent comparable to our results.

In our study, the peripheral BED10 corresponding to 
probabilities of 90% 6-month local control were 45.5 
GyBED10. Amsbaugh et al. [32] used a proportional haz-
ards modelling to determine the dose-volume response 
relationship between the ratio of maximum lesion dose 
per mm-diameter (Gy/mm) versus local control for fra-
meless SRT based on 316 BMs from 121 patients. This 
study followed the RTOG 90 − 05 protocol, and the pre-
scription doses, which is the peripheral dose defined in 
our study, were used in the quantitative dose effect anal-
ysis. The results showed that local control of 80%, 85%, 
and 90% corresponded to maximum doses per millimetre 
of 1.67  Gy/mm, 2.86  Gy/mm, and 4.4  Gy/mm, respec-
tively. In order to make the results comparable, we con-
ducted diameter conversion based on the sphere model 
for the included studies that reported tumour volumes. 
The median calculated tumour diameter for 12 included 
studies reporting the tumour volume was 25.8  mm, the 
other four reported tumour diameters with a median of 
17 mm; therefore, the overall average was 23.6 mm. Con-
sidering the diameter of the tumour, 6-month local con-
trol of 90% corresponded to BED10 per millimetre of 1.93 
GyBED10/mm.

Redmond et al. [6] established a tumour control proba-
bility model after SRT for BMs by screening for published 
articles on dosimetric and tumour control data. The 
model results showed that for tumours ≤ 20 mm, single-
fraction doses of 18 and 24 Gy corresponded with > 85% 
and 95% 1-year LC rates, respectively. For tumours 21 
to 30 mm, an 18 Gy single-fraction dose was associated 
with 75% LC. For tumours 31 to 40 mm, a 15 Gy single-
fraction dose yielded ∼69% LC. For 3- to 5-fraction FSRT 
using doses in the range of 27 to 35 Gy, 80% 1-year LC 
has been achieved for tumours of 21 to 40 mm in diam-
eter. The results of this study are based on Gamma Knife, 
Cyberknife, and LINAC-based SRT. This result indicated 
that tumour diameter plays an important role in tumour 
control in SRT for BMs.

Loo et al. [33] discussed the dose-effect relation in BMs 
treated by SRT accounting for fractionation and technical 

Fig. 1 Dose-effect relationship between central (a) and average (b) bio-
logical equivalence dose (α/β = 10) and 12 months local control
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considerations. A BED10 of 40 to 50  Gy seemed associ-
ated with a 12-month local control rate > 70%. A BED10 of 
50 to 60 Gy seemed to achieve a 12-month local control 
rate at least of 80% at 12 months. In our study, 12-month 
local control rates of 86.9% and 85.5% could be expected 
at a centre BED10 of 80  Gy and an average BED10 of 
60  Gy, respectively. Based on the definitions of central 
BED10 and average BED10, it can be roughly concluded 
that with the assurance of higher doses given to the PTV 
centre, 85% 12-month local control can be expected at 
a peripheral BED10 of approximately 40  Gy. This dose 
seemed to be lower than the results of Loo et al., but our 
study emphasized the higher dose to the centre and aver-
age PTV.

Shuryak et al. [7] analysed published tumour con-
trol data for lung tumours and BMs and obtained dose-
response relationships based on several radiobiological 
models. Fortunately, this study provided a dose-response 
relationship for the BM subgroup. It is worth noting that 
the isocentre dose was used for quantitation in the dose 
effect analysis. Although the dose-response relationship 
of the BM subgroup did not use a radiobiological model, 
BED conversion based on a single fraction curve can be 

compared with the results of this study. In our study a 
12-month local control rate of 86.9% could be expected at 
the centre BED10 of 80 Gy, which is equivalent to 23.7 Gy 
for single fraction schedule. In Shuryak’s study, 87.5% 
local control probability can be expected at 23.7  Gy for 
single fraction dose-effect curve. Therefore, the model 
results of these two studies are consistent.

Wiggenraad et al.‘s dose-response results by eye fitting 
based on published literature showed that a BED12 of at 
least 40 Gy was associated with a 12–month local control 
rate of 70% or more [9]. This study used the LQC model 
for biological dose conversion and a α/β value of 12. The 
BED based on the LQC model is slightly smaller than that 
based on the LQ model, and BED12 is slightly smaller 
than BED10. The degree of reduction in both depends on 
the dose per fraction. These limitations limit the compa-
rability of the study.

This study has some limitations that have been dis-
cussed in previous articles [10, 11]. Besides, BMs belong 
to the advanced stage of patients with cancer, and 
tumour control is influenced by many factors, such as 
primary tumour control, extracranial metastases, and 
pathology. Furthermore, the selection of α/β value is also 

Fig. 2 Dose-effect relationship between peripheral (a), central (b) and average (c) biological equivalence dose ( α/β= 10) and 6 months local control
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a limitation of this study. The α/β value has been a core 
parameter in calculating BED in the LQ model, and there 
has always been controversy. Brain metastasis originates 
from different tumor sites and pathological types, exhib-
iting different α/β values, leading to a more complex sce-
nario. For instance, melanoma, sarcoma, breast cancer, 
and prostate cancer are known to have lower α/β values 
compared to other tumors. It is worth noting that the 
proportion of BM originating from these specific primary 
tumors in the included studies in this analysis is relatively 
small (347/1523, 22.8%). Several studies on BM uses an 
α/β value of 10 [8, 34], even higher [9, 35], to calculate 
the BED. Consequently, while the issue of α/β value selec-
tion is a limitation, its impact on the overall conclusion of 
the study is somewhat limited.

In conclusion, for patients with BM treated with 
LINAC-based SRT, more attention should be given to 
the central dose and average dose of PTV. A 12-month 
local control rate of 86.9% (95% CI: 81.7–89.7%) and 
85.5% (95% CI: 81.2–89.2%) can be expected at a centre 
BED10 of 80 Gy and an average BED10 of 60 Gy, respec-
tively. A 6-month local control rate of 88.6% (95% CI: 
83.8–92.2%), 93.8% (95% CI: 91.0–95.3%) and 91.8% (95% 
CI: 90.1–91.1%) can be expected at a peripheral BED10 
of 40 Gy, a centre BED10 of 80 Gy and an average BED10 
of 60 Gy, respectively. A clear definition of the dose pre-
scription should be established to ensure the effective-
ness and comparability of treatment.
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