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The Synchrony™ Respiratory Tracking System (RTS) is a treatment option of the CyberKnife
robotic treatment device to irradiate extra-cranial tumors that move due to respiration. Advantages
of RTS are that patients can breath normally and that there is no loss of linac duty cycle such as
with gated therapy. Tracking is based on a measured correspondence model (linear or polynomial)
between internal tumor motion and external (chest/abdominal) marker motion. The radiation beam
follows the tumor movement via the continuously measured external marker motion. To establish
the correspondence model at the start of treatment, the 3D internal tumor position is determined at
15 discrete time points by automatic detection of implanted gold fiducials in two orthogonal x-ray
images; simultaneously, the positions of the external markers are measured. During the treatment,
the relationship between internal and external marker positions is continuously accounted for and is
regularly checked and updated. Here we use computer simulations based on continuously and
simultaneously recorded internal and external marker positions to investigate the effectiveness of
tumor tracking by the RTS. The Cyberknife does not allow continuous acquisition of x-ray images
to follow the moving internal markers (typical imaging frequency is once per minute). Therefore,
for the simulations, we have used data for eight lung cancer patients treated with respiratory gating.
All of these patients had simultaneous and continuous recordings of both internal tumor motion and
external abdominal motion. The available continuous relationship between internal and external
markers for these patients allowed investigation of the consequences of the lower acquisition
frequency of the RTS. With the use of the RTS, simulated treatment errors due to breathing motion
were reduced largely and consistently over treatment time for all studied patients. A considerable
part of the maximum reduction in treatment error could already be reached with a simple linear
model. In case of hysteresis, a polynomial model added some extra reduction. More frequent
updating of the correspondence model resulted in slightly smaller errors only for the few recordings
with a time trend that was fast, relative to the current x-ray update frequency. In general, the
simulations suggest that the applied combined use of internal and external markers allow the robot
to accurately follow tumor motion even in the case of irregularities in breathing patterns. © 2007
American Association of Physicists in Medicine. [DOI: 10.1118/1.2739811]
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I. INTRODUCTION

The Synchrony™ Respiratory Tracking System (RTS) is a
subsystem of the CyberKnife robotic treatment device (Ac-
curay, Inc., Sunnyvale, CAH) to irradiate extra-cranial tu-
mors that move due to respiration.4 The advantage of the
RTS is that patients can breath normally throughout treat-
ment while the CyberKnife robot actively compensates for
breathing motion.
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Tumor tracking is based on a fitted curve through a dis-
crete set of points, each consisting of a measured internal
tumor position, and a simultaneously measured external
(chest/abdominal) marker position, designated correspon-
dence model, or prediction model. The treatment beam fol-
lows the internal movement via continuously measured ex-
ternal movement, a conversion to the corresponding internal
movement using the correspondence model, and a compen-
sation using the robot.
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TaBLE 1. Patient information. Patient 5 was treated twice at the same site, with two months between treatments.
Number of
implanted Tumor Prescribed
Patient Gender Age Tumor pathology markers site® dose Fractions
1 F 47 Adenocarcinoma 4 R S7 N/A 1
2 F 70 Adenocarcinoma 3 L S6 N/A 1
3 F 71 Adenocarcinoma 2 R S5 N/A 1
4 F 47 Adenocarcinoma 3 R S4 48 8
5 M 81 Squamous cell carcinoma 3 R S6b 48 4
5 40 8
6 M 61 Small cell lung cancer 3 R S10 40 8
7 M 68 Squamous cell carcinoma 3 R S6 48 4
8 M 85 Adenocarcinoma 3 R S8 48 4

“Tumor site is indicated using common anatomical notation for lung segmentation: S1-3 is upper lobe, S4-5 is middle lobe, S6-10 is lower lobe.

Before treatment starts, the 3D internal tumor position is
determined at discrete time points by automatically detecting
implanted gold fiducials in orthogonal x-ray images. The ex-
ternal signal is continuously measured using optical LEDs
that can be fitted on a tight Velcro vest that the patient is
wearing during the treatment. The correspondence model is a
linear or polynomial fit between 3D target positions and sca-
lar marker positions (r). During treatment, the model is
checked and updated regularly by acquiring additional x-ray
images. The update procedure is based on the first-in, first-
out principle, i.e., after acquisition of a new pair of x-ray
images, a new correspondence model is built using these
images and all images used to establish the current corre-
spondence model, except the pair that was acquired first.

Compared to other systems like gatings_7 or active breath-
ing control,*” another advantage of this system is, like the
real-time tumor tracking system,lo’11 that the localization of
the internal tumor position is very precise and does not de-
pend on patient positioning errors. During the treatment the
relation between internal and external motion is always ac-
counted for and is regularly checked and updated. Further-
more, the duty cycle is, in general, 100%.

However, as for all other breathing compensation/gating
methods, irregular tumor motion may adversely impact pre-
cision. Therefore, in the current paper, we have tried to an-
swer the following questions:

* How do the applied prediction models depend on the
number of acquired x-ray images and the time between
subsequent x-ray images?

e Can the RTS follow changes and irregularities in
breathing patterns in the time interval between subse-
quent x-ray acquisitions?

e What if phase differences
treatment?

exist/change during

II. METHODS AND MATERIALS
A. Patients

To minimize the imaging dose received by the patient in a
CyberKnife treatment using RTS, the frequency of update
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X-ray image acquisition is typically once per 1 to 5 min. The
tumor motion is not measured in the intervals between up-
date x-ray images. Therefore, the Cyberknife log files do not
contain data to assess the tracking accuracy within these in-
tervals and to simulate effects of more frequent updating of
the correspondence model. For these reasons we used syn-
chronized recordings of both internal tumor motion and ex-
ternal abdominal motion of eight lung cancer patients (with
estimated tumor motion greater than 1 cm peak-to-peak),
treated with real-time-tumor radiotherapy from the study of
Berbeco et al.,'* to investigate the breathing compensation
method of the RTS. The average length of the 117 recordings
was 82 s (range 20 to 250 s) of which 46 lasted longer than
100 s. The patients who were suitable for (and treated by)
amplitude-based threshold gating, did not exhibit excess
baseline shifts.

These recordings were made at the Radiation Oncology
Clinic at the Nippon Telegraph and Telephone Corporation
(NTT) Hospital in Sapporo, Japan, that is equipped with a
Mitsubishi RTRT system.11 Patients with abdominal and tho-
racic tumors treated with this system typically have two to
four 1.5 mm diam gold ball bearings implanted in or near the
tumor."”® These markers are tracked in real-time with diag-
nostic x-ray fluoroscopy and the treatment beam is turned on
when a marker is within a predetermined 3D window."!

The system at the NTT Hospital differs from the usual
RTRT systemlo’14 in that there are only two pairs of x-ray
tubes and imagers rather than four. Therefore, at some gantry
angles, one of the x-ray views may be blocked. To facilitate
gating at these angles, an external surrogate gating system
was installed and integrated with the RTRT system by Mit-
subishi. The AZ-733V external respiratory gating system
(Anzai Medical, Tokyo, Japan) uses a laser to monitor the
movement of the patient’s abdominal surface. For the pur-
poses of this study, the external surface was also monitored
when neither of the x-ray views was obscured. The signal
from the surface monitor is synchronized with the signal
from the fluoroscopic unit so that the log files contain both
the three-dimensional tumor position and the external surface
position at every time point. The rate of data acquisition for
this entire system was 30 frames/s.
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The details of each patient are given in Table 1."? Patients
1-3 have data for one single day because they were brought
to the NTT Hospital for the specific purpose of acquiring
data for the study of Berbeco et al."? Patients 4-8 were
treated with 40—48 Gy in 4-8 fractions. Patient 5 was
treated twice, two months apart. Since the same site was
treated and no isocenter shift was made, we used both sets of
data in the evaluation, under the same patient name. To give
an idea of the variety in breathing patterns, in Fig. 1 tumor
positions are plotted as a function of the external signal for
one breathing cycle of each patient.

B. Correspondence models

We used the RTRT logged recordings to simulate
Cyberknife/RTS treatments with a program written in
Matlab® (Mathworks), containing the same mathematics as
used for the prediction models in the Synchrony RTS. Addi-
tionally, the measured external signal could be shifted in time
artificially to simulate the effect of large phase differences.
An example of a recording is shown in Fig. 2(a).

By building correspondence models based from the exter-
nal signal and “snap-shots” of the true internal tumor posi-
tion during the intial part of each recording (mimicking a
Cyberknife treatment), the predicted tumor position during
the remainder of the recording could be checked against the
true tumor position, using the measured data from the RTRT
system as a “gold standard.”

For establishing a correspondence model, two options are
provided in the RTS:

(1) A linear model, that is simply a linear fit between target
positions (3D) and scalar external marker positions (r),

X A, B,
y =| A, [r+| B,
</ Target A, B,

Coefficients (A,B) are found by least-squares fitting to
image/marker data-points (Fig. 3).

(2) A polynomial model with two fitted second-order poly-
nomials, one through the image/marker data-points that
are determined to be in the inhale phase of the breathing
cycle, and one that is determined for the exhale phase,

x\TES A, B, C,
y =| A, P+ B, [r+| C,
< Target Az B z Cz

An example is shown in Fig. 4.

To determine which model is most appropriate for a par-
ticular patient, the following protocol is applied by the RTS
and simulated in this study. As new x-rays are introduced
into the data set, all possible model types (i.e., linear, curvi-
linear, and bi-curvilinear) are evaluated to find the optimal
one. For each model type, a least-square fit is applied to find
the parameters of the model. Then each model type’s index
of merit is calculated. The index of merit is a slightly modi-
fied form of the standard error and is defined as
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where e;: difference between model and ith model point, n:
number of points in the model dataset, and m: number of
parameters to uniquely define the model (e.g., linear: 2, sec-
ond order: 3).

The final selection of which model will be used is based
on a weighted comparison of these indices of merit. These
weights are predetermined and are designed to favor simpler
model types (i.e., a linear model has about twice the weight
of a polynomial model). It can occur that, for example, for
the AP and LR directions the tumor position is predicted by
a linear model, while for the CC direction a polynomial
model is applied.

If in the course of treatment the LED motion range ex-
ceeds the range captured during building of the correspon-
dence model, the quadratic fits are weighted back towards
the single linear fit; this prevents the danger of large extrapo-
lation errors that might be possible with a quadratic fit (Fig.
4).

C. Time series

For building a correspondence model, the number of
simulated x-ray images and the time between acquisition of
x-ray images could be varied. A random number generator
was used to generate a number of different patterns of x-ray
sequences with similar properties, to be able to determine the
variance/stability for each simulation. Three basic patterns
were compared:

Pattern 1: Fifteen simulated x-ray images taken at 0.5 s
time intervals to ensure that one (or more) breathing cycles
were covered homogeneously.

Pattern 2: Using a random generator, 15 simulated x-ray
images were taken randomly throughout the same period of
time and with, on average, 0.5 s time interval.

Pattern CK: Fifteen simulated x-ray images were taken
randomly throughout a longer period of time and with, on
average, two s time interval. This sequence most closely
resembles a real Cyberknife treatment.

For time series that were longer than 2 min, updated x-ray
images were simulated with variable time intervals (5, 15,
and 25 s, or 15 x-ray images with one second delay halfway
through the recording to study the effect of completely up-
dating the model). Compared to the clinical situation, the
update frequency is higher in the simulations because the
length of the time series is too short to simulate 1 to 5 min
intervals). Furthermore, the number of simulated x-ray im-
ages in the model varied from 3 to 15 to investigate the
stability of the correspondence models (always 15 for real
treatments).

We evaluated the accuracy of the RTS by determining the
average and the 95th percentile of the 3D residual motion
over each fraction. The 3D residual error was calculated by
determining the 3D distance between the predicted tumor
position and the actual tumor position. Furthermore, we split
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FiG. 1. Examples of the trajectories of one breathing cycle for each patient. Note the complex shapes of the trajectories for patient 2,3,5, and 8 and be aware

of the different scales on the axes (the arrows indicate 5 mm).

up the error calculations in three directions and calculated
the mean and standard deviation (systematic and random er-
ror, respectively).

For the non-compensated treatment, the average tumor
position throughout the first 10 s of the fraction was set as
the “predicted” tumor position. This is more or less a best
case scenario because in noncompensated treatments the av-
erage tumor position is not known a priori and usually set-up
errors (in the order of 3—5 mm) will be present that reduce
the accuracy of the non-compensated treatment additionally.
For treatments with the Synchrony™ RTS, set-up errors are
virtually absent (<1 mm) because of the imaging technique.

lll. RESULTS

With the use of the Synchrony™ RTS and pattern 1 as
time series (Sec. IT C), 3D treatment errors due to breathing
motion were reduced in all eight patients (Fig. 5). Between
patients and also within patients, a certain variation in the
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results was observed. A large part of the maximal reduction
in treatment error (which was obtained using the polynomial
model in most patients) could already be reached with a
simple linear model. For patients with hysteresis (internal-
internal or internal-external, patients 4 and 5), the polyno-
mial model reduced the residual error compared to the linear
model. The reduction in treatment error following the clini-
cal protocol did not always lead to the combination of linear
and polynomial models that resulted in the smallest possible
residual error. This is due to the applied weighting for model
selection (Sec. II B).

The residual treatment error was larger for fractions with
more motion and also for patients with more tumor motion.
In the course of treatment (over subsequent beams and days),
the treatment error did not show a time trend.

In Fig. 2(a), an example of a time registration of the ex-
ternal signal and the x, y, and z coordinates (mm) of the
tumor position is shown. The breathing pattern of this patient



2778

(a)

Seppenwoolde et al.: Accuracy of robotic tumor tracking

2778

T External

gm.wwvw\m W VW\/ WWWWWWWM\N\M/\
(b) 20 40 T O ’ i )

20 T T

= Breathing compens ation with Synchrony

Length of 3D error vector (mm)
=]
T

T

—— No breathing compens ation, without set-up error

]

Mg

Time (s)

FIG. 2. (a) Example of a time registration of the external signal [expressed in arbitrary units (a.u.)] and x, y, and z co-ordinates (mm) of the tumor position
during a >2 min registration recorded from the RTRT system. The straight dotted lines represent the average tumor position calculated over the first 10 s of
the recording (this position is assumed to be the “predicted” tumor position for non-compensated simulation). The breathing pattern of this patient is irregular
in amplitude, frequency, and baseline. (b) 3D treatment error calculated for a simulated non-compensated treatment and for a Cyberknife treatment with
simulated Synchrony™ RTS breathing compensation (linear correspondence model). For the non-compensated treatment, the error increases as the treatment
progresses, while the Cyberknife robot is able to follow the tumor with a high accuracy.

was irregular in amplitude, frequency, and baseline. The plot
of the 3D treatment error [Fig. 2(b)] shows that for a non-
compensated treatment, the error increases as the treatment
progresses, while the Cyberknife robot combined with Syn-
chrony™ RTS is able to follow the tumor with high accu-
racy, even without updating the model in the shown time
period.

The correspondence models for this example are shown in
Fig. 3. In this case, a linear model was accurate enough to
predict the tumor position based on the information obtained
from 15 x-ray images in the first 15 s of the simulated treat-
ment.

In Fig. 4, a similar plot is depicted for a patient with
hysteresis between internal and external signals; the corre-
spondence model can be approximated with a linear function
and this will reduce the treatment error somewhat but, espe-
cially in the z-direction (AP), the linear model is not very
accurate. With the correspondence model that is based on
two polynomial functions, the residual error became smaller.
This model is especially appropriate in cases of internal hys-
teresis or if phase shifts between the internal and external
motion are present. In Fig. 6(a) the 3D effect of the polyno-
mial model is compared to the non-compensated case.

The theoretical minimum number of model points (x-ray
image pairs) to define a linear model is two. However, the
system requires the user to take at least one additional data
point before continuing (i.e., three are required). For the
polynomial model the theoretical minimum is six model
points (and, therefore, the system requires a minimum of
eight, four in each phase). However, making a robust model
requires an even spread of the data points along different
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phases of respiration. The system checks that the model
points are distributed across a significant proportion of the
motion range and prevents treatment starting until they do
so. Depending on patients breathing pattern and distribution
of model points, 8—12 model points are usually enough to
construct a robust polynomial model.

In Fig. 7, the effect of the number of x-ray images in each
model is plotted for two patients with irregular breathing
patterns and hysteresis. As the number of x-ray images in-
crease, both the residual 3D-treatment errors are reduced, as
well as the variability in the results (each simulation was
repeated seven times with different x-ray times to ensure
good coverage over the range of possibilities (random gen-
erator, Sec. I C. For the linear model, six or more x-ray
images were enough to ensure consistent results with little
variability. For the polynomial model, more than ten x-ray
images resulted in more or less consistent results, but the
variability only reduced to the level of the linear model for
15 or more images. For patients with a high internal-external
correlation, fewer images are necessary to model the motion
consistently. These results prove that the settings of Syn-
chrony™ RTS are well-chosen.

To determine the effect of the RTS for the AP, LR, and CC
directions separately, we split up the error calculations in
three directions (Fig. 8). As expected, breathing motion was
largest in the CC direction in most patients and the reduction
in treatment error was largest in this direction. For patients 4,
6, and 7, the motion in the other directions was very small
and correction for this motion was not really necessary.

In Fig. 9, all data is summarized in two histograms of the
mean and the 95th percentage of the 3D treatment error for
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FiG. 3. Linear correspondence model for the same patient as in Fig. 2
(dashed lines) based on 15 simulated x-ray images (solid circles), taken in
the first 15 s of the treatment (two or three breathing cycles). The actual
tumor position during the treatment as a function of the external signal is
plotted as an illustration in the background (tiny dots).

all patients. For the breathing compensated treatments, the
residual error was largely reduced and more normally distrib-
uted.

A. Gradual changes in correspondence model

The results presented so far show that 15 x-ray images to
establish the correspondence model at the start of the treat-
ment are enough to reliably predict the internal tumor posi-
tion from an external signal for the studied time range

30 T T T T T T

2779

(20 to 250 s). But we also observed that, in a few cases, a
time trend was present within a single fraction; the corre-
spondence model should have changed gradually over time
for a proper prediction. For those cases, the model update
function was implemented in Synchrony™ RTS: during
treatment, the model is updated regularly by acquiring addi-
tional x-ray images and rebuilding the correspondence model
based on the first-in, first-out principle (Sec. I). To quantify
the effect of updating the model during treatment, we per-
formed simulations using the longest available recordings
(140-250 s). At different regular time intervals, an extra
x-ray was simulated (every 5, 15, 20 seconds) or a complete
update of the model (15 x-ray images at 0.5 s distance) half-
way through the recording. The correspondence model was
updated accordingly (note that the x-ray update frequency in
this experiment was much higher than during a typical Cy-
berknife treatment). The 3D error was calculated and aver-
aged over the successive time period until the next x-ray pair
was taken or to the end of the fraction. This value was com-
pared with the 3D error for the same period, without updat-
ing the correspondence model. This procedure was applied to
a few special cases: for two fractions where a time trend was
present, in one or more directions the relation between inter-
nal and external signal gradually changed over time, and for
three fractions without such a time trend (Fig. 10). The treat-
ment error reduced when the time between two subsequent
images was shorter, but if the time period was very small
(e.g., 5 s). On the other hand, in some cases, local irregulari-
ties could disturb a proper prediction that lasts a longer time,
especially if the updating frequency was more or less equal
to the breathing frequency or to a multiple of the breathing

M
[43]

)
o

Tumor position (mm)

External signal (a.u.)

36 37 40
External signal (a.u.)

FIG. 4. Linear (a) and polynomial (b) correspondence models for a patient with hysteresis between the internal and external signals, based on 15 simulated
x-ray images (solid circles), taken in the first 15 s of the treatment. The actual tumor position as a function of the external signal is plotted as an illustration
in the background (tiny dots). For the polynomial model, two polynomials are fitted through the data, one for the inhale phase (continuous line, solid circles)
and one for the exhale phase (dashed line, open circles). The polynomial model is only valid in the range of the x-ray images (otherwise large extrapolation
errors can occur). In case the external signal exceeds this range, the prediction switches back to the linear correspondence model (see arrows in the AP

example).
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FIG. 5. The 95th percentile of the residual 3D treatment error for both the linear and polynomial models, and for the clinically applied protocol (choice
between linear and polynomial model for each direction separately) for all beams of patients 1-8. The treatment error will be (much) smaller than this value
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FIG. 6. (a) 3D representation of the treatment error for a noncompensated irradiation (continuous line) and breathing compensated treatment (dots) for the
same patient as shown in Fig. 4 (pattern 1, polynomial model). The white dot represents the predicted tumor position. In case of the noncompensated
treatment, the tumor is never in this position, while for the breathing compensated treatment the tumor is much closer to this position most of the time. (b)
The same as (a), now for the patient without hysteresis (Fig. 3), the residual error is much smaller in the breathing compensated case, all models gave similar
results.
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FiG. 8. Overview of systematic and random treatment errors (1SD), averaged for each patient, for the noncompensated case and for the polynomial
correspondence model. For the noncompensated case, the “predicted” tumor position is assumed to be the average tumor position during the first 10 s of the
treatment; note that patient positioning errors should be added to these values to obtain a realistic estimate.
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update frequency (5 s). This is because the faster update fre-
quency leads to earlier (though smaller) adjustments of the
model at each step. The earlier a correction is made, the
smaller the overall residual error will be.

For the patients without a time trend, the time interval
between updating did not make much difference.

B. Hysteresis

The polynomial model performed better for the patients
who showed internal hysteresis or had a time delay between
the internal and external motion (patients 4 and 5). In case of
extreme time delays between internal and external motion,
the performance of this model will be reduced because the
determination of the inhale and exhale phase is solely based
on the external signal. It can happen that the “inhale” poly-
nomial is based on tumor positions that are, in fact, in the
exhale phase and the other way around. The amount of hys-
teresis observed in the studied patients did not result in large
errors due to this effect.

100 % Qe

90%

80%

Residual error
( residual error without updating = 100%)

0, -
0% —O— Patient 6 trend
—@— Patient 7 trend
60% I --&--Patient 4 no trend

--/x--Patient 5 no trend
--O--Patient 6 no trend
50% 1 1 1

No update 25s 15s 5s

X-ray update frequency

Halfway

Fic. 10. Effects of the x-ray update frequency for two registrations with a
time trend and three without. At different regular time-intervals, an update
x-ray was simulated (every 5, 15, 25 s) or a complete update of the model
(15 x-ray images at 1 s distance) halfway through the recording. The corre-
spondence model was updated accordingly. The residual 3D error was cal-
culated and averaged. This value was compared with the mean 3D error for
the same period, without updating the correspondence model.
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FiG. 9. Histograms of the mean and
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the noncompensated treatment, linear

95th percentile error (mm)

—— and polynomial models.
@
L 9 '@ ©
10 15
IV. DISCUSSION

The reduction in treatment error due to breathing motion,
using Synchrony™ RTS with a simple linear model and a
limited number of x-ray images, is large, even for patients
with irregular breathing and/or internal or external hysteresis
(Figs. 5 and 8). Fine-tuning of the correspondence model by
using polynomial functions reduced the treatment error by a
few more mm for those patients. Hysteresis between internal
and external signal was frequently observed and could
change from day to day, however, the correspondence mod-
els were found to be quite stable during a time period repre-
sentative for the update frequency of the Synchrony™ RTS
(<1-4 min, less than 100 ms for acquiring one frame).
Commonly present breathing irregularities as baseline shifts,
changes in breathing frequency, and amplitude are usually
accounted for by Synchrony™ RTS and do not increase
treatment time. As imaging is performed before each treat-
ment session, set-up errors are virtually absent and the rela-
tion between internal and external signal is established.
Long-term time trends are detected and corrected by updat-
ing the model at regular intervals throughout the treatment.
Nevertheless, some residual motion will be sustained be-
cause of noise in the data (=1 mm), inaccuracy of the models
and the system (also £1 mm), and time trends or sudden
changes that are not picked up by the system. These errors
should be accounted for by an appropriate margin. The re-
sidual motion observed in this study is comparable with the
study of Korreman et al.”® in which the authors analyzed the
correlation between internal and external motion by fluoros-
copy, based on fits through the entire dataset.

Ways of reducing the effect of breathing motion are ab-
dominal compression,16 active breathing control,” gating,5
tracking,17 or a combination of these. For all these tech-
niques, the relation between internal tumor motion and the
external surrogate is important, but is not always handled in
an optimal way. Many of the techniques rely on a constant
(one-to-one) relation between internal and external motion
without hysteresis and require regular and steady breathing
patterns throughout the treatment. Tumor motion is not as
regular as often is assumed; changes in motion pattern with
both random and systematic components are frequently
observed over the course of radiotherapy, as is
hystf:rcisis.lo’l&21 The present study is not contradicting this.
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With breath-hold techniques additional errors may be
induced.” Cyberknife’s Synchrony™ RTS is the only system
that on-line determines and deals with the not-always linear
relation between internal tumor motion and the external sur-
rogate.

The main requirement for accurate dose delivery with
Synchrony™ RTS is absence of significant fiducial marker
migration and tumor deformation during radiotherapy. Imura
et al.” reported earlier that the reliability of the marker po-
sition lasts for 2—4 weeks from the start of radiotherapy. In
contrast to conventional radiation for lung cancer patients
consisting of schemes with fractions of 2-2.5 Gy during
several weeks, lung cancer patients treated with the Cy-
berknife receive 3 X 20 Gy within one week so, in this time
frame, marker migration is not likely to occur.

The Synchrony™ RTS, as was used at the time of this
study, could only randomly sample the breathing cycle; there
was no possibility to sequence the x-ray imaging system
such that it covers a whole breathing cycle homogeneously.
As tumors tend to spend more time in the exhale phase, the
RTS will have an increased probability of missing images of
the tumor position at, or close to its inhale position. In that
case, the reliability and accuracy of the polynomial fit can be
hampered because the range on which the polynomial fit was
based will be smaller, making the model more sensitive to
noise. Furthermore, the model switches back to the, in some
cases less accurate, linear model if the range of the external
signal exceeds the range for which the polynomial model is
determined.

We found that in this data-set random sampling of the
x-ray sequence (pattern 2 and CK) gave rise to a larger vari-
ability in the results and a slightly larger 3D error, compared
to a series of x-ray images at 0.5 s time intervals for the
polynomial model (pattern 1). As expected, the linear model
was less sensitive for these effects. This finding underlines
that it is important that all phases of the breathing cycle are
sufficiently sampled by the imaging system. An automatic
X-ray acquisition sequence (i.e., triggered by the external
marker signal) that covers one or two breathing cycles would
improve the correspondence models. Concerning the fre-
quency of imaging to update the model, a trade-off should be
made between excess patient x-ray exposure, accuracy of the
model, and also treatment time. For patients with stable cor-
rection models, less imaging is necessary. For patients with
irregular breathing patterns, faster updating will reduce the
treatment error. A decision about an appropriate update fre-
quency can be made based on analysis of the residual errors,
reported back by the system during treatment.

Furthermore, the choice of the most appropriate predic-
tion model cannot be made correctly based on a least-square
fit using the 15 x-ray images (clinical protocol). This is made
clear by Fig. 5 (patients 4 and 5); in almost all cases the
polynomial model provided a better prediction in case hys-
teresis was present, and a similar prediction as the linear
model in the other cases. Apparently a least-squares analysis
based on 15 x-ray images does not contain enough informa-
tion to select the best fitting model, particularly not if the
breathing cycle is sampled inhomogeneously, which is likely
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to occur with the current clinical x-ray sequence. The
weighting that was applied to favor simpler models does not
always result in the choice of the most optimal correspond-
ing error.

With the Cyberknife system, irradiation time is long com-
pared to conventional radiotherapy, a typical treatment lasts
for 60—90 min in which a patient is not expected to be to-
tally without movement. Updating the model frequently is
therefore essential. Safety interlocks prevent irradiation after
the patient, for example, coughs or shows external motion
larger than a preset level. After each update x-ray image, the
true tumor position is automatically checked against the pre-
dicted position and, if the deviation between these two is
larger than 3 mm (value applied in our center), the entire
model is rebuilt before the treatment can continue.

Delays in positioning the radiation source at the offsets,
calculated by the correlation model, necessitates the intro-
duction of a time-prediction mechanism that compensates for
these delays. Such a mechanism exists in current implemen-
tation of Synchrony and accounts for the 115 ms between
computing the real-time offset of the tumor and the ability of
the robot to position the radiation source accordingly. By
inspecting the patterns of LED movement in the immediate
past, the predictor compensates for the delay and predicts the
target position 115 ms in the future. The predictor works
well for patients with regular breathing pattern and adjusts
quickly (with 1-2 s) to changes in breathing pattern. If the
breathing pattern is highly irregular, then it is possible that
the errors from the predictor can be significant. However,
unlike the correlation model where the actual target position
information is available only after an image acquisition, the
error in prediction is always known 115 ms after the predic-
tion has taken place (predicted value—actual value). This
error is displayed on Synchrony’s user interface and can be
monitored to ensure that the value of prediction error is
within acceptable clinical limits.

Because of the high precision, the Cyberknife in combi-
nation with Synchrony™ RTS can ideally be used for hyper-
fractionated treatments, also making up for prolonged treat-
ment times and the inevitable time trends that will be present
in the patient.
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