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Abstract
This study aimed to evaluate the effect of target positioning error (TPE) on radiobiological parameters, such as tumor control 
probability (TCP) and normal tissue complication probability (NTCP), in stereotactic radiosurgery (SRS) for metastatic brain 
tumors of different sizes using CyberKnife. The reference SRS plans were created using the circular cone of the CyberKnife 
for each spherical gross tumor volume (GTV) with diameters (φ) of 5, 7.5, 10, 15, and 20 mm, contoured on computed 
tomography images of the head phantom. Subsequently, plans involving TPE were created by shifting the beam center by 
0.1–2.0 mm in three dimensions relative to the reference plans using the same beam arrangements. Conformity index (CI), 
generalized equivalent uniform dose (gEUD)-based TCP, and NTCP of estimated brain necrosis were evaluated for each 
plan. When the gEUD parameter “a” was set to − 10, the CI and TCP for the reference plan at the φ5-mm GTV were 0.90 
and 80.8%, respectively. The corresponding values for plans involving TPE of 0.5-mm, 1.0-mm, and 2.0-mm were 0.62 and 
77.4%, 0.40 and 62.9%, and 0.12 and 7.2%, respectively. In contrast, the NTCP for all GTVs were the same. The TCP for the 
plans involving a TPE of 2-mm was 7.2% and 68.8% at the φ5-mm and φ20-mm GTV, respectively. The TPEs corresponding 
to a TCP reduction rate of 3% at the φ5-mm and φ20-mm GTV were 0.41 and 0.99 mm, respectively. TPE had a significant 
effect on TCP in SRS for metastatic brain tumors using CyberKnife, particularly for small GTVs.

Keywords Stereotactic radiosurgery · CyberKnife · Dosimetric comparison · Tumor control probability · Normal tissue 
complication probability · Target positioning error

1 Introduction

Brain metastasis occurs in 20–40% of patients with cancer 
[1]. Stereotactic radiosurgery (SRS) is a single-high-dose 
irradiation technique that offers high geometric accuracy 
and aims to maximize tumor control probability (TCP) 
while minimizing normal tissue complication probabil-
ity (NTCP) [1–3]. Equipment such as a linear accelerator 
(LINAC), Gamma Knife, and CyberKnife have been used 
for SRS [1, 4]. There are 356 CyberKnife units in operation 
worldwide and 40 units in Japan as of 2021 [5]. CyberKnife 
offers high mechanical accuracy and is equipped with a 6D 
skull tracking system, helping to achieve high target posi-
tioning accuracy [6]. In addition, CyberKnife can deliver a 
high degree of freedom and achieve high-dose conformity to 
the target volume [7, 8]. In SRS for metastatic brain tumors, 
CyberKnife-based plans have a steeper dose gradient around 
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the tumor than LINAC-based plans and are superior in terms 
of reducing the dose to normal organs. [9, 10]

TCP and NTCP are clinically important outcome indica-
tors in patients with brain metastasis undergoing SRS. TCP 
is estimated based on the relationship between the prescribed 
dose and 12-month local control rate, whereas NTCP is esti-
mated based on the relationship between the incidence of 
brain necrosis and the volume of the brain receiving 14 Gy 
 (V14) [1, 11–13].

Target positioning accuracy is paramount in SRS because 
of the steep dose gradient around the target [14]. In general, 
a geometric positioning accuracy of 1 mm is required for 
SRS [14, 15], and a report from the American Association 
of Physicists in Medicine task group 135 (AAPM TG135) 
stipulates that CyberKnife should have a geometric position-
ing accuracy of < 0.95 mm [16]. However, there are concerns 
regarding the feasibility of a geometric accuracy of 1 mm 
in all cases. Importantly, tumor size was not considered 
when setting these reference values [14–16]. Even with the 
same positioning error, a reduction in tumor size may lead 
to a reduction in target dose coverage. Several reports on 
LINAC-based stereotactic radiotherapy have shown that 
positioning errors of a few millimeters could have a large 
impact on the reduction of the target dose [17–19]. Winey 
et al. assessed the impact of geometric uncertainty on dose 
distribution in LINAC-based plans for the treatment of mul-
tiple non-isocentric intracranial lesions. They reported that a 
2-mm error led to a 43% reduction in the volume receiving 
the prescribed dose for a 6-mm tumor [18].

In addition, the above-mentioned studies focused only 
on changes in dose distribution. To estimate the clinical 
outcomes at the time of treatment planning, it is desirable 
to evaluate radiobiological parameters such as TCP and 
NTCP. Therefore, it is clinically important to evaluate the 
impact of the target positioning accuracy and tumor size on 
TCP and NTCP. Kraft et al. reported the clinical outcome 
of multiple brain metastases focused on the dependence of 
distance to the isocenter, and concluded that the distance to 
the isocenter does not affect the clinical outcome of SRS/
stereotactic radiotherapy (SRT) [20]. They also concluded 
that the high positioning accuracy of ExacTrac maintained 
its clinical outcome. However, there is no detailed infor-
mation regarding actual positioning accuracy. Therefore, it 
would be useful for many institutions to assess the impact 
of positioning accuracy on clinical outcomes from a physi-
cal perspective using a radiobiological model. Regarding 
the relationship between the target positioning accuracy 
and TCP, Nakano et al. investigated the effect of a setup 
error on TCP in simulation-based single-isocenter SRS for 
multiple brain metastases and found that a setup error of a 
few millimeters could significantly reduce the dose cover-
age and TCP for a small tumor [19, 21]. However, to the 
best of our knowledge, no studies have directly evaluated 

the relationship between target positioning accuracy and 
TCP/NTCP for each tumor size using conventional LINAC, 
Gamma Knife, or CyberKnife. In particular, there is con-
cern that the CyberKnife-based SRS plan has a steeper 
dose gradient around the tumor, which may accentuate the 
effect of positioning errors. This study aimed to evaluate the 
effect of target positioning accuracy on dose distributions, 
TCP, NTCP, and tumor size in SRS using CyberKnife for 
metastatic brain tumors of five different sizes. To the best 
of our knowledge, this is the first study to assess the impact 
of target positioning accuracy on tumor size, physical dose 
distribution, and radiobiological parameters associated with 
patient outcomes in SRS for metastatic brain tumors using 
CyberKnife.

2  Materials and methods

In this study, an anthropomorphic head and neck phantom 
(Accuray, Sunnyvale, CA, USA) was used to simulate SRS 
plans for metastatic brain tumors. Thin-sliced high-resolu-
tion computed tomography (CT) images were obtained using 
a 320-slice CT scanner (Aquilion One, Canon Medical Sys-
tems, Tochigi, Japan) under the following conditions: 250-
mm field of view, 512 × 512 matrix size, and 0.5-mm slice 
thickness (0.5-mm voxel size). To simulate metastatic brain 
tumors, virtual gross tumor volumes (GTVs) were contoured 
at the center of the brain on CT scans of the head phantom, 
which was defined as the volume of a sphere with a diam-
eter (φ) of 5, 7.5, 10, 15, or 20 mm. In previous studies, the 
GTV-to-planning target volume (PTV) margin was set to 
0 mm to minimize the NTCP of brain necrosis [14, 22, 23].

Consequently, the GTV-to-PTV margin in this study was 
set to 0 mm. The brain volume was contoured as an organ at 
risk. All treatment plans were generated using the Precision 
treatment planning system version 2.0.0.1 (Accuray, Sun-
nyvale, CA, USA). In this study, a 6-MV flattening filter-
free photon beam was used. The beam size was controlled 
using a fixed circular collimator in the CyberKnife M6 series 
(Accuray, Sunnyvale, CA, USA), and φ of the collimator 
was selected to be the same size as the GTV (φ = 5, 7.5, 
10, 15, or 20 mm). We used the 6D skull tracking method 
and full beam path set. CyberKnife has two beam placement 
methods: an isocentric technique, where the beam center 
is focused on the center of the target, and a non-isocentric 
technique, where each beam center is placed at the edge of 
the target without focusing on a single point. In this study, 
we used an isocentric technique to study simple conditions. 
A sequential algorithm is an optimization algorithm for the 
Precision treatment planning system that performs stepwise 
optimization by prioritizing multiple clinical targets, such 
as target dose coverage and spare organs at risk [24]. In this 
study, sequential algorithms were used. Beam alignment, 
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including monitor units (MUs), beam numbers, and beam 
directions, was optimized to align 70% of the maximum dose 
line to the GTV perimeter. A ray-tracing algorithm was used 
for dose calculation under high-resolution conditions (cal-
culation voxel size = 0.5 × 0.5 × 0.5 mm).

The guidelines of the Radiation Therapy Oncology 
Group (RTOG) protocol 90-05 recommended adjusting the 
prescribed SRS dose for metastatic brain tumors accord-
ing to tumor size [3]. Chang et al. used doses of 20–24 Gy 
for tumors < 20 mm in diameter following a dosage scheme 
established by the RTOG protocol 90-05 [25]. In this study, 
a dose of 20 Gy per fraction was prescribed for 95% of the 
GTV, and the prescription isodose line (IDL) was set to 70% 
of the maximum dose. These plans were created for each 
GTV and defined as reference plans (Fig. 1). Furthermore, 

error plans were created including intentionally generated 
target positioning errors (TPEs) relative to the reference 
plan to verify the target positioning accuracy. The preci-
sion treatment planning system allows shifting the beam 
incident points in steps of 0.01 mm, independent of voxel 
size. The TPEs were simulated by deliberately shifting the 
beam center from the GTV center in three dimensions with 
respect to the reference plan. TPEs were generated by shift-
ing the beam center by the same magnitude in the x-axis 
(left/right direction), y-axis (anterior/superior direction), and 
z-axis (superior/inferior direction), and the coordinates of 
the beam center for the reference plan and plan involving 
TPE are represented by (x, y, z) and 

(

x′, y′, z′
)

 , TPE is defined 
as the linear distance between the two centers and calculated 
by the following equation [21]:

Fig. 1  Dose distributions for the reference plan at the gross tumor 
volume (GTV) with a 10-mm diameter (φ10-mm GTV): a axial, b 
coronal, and c sagittal views. d 3D view of the head phantom show-

ing beam alignment for the reference plan at φ10-mm GTV. The 
magenta region represents the φ10-mm GTV
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where x� − x , y� − y , and z� − z are the shift distances 
along the x-, y-, and z-axes, respectively. In this study, 
shifts of the same magnitude were performed in each axis 
( x� − x = y� − y = z� − z ) to generate TPE of 0.1  mm, 
0.3 mm, 0.5 mm, 0.7 mm, 1.0 mm, 1.5 mm, and 2.0 mm. 
The dose distributions for all plans involving TPE were cal-
culated with the same beam alignment as that used for the 
reference plan. Figure 2 shows the dose distributions for the 
reference plan and the plan involving a TPE of 2 mm at the 
φ10-mm GTV.

2.1  Evaluation index

We used a dose-volume histogram (DVH) to evaluate dose 
coverage and the values of D98 (dose covering 98% of the vol-
ume) and V20 (volume receiving ≥ 20 Gy) at each GTV. Dose 
conformity was analyzed using the conformity index (CI) [26], 
which was calculated using the following equation:

where TV , VRI , and TVRI are the target volume, the volume 
of the reference isodose, and the target volume covered by 

(1)TPE =

√

(x� − x)2 + (y� − y)2 + (z� − z)2,

(2)CI =
TVRI

TV
×
TVRI

VRI

,

the reference isodose, respectively. In the present study, the 
reference isodose was defined as a 100% (20 Gy) isodose.

In the present study, we used an equivalent uniform dose 
(EUD)-based TCP model [11, 12, 21]. The DVH at each 
GTV was converted into a generalized equivalent uniform 
dose (gEUD) [27]. gEUD is defined as the biologically 
equivalent dose that results in the same TCP value obtained 
using a nonuniform dose distribution for a uniformly irra-
diated tumor, and it was calculated using the following 
equation:

where vi is unitless, represents the ith partial volume receiv-
ing dose Di in Gy, and a represents a structure-specific unit-
less volume effect parameter that is negative for tumors 
[28, 29]. The value of “a” varies depending on the primary 
site and radiosensitivity of the tumor, making it difficult to 
define a single value for the evaluation of metastatic brain 
tumors [30–35]. In this study, two scenarios, “a = − 10” 
and “a = − 5,” were investigated to assess their value within 
a reasonable range. These values were used in a study of 
treatment planning for non-small cell lung cancer (NSCLC) 
prone to brain metastasis [30–33, 36].

(3)gEUD =

[

∑

i=1

vi ⋅ D
a
i

]
1

a

,

Fig. 2  Axial, sagittal, and coronal views (from left to right) showing 
the dose distributions for a the reference plan and b a plan involving 
a target positioning error (TPE) of 2 mm at the gross tumor volume 

(GTV) with a 10-mm diameter (φ10-mm GTV). The magenta, white, 
and black crosses represents the φ10-mm GTV, center of the GTV, 
and beam center, respectively
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The biological effectiveness dose (BED) was evaluated 
based on the gEUD. In general, BED uses a linear-quad-
ratic model to describe the responses to ionizing radiation at 
doses ≤ 18 Gy. However, the relationship between survival 
and dose approximates a linear relationship in the high-dose 
range [37–39]. Joiner proposed a linear-quadratic-cubic 
(LQC) model that adjusted for the linear response in the 
high-dose range [40]; in the present study, the LQC was used 
to calculate the BED using the following equation:

where n represents the number of dose fractions, and d rep-
resents the dose per fraction [40]. We used �∕� = 12 Gy to 
calculate  BED12, which reflects the fraction of surviving 
patients with brain metastases [41]. The value of D1 repre-
sents the dose at which the survival curve straightens. The 
D1 dose for brain metastases was set to 18 Gy to calculate the 
γ coefficient [40].  BED12 was calculated by converting the 
value of d into gEUD using Eq. (3) and then incorporating 
it along with the values of the above-mentioned parameters 
into Eq. (4):

The TCP was calculated using the following equation 
described by Zindler et al. [11]:

where D50 is the  BED12 at a local control rate of 50%, �50 is 
the normalized slope at D50 , and TCPmax is the asymptotic 
local control rate for large D. Wiggenraad et al. reported 
the relationship between the dose and local control rate for 
metastatic brain tumors in a systematic review, whereby all 
prescription doses were converted to  BED12 to compare dif-
ferent treatment schemes [1]. Zindler et al. estimated each 
parameter in Eq.  (7) by fitting a logistic dose–response 
model using maximum likelihood estimation [11] and the 
relationship between the  BED12 and 12-month local con-
trol rate, as described in a study by Wiggenraad et al. We 
adopted the following values from a previous report [11]: 
TCPmax = 86.86%, D50 = 28.97 Gy, and �50 = 1.41.

We calculated the TCP reduction rate of the plan involv-
ing TCP relative to the reference plan, plotted a graph show-
ing the relationship between the TPE and TCP reduction rate 
for each GTV, and calculated the TPEs corresponding to the 

(4)BED = nd

[

1 +
d

(�∕�)
−

d2

(�∕�)

]

,

(5)� =
�

3D1

,

(6)BED12 = gEUD

[

1 +
gEUD

12
−

gEUD2

648

]

.

(7)
TCP =

TCPmax

1 +
(

D50

BED12

)4�50
,

TCP reduction rates of 3%, 5%, and 10% by interpolation or 
extrapolation.

To estimate NTCP, we used the following equation to 
describe the NTCP of brain edema or necrosis as a function 
of V14 in the brain [13]:

where Vx50 is V14 at an NTCP of 50% and �50 is the normal-
ized slope at Vx50 . Milano et al. estimated each parameter 
in Eq. (8) using data from patients who developed grade 
1–3 edema or necrosis after undergoing CyberKnife SRS 
for brain metastases [13]. In the present study, we adapted 
the following values from their report [13]: Vx50 = 45.8 cc 
and �50 = 0.88.

The gEUD, BED, TCP, and NTCP were calculated using 
MATLAB version 2020a (MathWorks, Natick, MA, USA).

In addition, we investigated the margin required to main-
tain the TCP of the GTV because TPE may have a significant 
impact on the TCP reduction rate at a GTV-PTV margin of 
0 mm. We calculated the target diameter corresponding to 
each threshold value of the TCP reduction rate (3%, 5%, and 
10%) for each TPE based on the relationship between the 
TCP reduction rate and GTV diameter for each TPE. In this 
study, we defined the TCP-based additional margin as the 
size of the additional margin required for each GTV to meet 
each acceptable value of the TCP reduction rate, according 
to the following equation:

where Dia.TCP - covered is the target diameter corresponding to 
each threshold value of the TCP reduction rate and Dia.GTV 
is the GTV diameter. In addition, the NTCP values when 
TCP-based additional margin was given for each GTV was 
calculated from the relationship between the GTV diameter 
and NTCP.

3  Results

The beam characteristics for each reference plan are listed 
in Table 1. The number of beams and total MUs for the 
isocentric technique were optimized to 45–70 beams and 
3873–5959 MU, respectively.

The results of the DVH analysis for each GTV diam-
eter for the reference plans and plans involving TPE are 
presented in Fig. 3. The GTV dose coverage dramatically 
decreased as the value of TPE increased, especially for small 
GTVs.

(8)NTCP =
exp

(

4�50

(

V14

Vx50

− 1
))

1 + exp
(

4�50

(

V14

Vx50

− 1
)) ,

(9)
TCP based additional margin =

Dia.TCP - covered − Dia.GTV

2
,
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The DVH parameters, TCP and NTCP, are summarized 
in Table 2. In the reference plans for all GTV size, the val-
ues of D98, V20, CI, TCP, and NTCP were in the range of 
19.4–19.6 Gy, 94.9–95.2%, 0.90–0.93, 80.8–83.3%, and 
2.91–4.72%, respectively (Table 2). TCP was lower for a 
gEUD parameter “a” of − 10 than for − 5, and NTCP was 
higher for larger GTV diameters. In the plans involving 
TPE, the dose coverage and TCP of the GTV dramatically 
decreased as TPE increased. In the plans involving a TPE 
of 2 mm, the values of D98, V20, and CI decreased to 8.4 Gy, 
34.2%, and 0.12, respectively, at the φ5-mm GTV, which is 
the minimum. Similarly, TCP with gEUD parameters “a” of 
− 5 and − 10 decreased to 19.5% and 7.2%, respectively. In 

Table 1  Beam characteristics for each reference plan

GTV diameter 
(mm)

Collimator diameter 
[mm]

Beam numbers Total MUs

5 5 58 5959
7.5 7.5 67 5123
10 10 70 4938
15 15 50 4010
20 20 45 3873

Fig. 3  Dose-volume histograms (DVHs) for each gross tumor volume 
(GTV) for the reference plans and plans involving TPE: a GTV with 
a 5-mm diameter (φ5-mm GTV), b GTV with a 7.5-mm diameter 
(φ7.5-mm GTV), c GTV with a 10-mm diameter (φ10-mm GTV), 

d GTV with a 15-mm diameter (φ15-mm GTV), and e GTV with a 
20-mm diameter (φ20-mm GTV). The solid and dashed lines repre-
sent the DVHs for the reference plans and plans involving target posi-
tioning error (TPE), respectively
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contrast, the NTCPs at all GTVs were comparable regardless 
of the TPE value.

The relationship between the TCP reduction rate at each 
GTV and TPE is shown in Fig. 4. For a TPE of 0.3 mm, the 
TCP reduction rates at all GTVs with gEUD parameters 

“a” of − 5 and − 10 were < 0.8% and < 1.5%, respectively. 
However, for a TPE of 2.0 mm, the TCP reduction rates 
at the φ5-mm GTV with gEUD parameters “a” of − 5 and 
− 10 were 76% and 91%, respectively. The TPEs corre-
sponding to TCP reduction rates of 3%, 5%, and 10% for 

Table 2  DVH parameters, TCPs 
(parameter “a” in gEUD = − 5 
and − 10), and NTCPs for 
the reference plans and plans 
involving TPE at each GTV

DVH dose-volume histogram, GTV gross tumor volume, CI conformity index, TCP tumor control probabil-
ity, NTCP normal tissue complication probability, TPE target positioning error

GTV diam-
eter (mm)

Plan GTV Brain

D98 (Gy) V20 (%) CI TCP (%) V14 (cc) NTCP (%)

a = − 5 a = − 10

5 Reference 19.5 95.1 0.90 81.4 80.8 0.14 2.91
TPE 0.1 mm 19.0 92.8 0.86 81.3 80.6 0.14 2.91
TPE 0.3 mm 18.0 86.5 0.75 80.7 79.6 0.14 2.91
TPE 0.5 mm 16.8 79.0 0.62 79.6 77.4 0.14 2.91
TPE 0.7 mm 15.5 72.4 0.52 77.6 73.4 0.14 2.91
TPE 1.0 mm 13.6 62.9 0.40 72.3 62.9 0.14 2.91
TPE 1.5 mm 10.8 47.3 0.22 50.9 30.7 0.14 2.91
TPE 2.0 mm 8.4 34.2 0.12 19.5 7.2 0.14 2.91

7.5 Reference 19.5 95.2 0.91 82.2 81.5 0.46 2.98
TPE 0.1 mm 19.2 94.2 0.90 82.2 81.4 0.46 2.98
TPE 0.3 mm 18.6 90.5 0.82 81.9 80.8 0.46 2.98
TPE 0.5 mm 17.7 86.6 0.73 81.4 79.8 0.46 2.98
TPE 0.7 mm 16.7 82.6 0.66 80.6 78.0 0.46 2.98
TPE 1.0 mm 15.3 77.4 0.58 78.6 73.5 0.46 2.98
TPE 1.5 mm 12.9 67.2 0.44 71.3 57.4 0.46 2.98
TPE 2.0 mm 10.9 57.5 0.33 55.3 32.1 0.46 2.98

10 Reference 19.6 94.9 0.92 82.6 81.8 1.01 3.10
TPE 0.1 mm 19.5 94.4 0.91 82.6 81.8 1.01 3.10
TPE 0.3 mm 19.0 92.6 0.87 82.5 81.5 1.01 3.10
TPE 0.5 mm 18.2 89.4 0.82 82.2 80.8 1.01 3.10
TPE 0.7 mm 17.4 86.8 0.77 81.7 79.8 1.01 3.10
TPE 1.0 mm 16.2 82.5 0.69 80.6 77.2 1.01 3.10
TPE 1.5 mm 14.2 75.1 0.56 76.9 68.2 1.01 3.10
TPE 2.0 mm 12.2 67.8 0.46 68.9 50.6 1.01 3.10

15 Reference 19.4 95.0 0.93 83.3 82.3 2.73 3.52
TPE 0.1 mm 19.2 94.7 0.92 83.2 82.2 2.73 3.52
TPE 0.3 mm 18.7 93.6 0.90 83.1 81.9 2.73 3.52
TPE 0.5 mm 18.0 91.9 0.87 82.9 81.3 2.73 3.52
TPE 0.7 mm 17.3 89.8 0.83 82.6 80.3 2.73 3.52
TPE 1.0 mm 16.2 87.0 0.78 81.8 78.1 2.73 3.52
TPE 1.5 mm 14.4 82.1 0.69 79.3 70.6 2.73 3.52
TPE 2.0 mm 12.7 77.2 0.61 74.3 56.4 2.73 3.52

20 Reference 19.4 95.0 0.93 83.3 82.4 6.70 4.72
TPE 0.1 mm 19.3 94.8 0.93 83.3 82.4 6.70 4.72
TPE 0.3 mm 19.0 94.3 0.92 83.2 82.2 6.70 4.72
TPE 0.5 mm 18.4 93.2 0.90 83.1 81.8 6.71 4.72
TPE 0.7 mm 17.9 91.9 0.87 82.9 81.2 6.71 4.72
TPE 1.0 mm 17.0 89.9 0.83 82.5 79.9 6.70 4.72
TPE 1.5 mm 15.6 86.4 0.77 81.3 76.0 6.71 4.72
TPE 2.0 mm 14.1 82.7 0.71 79.0 68.8 6.71 4.72
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each GTV are summarized in Table 3. The smaller GTV 
was, the smaller the TPE corresponding to each threshold 
of the TCP reduction rate was; the TPE corresponding to 
3% threshold of the TCP reduction rate at the φ5-mm GTV 
with gEUD parameters “a” of − 5 and − 10 were 0.57 mm 
and 0.41 mm, respectively (Table 3).

The relationship between the TCP reduction rate and 
GTV diameter for each TPE is shown in Fig. 5, and the 
TCP-based additional margins corresponding to TCP 
reduction rates of 3%, 5%, and 10% for each GTV diam-
eter are summarized in Table 4. The TCP-based additional 
margins were larger for the increase in TPE, particularly 
for small GTVs. For a TPE of 1.0 mm and a TCP reduc-
tion rate of 3%, the TCP-based additional margins at the 
φ5-mm GTV with gEUD parameters “a” of − 5 and − 10 
were 2.2 mm and 5.5 mm, respectively. The relationship 
between NTCP and TCP-based additional margins at each 
GTV is presented in Fig. 6. For a TCP-based additional 

margin of 2 mm, the increase in NTCP was < 1.2%, regard-
less of the GTV diameter.

4  Discussion

In the present study, we evaluated the effect of target posi-
tioning accuracy on dose distribution, TCP, and NTCP in 
SRS using CyberKnife for metastatic brain tumors of five 
different sizes. Our findings suggest that both the dose cov-
erage and TCP at small GTVs decreased dramatically with 
an increase in TPE.

Previously, Guckenberger et  al. reported an average 
reduction in CIs at a GTV of 10% due to a 1-mm setup error 
in LINAC-based SRS plans for metastatic brain tumors [17]. 
In the present study, we observed a 10% reduction in the CI 
corresponding to a TPE of 1 mm at the φ20-mm GTV in the 
present study. Our results are also similar to those of Winey 
et al., we found an approximately 61% reduction in the value 

Fig. 4  Graph showing the relationship between the tumor control probability (TCP) reduction rate and the target positioning error (TPE) at each 
gross tumor volume (GTV) with generalized equivalent uniform dose (gEUD) parameters “a” of − 5 (a) and − 10 (b)

Table 3  TPE corresponding 
to TCP reduction rates of 3%, 
5%, and 10% (parameter “a” in 
gEUD = − 5 and − 10) at each 
GTV

GTV gross tumor volume, TPE target positioning error, TCP tumor control probability

GTV diameter 
(mm)

TPE corresponding to the 3%, 5% and 10% of the TCP reduction rate (mm)

a = − 5 a = − 10

3% 5% 10% 3% 5% 10%

5 0.57 0.72 0.95 0.41 0.53 0.72
7.5 0.83 1.0 1.3 0.58 0.74 1.00
10 1.1 1.3 1.7 0.75 0.94 1.20
15 1.2 1.5 1.9 0.77 0.99 1.27
20 1.6 2.0 2.9 0.99 1.21 1.63
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of V20 for a TPE of 2 mm at a φ5-mm GTV [18]. In addition, 
the values of  D98 and CI of the φ20-mm GTV for a TPE of 
2 mm were reduced by approximately 57% (8.4 Gy) and 87% 
(0.12), respectively. These findings suggest that tumor size 
may reduce the target dose.

In the present study, the TCP for all GTVs in the refer-
ence plan was approximately 80% (80.8–83.3%). In contrast, 
the degree of TCP reduction varied markedly according to 
TPE and GTV diameters. The relationship between the dose 
and TCP follows a sigmoidal curve, which can be divided 
into a “shoulder” region with a gentle slope and a “linear” 
region with a steep slope [11]. For a GTV diameter of 5 mm, 
the same error caused a larger reduction in the TCP because 
the reduction occurs in the “linear” region due to a large 
reduction in the dose coverage.

The risk of brain necrosis is a major concern in SRS [13]. 
In the present study, the changes in NTCP for TPEs ≤ 2.0 mm 
were small for all GTVs (Table 2). In SRS for metastatic 
brain tumors using CyberKnife, V14 in the brain is associ-
ated with brain necrosis [13]. The risks of Grade 1–3 radia-
tion brain necrosis for V14 of 5 cc, 10 cc, and 20 cc were 
estimated to be 4.1%, 6.0%, and 12.1%, respectively. [13]. 
In other words, NTCP changes significantly with a change 
in V14 of a few cc. However, because the change in V14 with 
TPE in this study was extremely small (within 0.01 cc), 
NTCP was comparable. This suggests that the effect of TPE 
on the risk of brain necrosis is relatively small, provided the 
dose constraint is satisfied in the reference plan.

We evaluated the TPE at each GTV corresponding to TCP 
reduction rates of 3%, 5%, and 10%. International Atomic 
Energy Agency Human Health Series No. 31 summarizes the 
accuracy and uncertainty of various radiotherapy processes 
[42]. Therein, the criterion for assessing the radiobiological 

impact of dose uncertainty was set as a 3% change in the 
TCP. From the results in Table 3, we believe that a TPE of 
1 mm may be unacceptable.

We also observed that TCP-based additional margins 
increased with a decrease in target diameter and an increase 
in TPE. Nakano et al. evaluated the effect of setup errors in 
the single-isocenter technique on stereotactic radiosurgery 
for multiple brain metastases in a simulation study [19]. 
They found that coverage-based margins required to com-
pensate for target dose reduction increased with a decrease 
in target diameter and an increase in six-degrees-of-freedom 
setup error [19]. Similar trends were also observed in the 
present study on SRS using CyberKnife, which also focused 
on the evaluation of radiobiological parameters such as TCP.

The values derived from the biological models largely 
depend on the selected model parameters. The use of reli-
able and appropriate parameters is essential for plan evalu-
ation, as described in the AAPM-TG166 report [43]. In this 
study, we used the TCP and NTCP models based on the 
clinical outcomes of SRS/SRT for metastatic brain tumors 
[1, 11, 13]. However, we must pay attention to the selection 
of parameter “a” for the gEUD model. In general, negative 
values of “a” are used for tumors, and gEUD decreases with 
lower values of “a” [28, 31]. In NSCLC, which is prone to 
metastasis to the brain [36], “a = − 10” for tumors is used 
to investigate radiotherapy planning [31, 32]. In addition, 
“a = − 5” is associated with radioresponsive tumors and is 
used in treatment planning considerations for NSCLC [30, 
33]. Similarly, “a = − 8” and “a = − 7.2” were used respec-
tively for head and neck cancers and breast cancers, and the 
“a” used in this study is considered to be versatile even when 
brain metastases from these primary cancers are taken into 
account [34, 35]. In this study, TCP reduction by TPE was 

Fig. 5  Graph showing the relationship between tumor control probability (TCP) reduction rate and gross tumor volume (GTV) diameter for each 
target positioning error (TPE) with generalized equivalent uniform dose (gEUD) parameters “a” of − 5 (a) and − 10 (b)



144 T. Takizawa et al.

1 3

larger for “a = − 10” than for “a = − 5”, indicating that the 
required target positioning accuracy varied with the value 
of “a”. However, we suggest that the TPE of 1 mm might be 
unacceptable for both values of “a”.

There are few reports on the overall positioning accuracy 
of CyberKnife, including treatment planning and irradiation. 
Pantelis et al. and Muacevic et al. reported overall position-
ing accuracy resulting from long-term quality control (QC) 
to be 0.40 ± 0.18 mm and 0.48 ± 0.22 mm, respectively [44, 
45]. Based on our findings, the TCP reduction rate for a 
0.3-mm error was < 1.5% for all GTVs. Consequently, the 
QC procedure for CyberKnife may require greater accu-
racy than that recommended by the AAPM TG135 report. 
Additionally, it is important to consider an appropriate mar-
gin to the GTV in terms of TCP and NTCP to consider the 
mechanical uncertainty. Based on the results of Table 4, a 

margin of 2.2 mm (gEUD parameters “a” of − 5) is required 
to maintain a TCP reduction rate within 3% for φ5-mm GTV 
under the condition with TPE of 1 mm. Figure 6 shows that 
the corresponding additional margin has little impact on the 
NTCP. These findings suggest that it may be possible to 
maintain a decrease in TCP and an increase in NTCP within 
clinically acceptable levels by adding an appropriate margin 
to the small GTV to consider the TPE.

In SRS/SRT for multiple brain metastases, it has been 
suggested that the target positioning accuracy is impor-
tant for achieving a high local control rate [20]. It has also 
been reported that the D98 of the GTV is related to the local 
control rate of brain metastases [46]; therefore, it is clini-
cally important to maintain the D98 of the GTV by meet-
ing severe target positioning accuracy. Based on the results 
of this study, it is expected that the management of target 

Table 4  TCP-based additional 
margin corresponding to TCP 
reduction rates of 3%, 5%, 
and 10% (parameter “a” in 
gEUD = − 5 and − 10) at each 
GTV

GTV diameter 
(mm)

TPE (mm) TCP-based additional margin corresponding to the 3%, 5% and 10% 
of the TCP reduction rate (mm)

a = − 5 a = − 10

3% 5% 10% 3% 5% 10%

5 0.1 0.0 0.0 0.0 0.0 0.0 0.0
0.3 0.0 0.0 0.0 0.0 0.0 0.0
0.5 0.0 0.0 0.0 0.6 0.0 0.0
0.7 0.6 0.0 0.0 2.6 1.1 0.0
1.0 2.2 1.2 0.1 5.5 3.4 1.4
1.5 4.8 3.4 1.9 13.1 8.9 5.0

7.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0
0.3 0.0 0.0 0.0 0.0 0.0 0.0
0.5 0.0 0.0 0.0 0.0 0.0 0.0
0.7 0.0 0.0 0.0 1.3 0.0 0.0
1.0 0.9 0.0 0.0 4.2 2.2 0.2
1.5 3.5 2.1 0.6 11.8 7.7 3.7

10 0.1 0.0 0.0 0.0 0.0 0.0 0.0
0.3 0.0 0.0 0.0 0.0 0.0 0.0
0.5 0.0 0.0 0.0 0.0 0.0 0.0
0.7 0.0 0.0 0.0 0.1 0.0 0.0
1.0 0.0 0.0 0.0 3.0 0.9 0.0
1.5 2.3 0.9 0.0 10.6 6.4 2.5

15 0.1 0.0 0.0 0.0 0.0 0.0 0.0
0.3 0.0 0.0 0.0 0.0 0.0 0.0
0.5 0.0 0.0 0.0 0.0 0.0 0.0
0.7 0.0 0.0 0.0 0.0 0.0 0.0
1.0 0.0 0.0 0.0 0.5 0.0 0.0
1.5 0.0 0.0 0.0 8.1 3.9 0.0

20 0.1 0.0 0.0 0.0 0.0 0.0 0.0
0.3 0.0 0.0 0.0 0.0 0.0 0.0
0.5 0.0 0.0 0.0 0.0 0.0 0.0
0.7 0.0 0.0 0.0 0.0 0.0 0.0
1.0 0.0 0.0 0.0 0.0 0.0 0.0
1.5 0.0 0.0 0.0 5.6 1.4 0.0
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positioning accuracy considering the tumor size will lead 
to improved clinical outcomes for metastatic brain tumors.

This study had some limitations. First, the present study 
did not consider variations in tumor shape and treatment 
plans. It is necessary to evaluate complex situations, includ-
ing variations in GTV shape such as elliptical or irregu-
lar, variation in PTV margin, and variation in beam place-
ment methods such as non-isocentric techniques in future 
work. Second, the prescribed IDL in this study was limited 
to 70%. In fact, the prescribed IDLs vary in SRS plans for 
metastatic brain tumors; previously, 80–90% and 50% IDLs 
were reported as the prescribed IDLs in LINAC and Gamma 
Knife-based SRS [1, 4]. However, differences in IDLs were 
not evaluated in this study. Previously, CyberKnife SRS 
plans have also been created with 55–92% IDLs as pre-
scribed IDLs [8, 47]. In the present study, we applied com-
monly used 70% IDLs, bringing this evaluation to the safe 
side of 80–90% IDL; greater target positioning accuracy may 
be required for values of < 70% IDL. These limitations can 
be attributed to the fact that the present study was a phantom 
study. Therefore, further investigations based on clinical data 
from patients undergoing SRS should be conducted in the 
future.

5  Conclusions

TPE had a significant impact on the target dose cover-
age and TCP in SRS for metastatic brain tumors using 
CyberKnife, especially for small GTVs. However, TPE had 
a small impact on the NTCP. For a GTV diameter ≤ 20 mm, 

a geometric accuracy of < 1 mm is required to maintain the 
TCP reduction rate within a clinically acceptable level of 
3%. These findings suggest the importance of additional 
margins according to mechanical uncertainty for small 
GTVs that are highly sensitive to TPE.
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