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Purpose: To assess the utility of 10 s and 20 s modeling periods, rather than the 40 s currently used, in
the clinical construction of practical correlation models (CMs) in dynamic tumor tracking irradiation
using the Vero4DRT.
Methods: The CMs with five independent parameters (CM parameters) were analyzed retrospectively for
10 consecutive lung cancer patients. CM remodeling was performed two or three times per treatment
session. Three different CMs trained over modeling periods of 10, 20, and 40 s were built from a single,
original CM log file. The predicted target positions were calculated from the CM parameters and the
vertical displacement of infrared markers on the abdomen (Pjr) during the modeling. We assessed how
the CM parameters obtained over modeling periods of T's (T = 10, 20, and 40 s) were robust to changes in
respiratory patterns after several minutes. The mimic-predicted target positions after several minutes
were computed based on the previous CM parameters and P during the next modeling. The 95th
percentiles of the differences between mimic-predicted and detected target positions over 40 s
(E95ropuse: T = 10, 20, and 40 s) were then calculated.
Results: Strong correlations greater than 0.92 were observed between the ES5opust20 and E95robust40
values. Meanwhile, irregular respiratory patterns with inconsistent amplitudes of motion created dif-
ferences between the E95.opyst10 and E95pust40 values of >10 mm.
Conclusions: The accuracies of CMs derived using 20 s were almost identical to those obtained over 40 s,
and superior to those obtained over 10 s.

© 2015 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.

Introduction

Respiration-synchronized beam delivery techniques that are
used clinically to reduce the impact of respiratory motion can be

Respiratory motion creates uncertainty during beam delivery. If
such motion is not managed, large margins should be added to
clinical target volumes [1]. Several investigators have reported that
use of large target volumes increased complications in normal
tissues in lung and pancreatic cancer patients [2,3]. Management of
respiratory motion is effective in reducing beam delivery to normal
tissue, in turn, making it possible to escalate the dose to the tumor.

* Corresponding author. Kyoto University, Graduate School of Medicine, 54
Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan.
E-mail address: m_nkmr@kuhp.kyoto-u.ac.jp (M. Nakamura).

http://dx.doi.org/10.1016/j.ejmp.2015.01.004
1120-1797/© 2015 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.

separated broadly into three categories: breath-holding, respira-
tory gating, and dynamic tumor tracking (DTT) [4,5]. Of these,
recent interest has focused on the DTT technique, which can be
used to reposition the radiation beam dynamically with reference
to the target position. Compared with breath-holding and respi-
ratory gating, DTT can minimize the internal margins while main-
taining a 100% duty cycle. This delivers the beam efficiently without
the need for patients to hold their breath.

We have applied infrared (IR) marker-based DTT irradiation (IR
Tracking) clinically using the Vero4DRT (Mitsubishi Heavy In-
dustries [MHI], Ltd., Tokyo, Japan, and Brainlab AG, Feldkirchen,
Germany) in treating lung cancer patients since September 2011




2 . M. Nakamura et al. / Physica Medica xxx (2015) 1-6

[6—10]. IR Tracking is categorized as a hybrid DTT method that
combines direct localization methods with an indirect DTT method
{11]. IR Tracking observes external surrogate features and de-
termines localization of the internal target using a correlation
model (CM) derived from both one-dimensional (1D) surrogate
data and 3D internal target data. A key issue in IR Tracking is the
accuracy of the CM used [4,11]. A CM affected by poor precision will
increase localization error. Before starting IR Tracking at each
fraction, the vertical displacement of IR markers on the abdomen
and the 3D position of a tumor, as indicated by implanted fiducial
markers (detected target positions), are monitored for 20, 30, or
40 s to build a CM (Fig. 1). Vero4DRT users can select the training
periods. We have used a modeling period of 40 s to acquire as much
information as possible on the respiratory pattern. The 3D-pre-
dicted target position is then calculated during treatment, based on
1D surrogate data and the CM.

There are several reports on the tracking accuracy of IR Tracking.
Mukumoto et al. [9] found that the 95th percentiles of overall tar-
geting errors were up to 4.1 mm when a modeling period of 40 s
was used. Depuydt et al. [12] typically used a modeling period of
20 s in a patient simulation study. However, these studies did not
address the influence of different modeling periods on tracking
accuracy. Also, our group has previously concluded that changes in
breathing patterns, including baseline drift, reduced the correlation
between internal target and external IR marker positions {8]. As a
next step, based on those previous results, we believed that the
modeling period could greatly influence the tracking accuracy.

The purpose of the present study was to compare the prediction
accuracy using modeling periods of 10 and 20 s, rather than the 40 s
currently used in the clinical construction of practical CMs in IR
Tracking.

Materials and methods
Patients

We analyzed CMs retrospectively over a modeling period of
40 s for 10 consecutive lung cancer patients who underwent IR
Tracking. Five patients were treated at Kyoto University Hospital
and five at the Institute of Biomedical Research and Innovation.
There were eight male patients and two females, with a median
age of 85 (range, 60—87) years. Lung tumors were located in the
right middle lobe (one patient), in the right lower lobe (six), and in
the left lower lobe (three). Four or five fiducial markers, 1.5 mm in
diameter, were implanted transbronchially around the lung
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Figure 1. An example of a representative CM. The detected and predicted target po-
sitions in the CC direction and IR marker positions are shown.

tumor. An individualized vacuum pillow (Kyoto University Hos-
pital: Bodyfix; Medical Intelligence, Schwabmiinchen, Germany;
Institute of Biomedical Research and Innovation: ESFORM Engi-
neering System, Matsumoto, Japan) was made for each patient
with both arms raised. Five IR markers were attached to the
abdominal wall to allow monitoring of external respiratory sig-
nals. A CM remodeling was performed two or three times per
treatment session to improve the prediction accuracy, and the
median elapsed time prior to remodeling was 12 (range, 2—33)
min.

In clinical practice, we monitored the implanted fiducial
markers at a minimum monitoring interval of 1 s during beam
delivery via orthogonal kV X-ray imaging. Circles with user-defined
radii (3 mm at our hospital), placed around the predicted positions
of the fiducial markers (tolerance circles), were displayed on
monitor images to serve as benchmarks for CM remodeling. Ver-
04DRT does not support an auto CM updating function; thus,
additional correlation modeling was needed to improve prediction
accuracy during each treatment session if any systematic deviation
between the positions of the fiducial markers and the tolerance
circles was observed [8,9].

Calculating the predicted target position

Immediately after correction of any initial setup error caused by
bony anatomy, an ExacTrac subsystem integrated into the Ver-
04DRT platform constructed a CM over a modeling period of 40 s.
During the modeling period, the vertical displacement of IR
markers on the abdomen (Pjg) values and the implanted fiducial
markers were monitored simultaneously with an IR camera at
60 Hz and with an orthogonal kV X-ray imaging subsystem at 6.25
or 12.5 Hz. The sampling frequency changed automatically from
12.5 to 6.25 Hz when the velocity of IR marker motion (vR)
decreased. The monitoring interval of 1 s remains the same, inde-
pendent of the sampling frequency. The gantry and ring angle used
for monitoring of implanted fiducial markers were determined
with reference to the findings of our previous study [6]. In total,
~500-kV X-ray fluoroscopic image sets were acquired during a
single correlation modeling session over 40 s. The imaging pa-
rameters were 110 kV, 100 mA, and 5 or 10 ms. These settings are
the minima required to detect implanted fiducials in lung cancer
cases. The CM was expressed using a quadratic function in terms of
Pir and vy, as follows:

F(Pg,vR) = an%; + bPR + ¢+ dvIZR + evr (1)

Three different CMs with modeling periods of 10, 20, and 40 s
were constructed retrospectively from original CM log files using
software developed in-house. The 10- and 20-s modeling periods
were extracted from the beginning of the 40-s modeling period.

Based on available information from the vendor, the CM was
built as following 1—4:

1. The predicted Py after 25 ms [P;R*(t + 25)] was calculated from
the previous multiple consecutive positions of the kth IR marker
(Prk; 1 < k < 5) before time t, using an approximate linear
equation derived using the weighted least-squares method. A
time of 25 ms was required to compensate for the sub-system
latency of IR marker position acquisition. Depuydt et al. [13]
mentioned sub-system latencies in terms of the IR marker po-
sition acquisition of 25 ms. We were also informed of the latency
of IR marker position acquisition by MHI and Brainlab AG. De-
tails of the construction and the stability of the weighted least-
squares model cannot be disclosed because of a provision in our
contract with MHI and Brainlab AG.
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2. The velocity at time ¢ + 25 ms [y}  (f + 25)] was calculated from
Py and P;R’k, assuming that the velocity was constant between t
and t + 25 ms.

3. Optimal CM parameters (ay, by, cx, di, and ex) were determined,
via multiple regression analysis that derives an optimal solution,
by minimizing the residual errors between detected target po-
sitions on the kV X-ray fluoroscopic images (Pp) and tentative
target positions predicted from the displacement of the kth IR
marker.

4. The CM was built after the above processes were repeated for
each IR marker.

During the beam delivery, each target position predicted from
displacement of the kth IR marker was calculated using the pa-
rameters of the corresponding CM, and the mean value of the
predicted target position, calculated from the displacement of the
kth IR marker, served as the predicted target position (Pp).

Comparison of detected target positions with predicted target
positions

First, we assessed whether use of a shorter modeling period
allowed creation of a CM of a high degree of goodness-of-fit during
modeling periods of T's (T = 10, 20 and 40 s). The differences be-
tween Pp and Pp at each sampling point during modeling periods of
T's (Eger: T = 10, 20 and 40 s) were calculated during modeling
periods of Ts (T = 10, 20 and 40 s). In total, 255 CMs (85 log
files x three different modeling periods) were analyzed.

Next, CM parameters obtained over modeling periods of 10, 20,
and 40 s were input with Pk values collected for 40 s during the
next modeling, and mimic P, (P;) was then computed using Eq. (1).
Subsequently, the differences between P, and Pp observed during
the next modeling over 40 s (Eropust,: T = 10, 20 and 40 s) at each
sampling point were calculated. The zero value of Erppustt (T = 10
and 20 s) — Ergpust.40 indicated that the robustness of CM parameters
obtained over modeling periods of T s (T = 10 and 20 s) was
identical to those over 40 s. In total, 42 paired CM log files were
analyzed. Fig. 2 shows a schematic workflow of Eg.r and Eropust
(T= 10, 20 and 40 s) calculations. Analysis of variance (ANOVA) was
used to assess the hypotheses that there was no difference in Egr
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Figure 3. Distributions of differences between the maximum amplitudes of Py (the
APy values) for a modeling period of 10, 20 or 40 s in the previous modeling, and those
for 40 s in the next modeling. Positive values indicate that the maximum amplitudes of
Pir in the previous modeling were larger than those in the next modeling.

and Erppuset (T = 10, 20 and 40 s) between the three different
modeling periods.

Results
Characteristics of respiratory patterns

The median peak-to-peak amplitude of Pp were in the ranges
0.2—5.6 mm, 1.4—23.5 mm, and 0.9—6.6 mm in the left-right (LR),
cranio-caudal (CC), and anterior-posterior (AP) directions, respec-
tively. A modeling period of 10 s included at least one breathing
cycle. The median breathing cycle numbers within modeling pe-
riods of 10, 20, and 40 s were 3 (range, 1-4), 6 (range, 2—8), and 11
(range, 4—16), respectively. Fig. 3 shows how the maximum am-
plitudes of Pig (the APy values) changed between the previous and
next modeling period. Positive values indicate that the maximum
amplitudes of Pjg in the previous modeling were larger than those
in the next modeling. The AP values of over —5 mm were not
observed for a modeling period of 40 s in the previous modeling.
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Figure 2. Schematic diagram showing how Eg,7and Eyopuser (T = 10, 20 and 40 s) were calculated.
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Table 1
Means + standard deviations of Eg,r values and the proportions of absolute Eg,r
values <1 mm. The latter figures are shown in parentheses.

LR cC AP

Epeso  0.0=03 mm (983%) 0.0z 06 mm(89.6%) 0.0+ 0.5 mm (94.5%)
Epzo 0.0:x03mm(989%) 00:x07mm(937%) 0.0 = 0.6 mm (96.5%)
Epgo  0.0+04mm(967%) 0007 mm (83.7%) 0.0 + 0.6 mm (90.7%)

Abbreviations: LR, left—right; CC, cranial—caudal; AP, anterior—posterior.

Accuracy of predicted target positions by modeling period

In this subsection, the results of Eg;1, defined as the differences
between Pp and Pp at each sampling point during modeling periods
of T's (T = 10, 20 and 40 s), were summarized. Means + standard
deviations (SDs) of the Eg7 values, and the proportions of absolute
Egrr values <1 mm are shown in Table 1. The means + SDs of Eg;r
values and the proportions of absolute Eg.r values <1 mm over
modeling periods of 10 and 20 s were comparable to those obtained
over 40 s. The 3D SD was 0.6 mm for Ei; 10, Efir.20, and Egir49. ANOVA
revealed no significant difference between Eg; 10, Efit.20, and Eggq0.

Robustness of prediction accuracies using the correlation modeling
parameters obtained in the previous modeling

In this subsection, the results of Eopys:t (T = 10, 20 and 40 s),
defined as the differences between P, and Pp during the next
modeling over 40 s, are summarized. Table 2 shows the maximum
values of 95th percentiles of Eropustio (E95robust10)s Erobust20
(E95r0bust,20)» and Eropust.40 (E95robust.40) in each patient. Fig. 4 shows
distributions of difference between E95:5pyst10 O E95ropust20 and
E95,0bust4p for every fraction. No absolute difference between
E95,0bust20 and E95ropust4p Of over 3 mm was observed, and high
correlation coefficients were observed between the E95,4pys:20 and
E95,0bust 40 Values in all three directions (LR: R=0.92; CC: R = 0.92;
and AP: R = 0.94). Meanwhile, the absolute difference between
E95,obust 10 and E950pust.40 of over 3 mm was observed in two frac-
tions (4.8%), which provided the low correlation coefficients be-
tween the E95pusti0 and E95rpust40 values (LR: R = 0.55; CC:
R = 0.64; and AP: R = 0.62); however, the correlation coefficients
became strong (LR: R = 0.97; CC: R = 0.89; and AP: R = 0.93),
excluding these two fractions. The combination of Tables 1 and 2
also shows that the breathing patterns in the previous modeling
differed from those in the next modeling, particularly for patient #8
with the largest difference. Fig. 5 shows the Py pattern in the next
modeling and the Eropust,10, Erobust,20, and Eropust40 values for patient
#8 in the AP direction. As shown in Fig. 5, the maximum Pj
measured over 10 and 20 s in the previous modeling was consid-
erably smaller than that over 40 s in the next modeling, whereas

the maximum Pj derived over 40 s in the previous modeling
exceeded the upper limit of Pjg obtained in the next modeling. The
Erobust,10 and Eropust20 values were more pronounced at the peak
positions where the maximum amplitudes of P for 10 and 20 s in
the previous modeling did not exceed those in the next modeling
over 40 s. High negative correlations were observed between Ej,.
pust10 and Pk collected in the next modeling (R = —0.89), and be-
tween Eropust20 and Pjg collected in the next modeling (R = —0.89).

Fig. 6 shows the relationship between APk and Eropyst 7—Erobust.40
(T = 10 and 20 s). The negative value of APy indicated that the
maximum amplitudes of Py for a modeling period of 10 s or 20 s in
the previous modeling were smaller than those for 40 s in the next
modeling. The difference between E95opust.T and E95ropust.40 Values
became more pronounced when the AP was large. In the group
with the modeling period over 20 s in the previous modeling, the
SDs of differences between the E95;opust10 and E95ropust40 values
were 0.3, 0.4, and 0.5 mm in the LR, CC, and AP directions,
respectively Fig. 6(a). In the group with the modeling period over
10 s in the previous modeling, the SDs were 1.3, 1.0, and 2.0 mm in
the LR, CC, and AP directions, respectively Fig. 6(b).

Discussion

Exact 3D prediction of the target position is important in DTT
irradiation, and many reports regarding prediction accuracy for
several modalities have been published [7—16]. According to the
available information from the vendor, we compensated for the
latency of the IR marker position acquisition of 25 ms to construct
the CM; however, sub-systems other than the IR system, including
motion of the gimbals head, also have latency. We have previously
shown that the Vero4DRT system can construct highly accurate
CMs in both phantom and clinical studies [7—9]. Another group
showed that the Vero4DRT performed excellently when used in the
DTT mode [13], and the Vero4DRT DTT function was equivalent to
that of other clinical DTT systems in a patient simulation study [12].
From these results, the latency for other sub-systems could be
negligible.

The Synchrony system, a component of the CyberKnife Robotic
Radiosurgery platform (Accuracy Inc., Sunnyvale, CA), requires a
CM composed of various breathing cycles, prior to beam delivery
[17,18]. Clinically selectable modeling periods for Vero4DRT also
include several breathing cycles. In the current study, we focused
on the availability of 10 s modeling periods, which included at least
one breathing cycle.

For the CM goodness-of-fit during modeling periods of T s
(T = 10, 20 and 40 s), we found that means + SDs of the Eg; ;0 and
Ept, 20 were comparable to those of 40, indicating that a successful
CM fit was obtained even when the respiratory pattern was
monitored for 10 or 20 s. According to Hoogeman et al. [18], the

Table 2

Maximum value of E95obust10, E95robust,20 and E95ropust40 in €ach patient.
Patient LR (mm) CC (mm) AP (mm)

Egsrobust, 10 E95, robust, 20 E95, robust,40 E95 robust, 10 E95 robust,20 E95 robust,40 E95, robust, 10 E95 robust,20 E95 robust,40

1 05 0.5 0.5 25 25 23 23 24 24
2 1.9 2.0 1.8 4.6 4.6 47 2.0 20 1.9
3 11 1.0 1.0 4.7 4.5 4.2 25 2.1 2.1
4 05 0.5 0.5 28 25 2.7 1.2 1.1 1.2
5 1.3 1.3 13 36 34 34 6.2 6.2 5.9
6 2.2 21 21 19 1.8 1.6 30 2.8 28
7 1.2 1.2 1.2 3.1 33 37 14 14 1.5
8 9.9 32 2.6 8.3 4.8 53 143 4.6 4.0
9 0.6 0.6 0.5 32 33 29 0.8 0.7 0.7
10 15 1.5 14 4.7 4.7 4.6 2.1 20 21

Abbreviations: LR, left—right; CC, cranial—caudal; AP, anterior—posterior.
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Figure 4. Distributions of E95 opust,10-E95robust.40 (black bar) and E95,opust 20-E95robust.40 (White bar) in the (a) LR, (b) CC, and (c) AP directions.

correlation model fit error had low mean values and an SD of
0.3 mm, which is comparable with our results.

The Synchrony system constantly updates its CM as each new X~
ray image is acquired, periodically correcting for any change in a
patient's breathing patterns. Hoogeman et al. also showed that the
correlation model errors in the absence of Synchrony were up to
8.1 mm, suggesting the importance of the use of respiratory motion
tracking [ 18)]. The current software version of the Vero4DRT cannot
automatically update the CM without stopping beam delivery,
prolonging treatment time. However, CM re-modeling is required
to ensure the prediction accuracy during treatment. Thus, the
robustness of CM parameters is of clinical importance. We found
that breathing patterns in the previous modeling differed from
those in the next modeling. While the percentages of E95opust 20~
E950pust40 <1 mm were greater than 95% in each direction,
E95obust10 Values over 3 mm were occasionally observed for the
modeling period of 10 s in the previous modeling (Fig. 4). Fig. 5
demonstrates that irregular respiratory patterns with inconsistent
amplitudes of motion created differences between the E;opust10 and
Erobust40 values of >10 mm. A possible reason for this was that the
CM might not correctly extrapolate beyond the observed input
range or if the trajectory of the tumor changed dramatically for
large amplitudes. Fig. 6 shows that a greater APj is potentially
associated with large prediction errors. In the current study, the 10-
and 20-s modeling periods were taken in the beginning of the 40-s
modeling period. Because there are many ways to extract 10 and
20 s from 40 s, taking the 10- and 20-s modeling periods later in the
40-s modeling period would change the results. Therefore,
regardless of the modeling period, it is important for the patient to
breathe regularly to ensure high accuracy during IR Tracking. Based
on the findings of the current study, a minimum modeling period of
20 s should be used for following DTT patients.

Our results are useful in terms of reducing the imaging dose. Our
group experimentally measured the dose as ~0.1 mGy per image
[19], essentially the same as that of the Synchrony system [20].
However, hot spots with maximum imaging doses of 37.12 mGy
were estimated during construction of a single CM over a modeling
period of 40 s. When such a model is acquired three times, at the
same monitoring angle, to ensure tracking accuracy during delivery
of a single fraction, a maximum imaging dose of >0.4 Gy is at least
theoretically attained over a four-fraction course of treatment,
creating potential health hazards, including skin injuries and
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