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Abstract

Background: Both geometric and dosimetric components are commonly con-
sidered when determining the margin for planning target volume (PTV).As dose
distribution is shaped by controlling beam aperture in peripheral dose prescrip-
tion and dose-escalated simultaneously integrated boost techniques, adjusting
the margin by incorporating the variable dosimetric component into the PTV
margin is inappropriate; therefore, geometric components should be accurately
estimated for margin calculations.
Purpose: We introduced an asymmetric margin-calculation theory using the
guide to the expression of uncertainty in measurement (GUM) and intra-
fractional motion.The margins in fiducial marker-based real-time tumor tracking
(RTTT) for lung, liver, and pancreatic cancers were calculated and were then
evaluated using Monte Carlo (MC) simulations.
Methods: A total of 74 705, 73 235, and 164 968 sets of intra- and inter-
fractional positional data were analyzed for 48 lung, 48 liver, and 25 pancreatic
cancer patients, respectively, in RTTT clinical trials. The 2.5th and 97.5th per-
centiles of the positional error were considered representative values of each
fraction of the disease site. The population-based statistics of the probability
distributions of these representative positional errors (PD-RPEs) were calcu-
lated in six directions. A margin covering 95% of the population was calculated
using the proposed formula.The content rate in which the clinical target volume
(CTV) was included in the PTV was calculated through MC simulations using
the PD-RPEs.
Results: The margins required for RTTT were at most 6.2, 4.6, and 3.9 mm for
lung, liver, and pancreatic cancer, respectively.MC simulations revealed that the
median content rates using the proposed margins satisfied 95% for lung and
liver cancers and 93% for pancreatic cancer, closer to the expected rates than
the margins according to van Herk’s formula.
Conclusions:Our proposed formula based on the GUM and motion probability
distributions (MPD) accurately calculated the practical margin size for fiducial
marker-based RTTT. This was verified through MC simulations.
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2 ASYMMETRIC MARGINS FOR MOVING TARGETS

1 INTRODUCTION

In general, lung, liver, and pancreatic cancers are cate-
gorized as moving targets.1 When treating such targets,
inter- and intra-fraction variations must be addressed
during treatment.2–5 The former can be minimized via
image guidance, for example, using cone-beam com-
puted tomography or kV x-ray images.3,6 Additionally,
the effects the latter, for example, respiratory motion and
changes in amplitude and baseline drift, can be mit-
igated via abdominal compression,7,8 breath-holding,9

respiratory gating,2,5,10–15 and real-time tumor tracking
(RTTT).16–27

Margin settings affect clinical outcomes, which are
crucial for moving targets. Excessive margins include
parts of organs at risk (OARs), causing radiation-
induced toxicity, whereas an insufficient margin may
result in a geometric miss, leading to local recurrence.
Thus, each facility must estimate appropriate margins
according to specific treatment techniques.
When determining the margin for the planning target

volume (PTV), a combination of geometric and dosi-
metric components is commonly considered.28 Most
institutions determine geometric components based on
previously acquired data.For the moving targets,motion
probability distributions (MPD) are patient-specific and
asymmetric,29,30 which is a possible factor for appro-
priate margin sizes. In addition, Witte et al. found that
the target size was another factor that causes changes
in the minimum margin required for random geometric
uncertainties.31 Thus, these factors should be consid-
ered in PTV margin calculations. In contrast, various
prescription strategies, such as the peripheral dose pre-
scription and dose-escalated simultaneously integrated
boost, have been recently used in clinical practice. The
dosimetric component, which is incorporated into van
Herk’s formula,28 is not constant in such strategies
because the dose distribution is shaped by controlling
the beam aperture; therefore, adjusting the margin by
incorporating the variable dosimetric component into
the PTV margin is inappropriate. Figure 1 illustrates
an example where the incorporation of the dosimet-
ric component into margin calculations is inappropriate,
indicating that the penumbra width is dependent on res-
piratory phases in RTTT. Thus, an accurate estimation
of geometric components considering MPD and target
size is crucial for margin calculations.
Positional uncertainty can be categorized into inter-

and intra-patient positional uncertainty. The latter can
be the main component when MPD is observed. We
believe that the guide to the expression of uncertainty
in measurement (GUM),as recommended by regulatory
bodies like the International Organization for Stan-
dardization and the Bureau International des Poids et
Mesures, would be suitable for estimating geometric
uncertainties.32 However, because MPDs are not sym-

metric as shown in Figure 2, it is challenging to simply
combine inter- and intra-patient positional uncertainties
using GUM. The tail of MPDs in each direction, which
would contribute to the determination of margin size,
varies around the patient population mean with patient
population uncertainty, and it further varies with indi-
vidual patient uncertainty. Assuming tail variations have
gaussian distribution, the variations combined by GUM
would be theoretically accurate.
Since 2015, we have been performing multi-

institutional phase II studies on fiducial marker-based
RTTT in lung, liver, and pancreatic cancer patients with
three-dimensional (3D) respiratory motions of >10 mm
using a gimbaled x-ray head.33–35 Thus, we obtained
a substantial number of inter- and intra-fraction target
positions, which could be utilized to determine the
margin size. The purpose of this study was two-fold.We
introduced an asymmetric margin-calculation theory
based on the combination of GUM and MPDs and
estimated the margins in fiducial marker-based RTTT
with a gimbaled x-ray head for lung, liver, and pancreatic
cancers. Further, the obtained results were verified
through Monte Carlo (MC) simulations.

2 MATERIALS AND METHODS

2.1 Summary of the clinical study

A total of 121 patients, comprising 48 lung, 48 liver, and
25 pancreatic cancer patients, were enrolled from four
domestic institutions for the study. This clinical study
was approved by the Institutional Ethics Review Board.
Informed consent was obtained from all patients, and
the trials were registered in the UMIN Clinical Trials
Registry.33–35 Information on the registered cases is
summarized in Table 1.
Two or more spherical gold markers (Disposable Gold

Marker, FMR-201CR;Olympus Medical Systems, Tokyo,
Japan) were implanted around the lung tumor using
a bronchoscope, whereas a cylindrical gold marker
(Visicoil; IBA, Louvain-la-neuve, Belgium) was inserted
within or close to the tumor percutaneously or endo-
scopically for liver and pancreatic cancer patients. The
3D respiratory motion of the tumor indicated by the
fiducial markers exceeded 10 mm, according to flu-
oroscopy or four-dimensional computed tomography
results obtained from the simulation.

2.2 Gimbaled tracking procedure

After initial translational and rotational setup errors were
corrected based on bone anatomy, a correlation model
was constructed between the target position indicated
by the fiducial marker (detected target position) and the
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ASYMMETRIC MARGINS FOR MOVING TARGETS 3

F IGURE 1 Example of the dose perturbation near the diaphragm. The upper part shows the planning dose distribution in the exhale CT,
and the lower part shows the evaluation dose distribution in the inhale CT in real-time tumor tracking. Clinical target volume (solid red), planning
target volume with a 5-mm margin (solid green), and the prescribed isodose line (solid magenta) are shown in the figures.

infrared reflective (IR) marker positions on the abdom-
inal wall. The fiducial marker positions were monitored
for 20−40 s using an orthogonal kV x-ray imaging
subsystem while monitoring the IR marker motion.20

During beam delivery, the predicted target position
was calculated from the correlation model,and the posi-
tion of the fiducial markers was monitored using the
orthogonal kV x-ray imaging subsystem every second
through the console display to ascertain accurate irradi-
ation. During beam delivery, the predicted and detected
target positions were obtained in chronological order
and in the left–right (L–R), anterior–posterior (A–P),
and superior–inferior (S–I) directions. The mechanical
isocenter is the origin of the coordinates.Further details

on the gimbaled tracking procedure are available in
literature.18,20,25,36

2.3 Proposed margin calculation
method

We calculated the margins using the population-based
mean difference (Υ), inter-patient uncertainty (υ), and
intra-patient uncertainty (τ) of the population of a repre-
sentative positional error (RPE) in each direction. RPE
is defined later. Υ defines the population-based mean
of the differences between the daily treatment and
mean positions of all fractions in each patient, υ is their
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4 ASYMMETRIC MARGINS FOR MOVING TARGETS

F IGURE 2 Scheme of calculating the asymmetric margin from the patient positioning error histogram.Υi represents the population-based
mean of the differences between the daily treatment and mean positions of all fractions, and τi represents the root-mean-square of the
standard deviation (SD) of individual patient displacements for the ith patient. υ represents their population-based SD. Subscript I and S indicate
the inferior and superior directions, respectively.

TABLE 1 Registered cases.

Prescribed dose

at PTV D95% Delivery technique

Number of

completions/

Accruing number

Number of

analyses

Equivalent size

of CTVc [mm]

Range of motion

during beam

deliveryc [mm]

Lung33 50 Gy/4 fr. Non-IMRT
(multiple
non-coplanar static
beams)

47/48a 187b Sphere diameter
16.9 (8.0−28.3)

13.7 (4.5−28.1)

Liver34 40 Gy/5 fr. Non-IMRT
(multiple
non-coplanar static
beams)

48/48 235b Sphere diameter
14.5 (8.7−27.8)

11.7 (4.3−40.9)

Pancreas35 48 Gy/15 fr. Fixed gantry
SIB-IMRT

25/25 375 Cubic length
47.8 (39.6−65.1)

9.7 (3.5−25.3)

Abbreviations: CTV, clinical target volume; fr., fractions; IMRT, intensity-modulated radiotherapy; PTV D95%, dose covering 95% of the planning target volume; SIB,
simultaneous integrated boost.
aOne patient was not treated with RTTT because the abdominal-wall motion was not well correlated with tumor movement.
bThe fiducial markers were not detected due to an in-house software issue in one and five fractions for a lung and liver cancer patient, respectively.
cData are presented as the median (minimum–maximum).

population-based standard deviation (SD), and τ is the
root-mean-square of the SD of individual patient dis-
placements. Here, υ and τ, assumed to have an equal
contribution,are combined according to the GUM,32 and
the margin theory is expressed as

Margin = Υ + k ⋅
√
𝜐2 + 𝜏2, (1)

where k represents the coverage factor of
√
𝜐2 + 𝜏2

used to satisfy the required probability. The margin cov-
ering 95% of the population was calculated using the
proposed formula. The optimal k varies depending on
the shape and size of the CTV. Furthermore, k can
be determined fairly precisely when the CTV has a
spherical or cubic shape.
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ASYMMETRIC MARGINS FOR MOVING TARGETS 5

2.4 Spherical target

In a spherical extended volume (EXV) with a clinical tar-
get volume (CTV) radius extended by Υ, it is assumed
that arbitrary points on the EXV surface vary with the SD
𝜀 =

√
𝜐2 + 𝜏2 according to a 3D Gaussian distribution in

each direction. Here, f = k·ε is the expansion width for
any arbitrary point on the EXV surface to be included
in the PTV with the required probability. Figure 3a
presents an overview of the calculation geometry,where
w(rCTV, f, θ) is the distance between point Q located
at the top of the EXV and PTV considering elevation
angle θ.

w (rCTV , f, 𝜃) =
√

rPTV
2 − cos2𝜃 ⋅ rEXV

2 − sin 𝜃 ⋅ rEXV ,

(2)

where rCTV, rEXV = rCTV + Υ, and rPTV = rEXV + f are
the radii of the CTV, EXV, and PTV, respectively. Next,
when point p varies in a 3D Gaussian distribution with
the same SD ε in each direction aroundQ, the probability
that p exists within radius w(rCTV, f, θ) is

g (w (rCTV, f, 𝜃)) =
−
√
2 ⋅ w (rCTV, f, 𝜃)√

𝜋 ⋅ 𝜀
⋅ e−

w(rCTV,f,𝜃)2

2⋅𝜀2

+erf

(
w (rCTV, f, 𝜃)√

2 ⋅ 𝜀

)
.

(3)

Subsequently, the ratio s(θ) of the area from θ to θ +

dθ to the total area of the sphere centered at Q is given
as

s (𝜃) =
1
2
⋅ cos 𝜃 ⋅ d𝜃. (4)

Therefore, content probability p(θ) that p exists within
radius w(rCTV, f, θ) in θ to θ + dθ is

p (𝜃) = g (w (rCTV , f, 𝜃)) ⋅ s (𝜃)

=
1
2
⋅ g (w (rCTV , f, 𝜃)) ⋅ cos 𝜃 ⋅ d𝜃. (5)

Finally, the total content probability P(rCTV, f) for the
entire sphere is calculated by integrating Equation (5)
with θ as

P (rCTV, f ) =
1
2
⋅

𝜋

2

∫
−

𝜋

2

{
−
√
2 ⋅ w (rCTV, f, 𝜃)√

𝜋 ⋅ 𝜀
⋅ e−

w(rCTV,f,𝜃)2

2⋅𝜀2

+ erf

(
w (rCTV, f, 𝜃)√

2 ⋅ 𝜀

)}
⋅ cos 𝜃 ⋅ d𝜃. (6)

F IGURE 3 Diagram for theoretically calculating the margin
between the clinical target volume (CTV) and planning target volume
(PTV): (a) extended volume (EXV) is the volume obtained by
expanding the radius from the CTV by Υ. (b) If the CTV is a cube, the
EXV and PTV are generated according to the same rules as those
for a sphere.

By specifying P(rCTV, f) and rCTV in Equation (6), f and
k are obtained.
Figure 4 shows the relationship between k and P(rCTV,

f) at a certain rEXV relative to ε.With rEXV = 0ε,P(rCTV, f)
is the same content probability as van Herk’s formula. In
this study, rEXV = 2ε can be applied to CTVs with radii
greater than 1 mm. The minimum CTV radius for the
lung and liver cases was 4 mm (Table 1), and the calcu-
lated rEXV was considerably larger than twice ε in each
direction. Subsequently, a margin that satisfies P(rCTV,
f) = 95% or higher was expected in this study.Therefore,
by determining k = 2.0,as shown in Figure 4 at rEXV = 2ε
and P(rCTV, f) = 95%, this value was applied to calculate
the margins in the lung and liver cancer cases. In the
case of k = 2.0 at rEXV = 3ε or higher, P(rCTV, f) ≥ 96%
is obtained.

2.5 Cubic target

The gross tumor volume (GTV) included the tumor and
metastatic lymph nodes. The CTV was defined as GTV
plus a 5-mmmargin as well as the retropancreatic space
and the paraaortic lymph nodes between the celiac axis
and superior mesenteric artery.26 As the determination
of the CTV in pancreatic cancer is different from that in
lung and liver cancer,a cubic CTV shapewas considered
as an example of a well-defined shape to calculate the
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6 ASYMMETRIC MARGINS FOR MOVING TARGETS

F IGURE 4 (a) Relationship between coefficient k and content
probability for the tumor radii of 0ε, 1ε, 2ε, 3ε, and 5ε. (b) Enlarged
area of interest. 𝜀 =

√
𝜐2 + 𝜏2 is the combined uncertainty, where υ

and τ represent the inter- and intra-patient uncertainties, respectively.

margin for pancreatic cancer. However, the side length
of the cube was assumed to be sufficiently greater than
ε. We consider a case where point p varies in a 3D
Gaussian distribution centered at a certain vertex Q
in an EXV extended by Υ from the CTV. Furthermore,
the PTV is defined as the volume expanded by f = k·ε
from the EXV. As shown in the geometry in Figure 3b,
the PTV is first divided into eight spaces centered at
Q. In octant A, the probability that p is included in the

PTV is P3D (f ) = −
√
2⋅f√
𝜋⋅𝜀

⋅ e−
f2

2⋅𝜀2 + erf( f√
2⋅𝜀
), based on a

3D Gaussian distribution. In octant B,since this area is a
fan-shaped cylinder, the height parameter can be omit-
ted from the probability calculation. Therefore, it can be
strictly computed using a 2D Gaussian instead of 3D.

The probability is P2D (f ) = 1 − exp(− f2

2⋅𝜀2
). In octant C,

the probability is further simplified as P1D (f ) = erf(
f√
2⋅𝜀
),

based on a 1D Gaussian distribution. In octant D, which
is within the EXV, the probability is unity. Accordingly, the
total probability P(f) for the entire region is calculated as

P (f ) =
1 ⋅ P3D (f ) + 3 ⋅ P2D (f ) + 3 ⋅ P1D (f ) + 1 ⋅ 1

8
. (7)

For P(f) = 95%, the numerical calculation using
Equation (7) satisfies f = k·ε = 2.33ε.

2.6 Sampling of the 2.5th and 97.5th
percentiles of the tracking error probability
distribution and verification

The 2.5th (corresponding to the L, I, and P directions)
and 97.5th (corresponding to the R, S, and A direc-
tions) percentiles of the positional error histogram in
each fraction for each patient were considered as the
RPE values. In non-respiratory motion management
(non-RM), RPE was defined as the difference between
the radiation isocenter and detected target positions. In
RTTT, it is the difference between the predicted and
detected target positions. Υ, υ, and τ in Equation (1) in
each direction for the lung, liver, and pancreatic cancers
were calculated from each PD-RPE.
As Equation (1) is derived based on the assumption

that the PD-RPE follows a normal distribution, a theo-
retical error occurs when the PD-RPE deviates from the
normal distribution. Therefore, the goodness of fit of the
PD-RPE with the normal distribution, in each direction,
was confirmed using the Kolmogorov−Smirnov test.

2.7 Verification of the theoretical
margin formula using MC simulations

MC simulations were performed using a simple geom-
etry and the actual PD-RPE at each site for evaluating
the validity of the margin when the PD-RPE cannot be
regarded as a normal distribution.Whether any point p(x,
y, z) in the CTV, which moves in six directions, deviates
from the PTV is a stochastic process. The content rate
in which p is included in the PTV is given by

Content rate =
Number of trials included in the PTV

Total number of trials
,

(8)

where p was sampled according to the PD-RPEs. The
total number of trials was set to 10 000 such that the
statistical error was less than 0.1% in each situation.
As an example of a simplified CTV shape, a spherical

shape with diameter rwas assumed for the lung and liver
tumors. The equivalent diameter was selected from the
median CTV volume collected in the clinical study. The
lung and liver diameters were set to 16.9 and 14.5 mm,
respectively (Table 1). Conversely, a cubic shape with
side-length l = 47.8 mm was assumed for pancreatic
cancer (Table 1). The PTV was generated according
to Equation (2) with coefficient k (2.0 for lung and
liver cancers, 2.33 for pancreatic cancer) from the CTV.
For the spherical shape, any point on the CTV surface
can deviate from the PTV with the highest probability.
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ASYMMETRIC MARGINS FOR MOVING TARGETS 7

F IGURE 5 Probability distributions of representative positional errors (PD-RPEs) in the left (L), right (R), superior (S), inferior (I), anterior
(A), and posterior (P) directions for non-respiratory management (solid) and real-time tracking (dotted) for lung, liver, and pancreatic cancers.

Coordinates on the axes and surface in the left (L), right
(R), superior (S), inferior (I), anterior (A), and posterior
(P) directions were selected as evaluation points.For the
cubic shape,as the eight vertices have the highest prob-
ability of deviating from the PTV, their coordinates were
selected as the evaluation points.The coordinates at the
designated evaluation points on the CTV were sampled
based on the PD-RPE using uniform random numbers.
Finally, it was determined whether the coordinates of
each evaluation point on the CTV were included in the
PTV, and the content rate was obtained.
To evaluate the statistical significance of the content

rates between our formula and van Herk’s equation, a
Wilcoxon signed-rank test was performed.28 The level of
significance was set to 0.05, and all statistical analyses
were performed using MATLAB (version R2019a).

3 RESULTS

In total, 120 patients were successfully treated with
RTTT. One lung cancer patient was not treated with

RTTT because the abdominal-wall motion was not well-
correlated with tumor movement. In addition, the fiducial
markers were not detected due to an in-house software
issue in one and five fractions for individual lung and
liver cancer patients, respectively.Consequently, 74 705,
73 235, and 164 968 sets of inter- and intra-fractional
positional data were analyzed for the lung, liver,and pan-
creatic cancer patients, respectively, during the overall
treatment.
The PD-RPEs for the lung, liver, and pancreas in

each direction are shown in Figure 5. Compared to the
PD-RPEs in non-RM cases, those in the RM cases dis-
tributed around an RPE of 0 mm. Table 2 summarizes
the results of the p-values of the goodness of the PD-
RPE of RTTT for the lung, liver, and pancreas with the
normal distribution using the Kolmogorov−Smirnov test.
Table 3 summarizes the statistical values for cal-

culating the margins for non-RM and RTTT. Although
there were some exceptions, the statistical values for
RTTT were smaller than those for non-RM. Among
the three metrics, Υ had the largest impact on margin
size. The margin sizes were asymmetric for each axis.
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8 ASYMMETRIC MARGINS FOR MOVING TARGETS

TABLE 2 p-values of the goodness of the probability distribution
of representative positional errors of real-time tumor tracking for the
lung, liver, and pancreas with the normal distribution using the
Kolmogorov–Smirnov test.

L R S I A P

Lung 0.034* 0.051 0.233 0.267 0.092 0.042*

Liver 0.088 0.027* 0.629 0.285 0.030* 0.061

Pancreas 0.099 0.018* 0.096 0.018* 0.010* 0.029*

Abbreviations: A, anterior; I, inferior; L, left; P, posterior; R, right; S, superior.
*The asterisk indicates that the p-value exceeds the 5% significance level using
the Wilcoxon signed-rank test.

For non-RM, the margins were at most 18.9, 16.4, and
10.8 mm for lung, liver, and pancreatic cancer, respec-
tively. The margin, especially in the inferior direction,
was large. In contrast, those were at most 6.2, 4.6, and
3.9 mm, respectively, for RTTT. The margins in the A–P
axis were the second largest, followed by those in the
L–R axis.
Table 4 lists the results of the MC simulations for

the margin. The median content rates of the designated
evaluation points were 95% or more for lung and liver
cancer and 93% for pancreatic cancer,using our formula.
In contrast, those according to van Herk’s equation were
89% for pancreatic cancer and more than 97% for lung
and liver cancer,which was higher than their expectation.
There were significant differences in the content rates
for lung and pancreatic cancer (p < 0.05).

TABLE 3 Margins between the clinical target volume and planning target volume for the lung, liver, and pancreatic cancers.

Non-respiratory motion management Real-time tumor tracking

L R S I A P L R S I A P

Lung Υ [mm] 1.8 1.9 6.9 10.8 3.1 2.8 1.1 1.1 2.5 3.0 1.6 2.0

υ [mm] 1.0 1.1 2.3 3.6 1.6 1.3 0.9 0.6 1.0 1.3 0.9 0.8

τ [mm] 0.5 0.5 1.7 1.9 1.0 0.7 0.6 0.5 1.0 0.9 0.8 0.7

Margin (proposed) [mm] 4.0 4.3 12.6 18.9 6.8 5.7 3.2 2.7 5.3 6.2 3.9 4.2

Margin (van Herk)※ [mm] 4.6 4.9 13.8 21.0 7.7 6.5 3.8 3.0 5.7 6.9 4.2 4.6

Liver Υ [mm] 1.4 1.5 5.9 9.4 3.6 2.4 0.8 1.0 2.1 2.4 1.1 1.3

υ [mm] 0.7 0.9 1.9 3.0 2.0 1.3 0.5 0.4 0.8 0.7 0.6 0.7

τ [mm] 0.5 0.4 1.3 1.9 1.0 0.8 0.4 0.4 0.8 0.9 0.5 0.5

Margin (proposed) [mm] 3.1 3.4 10.5 16.4 8.0 5.3 2.1 2.1 4.3 4.6 2.7 3.1

Margin (van Herk)※ [mm] 3.5 4.0 11.5 18.2 9.3 6.1 2.3 2.2 4.6 4.7 3.1 3.5

Pancreas Υ [mm] 1.6 1.5 3.5 5.6 2.5 1.9 1.0 1.2 1.4 1.8 1.2 1.2

υ [mm] 0.7 0.5 0.8 1.9 1.1 0.5 0.3 0.4 0.5 0.6 0.4 0.4

τ [mm] 0.5 0.4 0.7 1.1 0.5 0.5 0.6 0.6 0.8 0.7 0.6 0.5

Margin (proposed) [mm] 3.6 2.8 6.1 10.8 5.2 3.5 2.6 2.9 3.6 3.9 2.9 2.7

Margin (van Herk)※ [mm] 3.7 2.9 6.2 11.2 5.4 3.6 2.3 2.8 3.2 3.7 2.7 2.6

Abbreviations: A, anterior; I, inferior; L, left; P, posterior; R, right; S, superior; Υ, population-based mean of each patient’s mean value; τ, root mean square of each
patient’s standard deviation; υ, population-based standard deviation of each patient’s mean value.
※For reference only, each component in each direction was applied to simplified van Herk’s formula (Υ + 2.5υ + 0.7τ).

TABLE 4 Probabilities of the numbers of each point (the
farthest end points on the left, right, anterior, posterior, superior, and
inferior on the spherical clinical target volume (CTV), and the eight
vertices on the cubic CTV) included in the planning target volume
when the margins calculated using van Herk’s equation and the
proposed equation in this study are added to the CTV in the Monte
Carlo simulation.

Site Shape This studya [%] van Herka [%] p-value

Lung Sphere 96.0 (95.1−96.7) 98.0 (96.5−98.5) <0.05b

Liver Sphere 96.7 (95.8−98.4) 97.6 (96.7−98.6) 0.193

Pancreas Cube 93.2 (92.6−93.9) 88.8 (87.1−90.6) <0.05b

aData are shown as the median (minimum–maximum).
bThis indicates that the p-value exceeds the 5% significance level using the
Wilcoxon signed-rank test.

4 DISCUSSION

Several researchers have reported the margin for RTTT
with CyberKnife (CK).22,27 Descovich et al. calculated
the symmetric margin in CK treatments using fiducial
markers of 4.4, 6.8, and 4.7 mm in the L–R, S–I, and
A–P directions, respectively.22 Yang et al. reported total
tracking errors of less than 4 mm in the X-sight lung
tracking.27 These results are slightly different from ours,
which can be attributed to following reasons: (i) larger
tumor motion and more patients in our study, (ii) asym-
metric margin calculation concept with the 2.5th and
97.5th percentiles of the PD-RPEs in each direction,
and (iii) unlike van Herk’s theory intending to cover
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ASYMMETRIC MARGINS FOR MOVING TARGETS 9

90% of the population, the margin was intended to
cover 95%. Generally, the accuracy of margin calcula-
tion depends on the number of patients. Although our
proposedmargins were based on a relatively small num-
ber of patients, theMC results indicated that themargins
were acceptable for the expected probabilities.
There are few reports that have verified whether the

calculated margin was valid using another method (for
example, as in the MC simulation performed in this
study).37–39 Herschtal et al. performed MC simulations
to validate themargin in a hypofractionated radiotherapy
setting.39 In other studies on RTTT, van Herk’s equation
was used without confirming the normality of the proba-
bility distributions of the various error components.23,27

Although the PD-RPEs were obtained from a substan-
tial number of 3D tracking errors in this study, there were
certain sites and directions in which the normality of
the probability distribution could not be proved, which
differed from the premise of the proposed equation.
Nevertheless, the MC simulation based on the PD-RPE
yielded expected results. However, the median content
rate for pancreatic cancer obtained using our equa-
tion was 93%,which was slightly insufficient as margins
(Table 4).This may be because the PD-RPE in the worst
direction was not normally distributed. In contrast, con-
tent rates based on van Herk’s equation were more than
97% for lung and liver cancers. When σ is less than
3.2 mm in a medium, the margin based on the sim-
plified expression in van Herk’s theory is larger than
the exact margin (approximately 0.5-mm overestima-
tion for σ = 1 mm), as described in Ref..28 However, the
subtraction of the component causing the overestima-
tion from the calculated margin based on the simplified
expression leads to insufficient margins for pancreatic
cancer in this study. Therefore, van Herk’s equation
would provide insufficient margin sizes in RTTT.Overall,
our proposed margin formula is appropriate for fiducial
marker-based RTTT.
Despite its many advantages, there are several limi-

tations to our approach. First, we did not fully consider
the change in the geometric relationship between the
tumor and the surrounding fiducial markers during
respiration. Ueki et al. proposed 2.5 mm to ensure
this uncertainty4; however, simply adding this value to
our calculated margin would be excessive. When the
respiratory phase images were registered based on
the marker centroid, the resultant target volume was
expected to compensate for the uncertainty in the
positional relationship between the tumor and fiducial
markers during respiration. Second, the predicted tar-
get positions were calculated based on the correlation
model implemented in Vero4DRT. Poels et al. reported
that the prediction accuracy of CK was similar to that of
Vero4DRT40; therefore, the derived margin size is appli-
cable to CK tracking. Third, when the gimbaled x-ray
head tracked the predicted target position, mechanical
errors occurred,which were not considered in this study;
however,Mukumoto et al. revealed that prediction errors

were the primary cause of tracking errors and that the
mechanical errors were negligible.17,20

5 CONCLUSION

Based on a combination of the GUM and the MPD of
the tracking errors, we proposed a theoretically deter-
mined margin-calculation formula for RTTT. Margins
were derived with the proposed formula using the PD-
RPE based on the actual tracking errors for lung, liver,
and pancreatic cancers. These margins were verified
through MC simulations, and the expected content rate
was achieved with high reliability for all sites. There-
fore, the proposed formula appropriately calculated the
practical margin size for the fiducial marker-based RTTT.
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