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Purpose: One limitation of accurate dose delivery in radiotherapy is intrafractional movement of the
tumor or the entire patient which may lead to an underdosage of the target tissue or an overdosage
of adjacent organs at risk. In order to compensate for this movement, different techniques have been
developed. In this study the tracking performances of a multileaf collimator (MLC) tracking system
and a robotic treatment couch tracking system were compared under equal conditions.
Methods: MLC tracking was performed using a tracking system based on the Siemens 160 MLC.
A HexaPOD robotic treatment couch tracking system was also installed at the same linac. A pro-
grammable 4D motion stage was used to reproduce motion trajectories with different target phan-
toms. Motion localization of the target was provided by the 4D tracking system of Calypso Medical
Inc. The gained positional data served as input signal for the control systems of the MLC and Hexa-
POD tracking systems attempting to compensate for the target motion. The geometric and dosimetric
accuracy for the tracking of eight different respiratory motion trajectories was investigated for both
systems. The dosimetric accuracy of both systems was also evaluated for the tracking of five prostate
motion trajectories.
Results: For the respiratory motion the average root mean square error of all trajectories in y di-
rection was reduced from 4.1 to 2.0 mm for MLC tracking and to 2.2 mm for HexaPOD tracking.
In x direction it was reduced from 1.9 to 0.9 mm (MLC) and to 1.0 mm (HexaPOD). The average
2%/2 mm gamma pass rate for the respiratory motion trajectories was increased from 76.4% for no
tracking to 89.8% and 95.3% for the MLC and the HexaPOD tracking systems, respectively. For the
prostate motion trajectories the average 2%/2 mm gamma pass rate was 60.1% when no tracking
was applied and was improved to 85.0% for MLC tracking and 95.3% for the HexaPOD tracking
system.
Conclusions: Both systems clearly increased the geometric and dosimetric accuracy during tracking
of respiratory motion trajectories. Thereby, the geometric accuracy was increased almost equally by
both systems, whereas the dosimetric accuracy of the HexaPOD tracking system was slightly better
for all considered respiratory motion trajectories. Substantial improvement of the dosimetric accu-
racy was also observed during tracking of prostate motion trajectories during an intensity-modulated
radiotherapy plan. Thereby, the HexaPOD tracking system showed better results than the MLC track-
ing. © 2012 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4761868]
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I. INTRODUCTION

In the ongoing struggle to treat cancer, radiotherapy is one
of the most commonly used tools besides chemotherapy and
surgery. The goal of modern radiotherapy is the delivery of a
sufficient dose of high-energy radiation to the tumor in or-
der to achieve the desired therapeutic effect, while sparing
as much healthy tissue as possible. Conformal radiotherapy
shapes the treatment beam, adapting it to the outline of the
tumor. By additionally modulating the fluence of the beam,
intensity-modulated radiotherapy (IMRT) improves the dose
conformity and spares organs at risk. However, the advan-
tages of these techniques may be compromised by inter- and
intrafractional movement of the tumor or adjacent organs at
risk.1 Due to the resulting uncertainty of the target’s posi-
tion the tumor volume may receive an underdosage, whereas
healthy tissue may be irradiated undesirably.

In many cancer treatment facilities image-guided radio-
therapy (IGRT) is utilized to compensate for interfractional
target motion. Hereby, the locations of the tumor and adjacent
organs are determined, while the patient is already lying on
the treatment couch, by in-room computer tomography (CT)
or linac-integrated kilo- and megavoltage cone-beam CT, in
either conventional 3D or time-resolved 4D mode.2, 3 Rely-
ing on thus gained positional information, the treatment is
adapted accordingly.

To compensate for intrafractional motion in real-time, it
is necessary to continuously monitor the target. The Ca-
lypso System (Varian Medical Systems, Inc., Palo Alto, CA,
USA) is able to determine the target’s position in real-
time by localizing three implanted resonant circuits, the so-
called Beacons.4 A magnetic array, whose position is de-
termined by three infrared (IR) cameras in the treatment
room, excites the Beacons from the outside of the body
and detects their responses at a rate of 25 Hz. Afterward,
a multileaf collimator (MLC) tracking system can adapt
the treatment field’s shape and position to the target mo-
tion by adjusting the MLC’s leaves.5 Another approach to
compensate for movement of the patient is the use of a
robotic treatment couch tracking system.6 Hereby the en-
tire patient is moved in order to countersteer target mo-
tion. The CyberKnife system (Accuray, Sunnyvale, CA),
the only clinically applied tumor tracking system up to
now, repositions the entire linac accordingly to the tumor
motion.7 The VERO system (BrainLAB AG, Feldkirchen,
Germany and Mitsubishi Heavy Industries, Tokyo, Japan) fea-
tures a 6 MV linac with a relatively small MLC mounted
onto an O-ring gantry. A gimbals system allows pan and
tilt rotation of the entire linac-MLC-assembly for tumor
tracking.8

At DKFZ (German Cancer Research Center, Heidelberg,
Germany) a MLC tracking system based on the Siemens
160 MLC (Siemens Healthcare, Erlangen, Germany) has
been developed. Motion monitoring was achieved with ei-
ther a potentiometer, an x-ray imaging system, or the Ca-
lypso System.9–11 A robotic treatment couch tracking system
based on the HexaPOD tabletop (Medical Intelligence Medi-
zintechnik, Elekta Group, Schwabmünchen, Germany) inte-

FIG. 1. Photograph of the used experimental setup as used for the deter-
mination of the dosimetric accuracy for prostate motion tracking. One can
clearly recognize the cylindrical prostate target phantom, which is attached
to the base of the 4D motion stage reaching into the treatment field.

grated with optical motion monitoring has been realized at
the University of Würzburg.12

In this study, the tracking performances of the two sys-
tems were compared under equal conditions. For this, the
HexaPOD tracking system has been installed at DKFZ and
modified to receive target positions from the Calypso System.
The geometric and the dosimetric accuracy of both systems
was determined during the tracking of respiratory motion, and
furthermore the dosimetric accuracy while compensating for
prostate motion was investigated during an IMRT treatment.

II. MATERIALS AND METHODS

II.A. Experimental setup

Figure 1 displays the experimental setup used during this
study. The HexaPOD was mounted on top of the Siemens
TxT 550 treatment couch. A programmable 4D motion stage,
which can reproduce 3D target motion trajectories with sub-
millimeter precision, was fixed to the HexaPOD. For the dose
deliveries with tracking by the robotic treatment couch track-
ing system, the HexaPOD countersteered the movement of
the 4D motion stage so that the phantom’s position deviated
as little as possible from the designated isocenter. During the
MLC tracking deliveries the HexaPOD’s position was locked.

Two different target phantoms were attached to the base
of the 4D motion stage reaching into the treatment field.
The first phantom, used for respiratory motion tracking,
consists of five stacked solid water slices, each measuring
13 × 13 × 1 cm3. Three Calypso Beacons were inserted
into one slice, allowing localization by the Calypso System.
During the tracking of prostate motion, it was replaced by
a cylindrical plastic phantom with a diameter of 9 cm and a
height of 8.5 cm. Three Calypso Beacons were attached to its
surface. Both phantoms were aligned to the isocenter using
an in-room laser guidance system. During the organ motion
trajectories their positions were continuously determined by
the Calypso System with a position accuracy of 0.3 mm and
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the information was then reported either to the MLC tracking
control system (MTCS) or to the adaptive tumor tracking
system (ATTS) of the HexaPOD.

In this study the y axis is pointing from the isocenter to-
ward the gantry, and the z axis is pointing from the isocen-
ter toward the ceiling of the treatment room. For the respi-
ratory motion tracking experiments, the on-board amorphous
silicon flat panel detector (40 × 40 cm2 with a pixel pitch of
0.4 × 0.4 mm2) of the linac was utilized in order to assess the
geometric accuracy.

II.B. Tracking systems

II.B.1. The MLC tracking control system

The MTCS adapts the aperture of a Siemens 160 MLC in
real-time to target motion continuously monitored by the Ca-
lypso System.11 Due to the finite leaf width, MLC tracking
cannot perfectly compensate for target motion perpendicular
to the leaf travel direction. Parts of the desired field shape
are blocked (underdosage) and areas outside of the desired
field are irradiated (overdosage). Our leaf positioning algo-
rithm weights underdosage and overdosage areas equally, op-
timizing the conformity with the desired translated field shape
while maintaining the integral fluence. The first closed leaf
pair beside the open field is placed in the middle of the posi-
tions of the adjacent open leaf pair to be able to open quickly
in case of rapid target motion perpendicular to the leaf travel
direction. For respiratory motion tracking, two further closed
leaf pairs are retracted by 1 and 5 cm, respectively, to min-
imize the leakage through leaf tips, which is largest on the
central axis.9 The closing position of the other leaf pairs is at
−5.5 cm from the isocenter.

The total latency of the MLC tracking system integrated
with the Calypso System amounts to about 0.6 s.11 In order to
guarantee accurate target tracking the total system latency is
compensated for by means of target motion forward predic-
tion. We use a support vector regression (SVR) based respira-
tory motion forward predictor, which performed favorably in
a previous prediction model comparison study.13 The imple-
mentation of SVR prediction into the MTCS is based on the
C++ package LIBSVM.14

We use a common set of SVR prediction model parame-
ters, which were optimized to yield high prediction accura-
cies for a population of 12 breathing trajectories. Prior to the
actual forward prediction step, we have applied data prepro-
cessing to reduce lung tumor motion baseline drifts and fluc-
tuations of the breathing amplitudes as outlined in Ref. 13.
After the actual prediction step, the predicted values are back-
transformed. Importantly, the preprocessing is not applied to
the target motion patterns of the 4D motion stage, but repre-
sented only an intermediate step in the prediction procedure
to enhance the prediction accuracy.

II.B.2. The adaptive tumor tracking system

Similar to the MTCS, the control system of the ATTS
based on the HexaPOD consists of two major components:

a predictor forecasting tumor motion and a control scheme
computing necessary control inputs to the HexaPOD in or-
der to realize tumor motion compensation by adapting the pa-
tient’s position.

The standard setup of the ATTS as reported in Ref. 12 was
modified to receive tumor position information from the Ca-
lypso System, which is calibrated to the HexaPOD reference
frame. The position of the HexaPOD is still determined by IR
markers with a Polaris Spectra R© IR camera (NDI, Waterloo,
Ontario, Canada), which is also calibrated to the HexaPOD
reference frame. The software package HexGuide is triggered
by the IR camera at an equidistant rate of 10 Hz. The samples
of the Calypso System, arriving at a nonequidistant average
rate of about 25.6 Hz with latencies (reported by the Calypso
real-time data protocol) up to about 150 ms, are linearly in-
terpolated to the sampling intervals of the trigger. In each
sampling instant (shifted back in time accordingly to an es-
timation of the latency of the IR camera), the current position
of the HexaPOD is subtracted from the interpolated Calypso
data to deliver the motion relative to the HexaPOD, which is
then fed into the predictor. The lag caused by interpolation
and the latency of the Calypso System is completely compen-
sated for by dynamically adjusting the prediction horizon, so
that exactly a one step-ahead prediction (relative to last sam-
pling instant of the trigger) is available, which is a require-
ment of the used control method. Effectively, the predictor
needs to compute predictions up to a horizon of three samples
(300 ms) in this setup.

The employed predictor is based on a finding made by
Takens which can be used to reconstruct states of unknown
dynamical systems.15 In each sampling instant, the predictor
determines an embedding vector which can be interpreted as
some kind of a recent motion pattern, consisting of several
past and transformed position measurements of the beacon.
This embedding vector is then compared to all other embed-
ding vectors determined in previous sampling instants. From
several best matching vectors, the prediction of a future tu-
mor position is determined. Three parameters need to be cho-
sen, determining the dimension of the embedding vectors and
number of best matches included in the predictions. These
are adapted online according to the current major motion fre-
quency which is permanently estimated. Hence, the predic-
tor starts with no knowledge, where useful predictions can
already be obtained after 8–10 s. In order to already achieve
motion compensation during this startup time, predictions are
replaced by the latest measurement and used as input to the
controller. The full prediction method is discussed in more
detail in Ref. 16.

After the prediction has been computed, which requires at
maximum about 2.567 ms (with an average of 0.390 ms), this
latency is compensated for by estimating the current position
of the HexaPOD (current in the sense of right at the time after
the predictor is finished) based on that latency plus the es-
timated age of the IR measurement. This current position is
then fed into the control method.

The control for the HexaPOD is arranged as an outer
control loop around the internal controller of the HexaPOD,
computing the control inputs in form of three positions, three

Medical Physics, Vol. 39, No. 11, November 2012



7035 Menten et al.: Comparison of a MLC and a robotic treatment couch tracking systems 7035

orientations (not used in this work) and one normalized speed
value. The control law17 is based on geometrical properties
of the tracking problem in three translational dimensions.
In the implementation used in this work it is configured to
require only a one-step ahead prediction from which the
control input is calculated in such a way that the negated
position prediction (assuming the origin of the HexaPOD
reference frame was calibrated to the isocenter) is reached by
the HexaPOD at the beginning of the next sampling instant.

The computations of the controller take at maximum
0.080 ms (with an average time of 0.025 ms) and the se-
rial transmission time of the control input to the HexaPOD is
9.375 ms (54 bytes at 57 600 bps with 8N1). These latencies
of about 10 ms are not compensated for in the current im-
plementation. There is another latency between the reception
of the control input on the HexaPOD and the application of
the final control input on the motors. This latency is unknown
but based on observations of the HexaPOD’s behavior during
motion assumed to be significantly smaller than the duration
of one sampling interval, so that the noncompensated laten-
cies are neglected in this work. In Ref. 17 a detailed experi-
ment is published, demonstrating the validity of negligence of
the latencies even with double the update rate of 20 Hz. Any
positioning errors resulting from latencies were canceled due
to the closed-loop operation of the controller. Tests using this
controller on ideal sine trajectories having similar characteris-
tics as tumor motions and defining the reference trajectory to
be reached by the HexaPOD, yielded very low tracking errors
of less than 0.08 mm at maximum. However, if the reference
trajectory is shaped in such a way to exceed the maximum
speed of the HexaPOD of 16 cm/s, then tracking errors are to
be expected, being proportional to the amount of exceedance.
Thus, the overall performance of the ATTS is only limited by
the maximum speed and accuracy of predictions.

II.C. Organ motion data

The respiratory motion data used for the geometric and
dosimetric comparison of the MLC and the HexaPOD
tracking systems was acquired during gated radiotherapy
treatments.18, 19 Hereby the internal lung tumor motion was
determined by a stereoscopic kilovoltage x-ray system at a
frame rate of 30 Hz. The used trajectories were chosen in
order to represent a large variety of breathing patterns (cf.
Table I). Breathing shape, period length, and peak-to-peak
amplitude may vary not only between the different respiratory
motion samples, but also over the course of a single session.
Additionally, baseline drifts as well as sudden shifts can be
observed in several motion samples.

The two motion directions with the largest mean ampli-
tudes were used and translated into y and x movements of the
4D motion stage. All motion data had to be smoothed by a
spline fit in order to avoid bucking of the 4D motion stage
caused by rapid accelerations and decelerations due to noise-
polluted trajectories.

The prostate motion trajectories were measured with the
Calypso System during radiotherapy treatments.20 The se-
lected trajectories exhibited quick positional shifts up to a

TABLE I. Summary of the characteristics of the used breathing trajectories.
Shown are the mean amplitude and standard deviation of the displacement in
dorsoventral (DV), mediolateral (ML), and cranial–caudal (CC) direction as
well as the mean period length of the breathing motions.

Mean amplitude Standard deviation

Respiratory
(mm) (mm)

Mean period
motion DV ML CC DV ML CC length (s)

1 4.1 3.6 13.7 1.5 1.4 5.7 3.2
2 6.3 1.6 8.2 2.2 0.4 2.9 2.9
3 4.2 2.1 8.5 1.4 0.6 3.0 3.6
4 0.9 1.6 10.1 0.2 0.7 3.8 2.5
5 2.1 1.4 11.6 0.6 0.7 4.0 4.3
6 4.9 2.0 14.0 2.4 1.1 6.8 2.8
7 8.3 2.8 9.2 3.1 1.0 3.1 3.1
8 7.9 3.2 9.1 3.2 1.3 3.8 3.3

few centimeter in a couple of seconds as well as slow drifts
of several millimeter over the course of several minutes. The
selection of trajectories includes a large variety of motions
(cf. Table II). The mediolateral, cranial–caudal, and dorsoven-
tral motion was translated into movement along the x, y,
and z axes.

II.D. Geometric accuracy for respiratory
motion tracking

During the determination of the geometric accuracy, the
4D motion stage followed the given breathing trajectories.
The first 30 s of each trajectory were used to train the predic-
tion filter of the MTCS or ATTS. Over the next period of 45 s
the radiation beam, forming a circular treatment field of 5 cm
in diameter, was turned on while the respective tracking sys-
tem compensated for the target motion. The MLC’s collima-
tor was rotated by 90◦ in order to align the leaves in cranial–
caudal direction, the main motion direction of the breathing
trajectories. During the tracking deliveries MV images were
continuously acquired by the flat panel detector at a rate of
10 Hz. The positions of a metal marker, inserted into the tar-
get phantom at the designated isocenter, and the geometric
centroid of the circular MV field were automatically extracted
from the portal images using a threshold-based detection al-
gorithm outlined in Ref. 11 (cf. Fig. 2).

TABLE II. Summary of the characteristics of the used prostate motion
trajectories.

Prostate motion Main positional characteristics

1 Several shifts up to 6 mm for 10 s and a gradual
baseline drift of 2 mm.

2 Three shifts up to 15 mm for 30 s and a gradual
baseline drift of 5 mm.

3 Gradual baseline drift of 3 mm, several small
and one large shift of 18 mm for 20 s.

4 Sudden baseline shift of about 8 mm.
5 Gradual baseline drift of 7 mm.

Medical Physics, Vol. 39, No. 11, November 2012



7036 Menten et al.: Comparison of a MLC and a robotic treatment couch tracking systems 7036

FIG. 2. A MV image of the target phantom containing a metal marker irra-
diated with a round treatment field with a diameter of 5 cm. After enhancing
the contrast in a region of interest the metal pellet marking the target position
is clearly recognizable (box). Also, the position of the treatment beam has
been determined (circle and cross).

The geometric accuracy of both tracking systems was
quantified by measuring the distance between the position of
the treatment beam’s center and the target in every frame and
calculating the root mean square error (RMSE) in x and y di-
rections for the entire tracking procedure.

By plotting the trajectories of the target and the treatment
beam, the performance of the MLC tracking system for dif-
ferent target motions was further investigated.

During the deliveries with the HexaPOD tracking system
the entire 4D motion stage was moved, resulting in two su-
perimposed motions being observed on the MV images. In
order to obtain target and compensation trajectories compa-
rable with those of the MLC tracking system, the log files of
the HexaPOD tracking system were read out and the motions
were transformed into the patient’s coordinate system.

II.E. Dosimetric accuracy for respiratory
motion tracking

In order to compare the dosimetric accuracy of the MLC
and the HexaPOD tracking system, EDR2 films (Eastman Ko-
dak, Rochester, New York, USA) were inserted into the target
phantom at the isocenter parallel to the x–y plane and their
positions were marked by three small pin pricks through de-
fined holes within the phantom. The same respiratory motion
trajectories as used during the comparison of the geometric
accuracy were simulated by the 4D motion stage and com-
pensated for by the respective tracking systems. Again, the
first 30 s of the breathing trajectories were used to train the
prediction filter of the MTCS or ATTS. During the following
period of 45 s the films were irradiated with 225 MU through

a circular treatment field with a diameter of 5 cm. Also films
without target motion compensation and a static film as a ref-
erence were irradiated.

The deviations of the dose distributions on the moved films
from that on the static film were quantified by means of the
2%/2 mm local difference gamma criterion while suppressing
dose values below 5% of the maximum dose.

II.F. Dosimetric accuracy for prostate motion tracking

During the determination of the dosimetric accuracy of the
tracking systems for prostate motion tracking, EDR2 films
were inserted into the cylindrical target phantom parallel to
the y–z plane and marked by three pin pricks at defined po-
sitions. They were then irradiated with 65 segments from 7
beam angles during a 9 m long step-and-shoot IMRT treat-
ment. The treatment was based on CT images of the cylindri-
cal target phantom and optimized to deliver a maximum dose
to a prostate tumor while sparing the rectum. The leaves of
the MLC were aligned perpendicular to the cranial–caudal di-
rection. The prostate motion trajectories were reproduced by
the 4D motion stage. During irradiation of the films, the target
motion was compensated for by both tracking systems. How-
ever, the predictors of the MTCS and the ATTS were not used
due to the irregularity of prostate motion compared to respi-
ratory motion. Thus, the latest position measurement replaces
the prediction. Also films without motion compensation and
a static film as a reference were irradiated.

By determining the deviations of the dose distribution on
the moved films from that on the statically irradiated film by
means of the 2%/2 mm gamma criterion, we have quantified
the improvement of the treatment.

III. RESULTS

III.A. Geometric accuracy for respiratory
motion tracking

Figure 3 displays the RMSE in x and y directions, respec-
tively, with and without compensation of the respiratory mo-
tion by the tracking systems. Without tracking the RMSE
varied strongly. The MLC as well as the HexaPOD tracking
system reduced the RMSE in all cases, but the RMSE still
differed strongly for the different breathing trajectories. Also,
the relative reduction of the RMSE varied depending on the
breathing trajectory.

Averaged over all considered breathing trajectories, the
MLC as well as the HexaPOD tracking system approximately
halved the RMSE compared to no tracking method used, with
only small differences being observed between motion paral-
lel or perpendicular to the leaf direction. The average RMSE
in y direction was reduced from 4.1 to 2.0 mm and to 2.2 mm
for the MLC and HexaPOD tracking systems, respectively. In
x direction it was reduced from 1.9 to 0.9 mm by the MLC
tracking system and to 1.0 mm by the HexaPOD tracking
system.

The successful tracking of breathing trajectory 6 in y direc-
tion is shown in Fig. 4. Although the mean amplitude changed
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FIG. 3. Geometric root mean squared tracking errors in (a) x direction and
(b) y direction for the different breathing trajectories and tracking methods.

and the target drifted over the course of the tracking, the MLC
as well as the HexaPOD tracking system were able to follow
the target motion accurately, reducing the RMSE by 68% and
63%, respectively.

The problematic tracking of breathing trajectory 8 in y di-
rection is shown in Fig. 5. The intense ex- and inhaling by the
patient at second 40 resulted in a doubling of the amplitude
and period for one breathing cycle. Both tracking systems
were unable to track the sudden alternation of the breathing
motion. Afterward, the MLC tracking control system adapted
quicker to the again regular respiratory motion and was able to
track the following breathing cycle. The adaptive tumor track-
ing system needed an extra period to adapt. Because of these
difficulties the HexaPOD tracking system reduced the RMSE
for this trajectory only by 10% and the MLC tracking system
only by 20%.

III.B. Dosimetric accuracy for respiratory
motion tracking

The 2%/2 mm gamma success rates with and without res-
piratory motion compensation are shown in Fig. 6. The Hexa-

(a)

(b)

FIG. 4. (a) The MLC and (b) HexaPOD tracking system compensating the
y motion of breathing trajectory 6. Compensation represents the treatment
beam’s position for MLC tracking and the patient couch’s position contrary
to the target motion for HexaPOD tracking.

(a)

(b)

FIG. 5. (a) The MLC and (b) HexaPOD tracking systems compensating the
y motion of breathing trajectory 8. Compensation represents the treatment
beam’s position for MLC tracking and the patient couch’s position contrary
to the target motion for HexaPOD tracking.

POD tracking system outperformed the MLC tracking system
for every breathing trajectory. Depending on the compensated
respiratory motion trajectory, its gamma pass rate was at least
0.2% and up to 17.0% higher, averaging at 5.5%. The im-
provements of MLC tracking compared to no motion com-
pensation were small for breathing trajectories 1–3. For tra-
jectories 4–8, both tracking methods improved the dosimetric
accuracy substantially. The 2%/2 mm gamma passing rates
averaged over all breathing trajectories were 76.4%, 89.8%,
and 95.3% for no tracking, the MLC, and the HexaPOD track-
ing systems, respectively.

The dose distributions with and without motion compen-
sation of breathing trajectory 6 are displayed in Fig. 7. The
2%/2 mm gamma success rate was increased from 47.0%
without tracking to 92.3% and 97.6% for the MLC and Hexa-
POD tracking systems, respectively. For MLC tracking, over-
dosed regions could be observed adjacent to the left and right
sides of the high dose area. These areas were present on the
dose distributions of every breathing trajectory compensated
for by the MLC tracking system, but not on dose distribu-
tions acquired during motion compensation with the Hexa-
POD tracking system.
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FIG. 6. Amount of points passing the 2%/2 mm gamma criterion depending
on the different breathing trajectories and tracking methods.
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FIG. 7. Grayscale dose distributions for (a) MLC tracking, (b) HexaPOD tracking, and (c) without tracking compensating breathing trajectory 6. Red areas
represent an overdosage and blue areas an underdosage regarding a 2%/2 mm gamma index >1. The vertical axis of the film is parallel to the leaf direction of
the MLC and the y axis in the treatment room coordinates.

III.C. Dosimetric accuracy for prostate
motion tracking

Figure 8 displays the 2%/2 mm gamma success rates
for the different prostate motion trajectories and compensa-
tion methods. Both tracking systems increased the amount
of points passing the gamma criterion. However, the com-
pensation ability of the MLC tracking system lagged behind
the HexaPOD tracking system for every prostate motion tra-
jectory. While the HexaPOD tracking system increased the
gamma success rate to 95.3% in average, the average amount
of points passing for MLC tracking was 85.0%, lagging be-
hind by a 10.3% worse gamma pass rate on average, spanning
between 3.5% and 25% worse gamma pass rates. The MLC
tracking system’s accuracy for prostate motion trajectories 2
and 4 was clearly worse than for the others. Without motion
compensation on average only 60.1% of the points passed the
gamma criterion.

The dose distributions for the different tracking methods
for prostate motion 2 are shown in Fig. 9. For MLC as well
as HexaPOD tracking, over- as well as underdosed areas ap-
peared primarily on the edges parallel to the leaf direction.
The amount of points passing the 2%/2 mm gamma criterion
was increased from 45.8% to 95.0% by the HexaPOD track-
ing system and to 82.0% by the MLC tracking system.
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FIG. 8. Amount of points passing the 2%/2 mm gamma criterion for the
different prostate motion trajectories and tracking methods.

IV. DISCUSSION

In this work the performances of the MLC tracking sys-
tem based on the adaption of the treatment beam with a dy-
namic MLC and the HexaPOD tracking system repositioning
the entire patient with a robotic treatment couch have been
compared. Both tracking systems received continuous target
position updates from the Calypso System. The tracking per-
formance has been assessed for eight respiratory and five
prostate motion trajectories.

During respiratory motion both tracking systems roughly
halved the geometric RMSE compared to deliveries without
motion compensation. For the MLC tracking system, the re-
maining errors were predominantly caused by prediction er-
rors and not by physical limitations of the tracking system
such as maximum leaf acceleration or velocity. The dynamic
MTCS log files of the geometric tracking accuracy measure-
ments contain target positions as reported by the Calypso Sys-
tem as well as forward predictions of the target positions. Pre-
diction errors could therefore be calculated from the log files.
The RMS prediction errors averaged over the eight breath-
ing trajectories were 0.85 mm in x direction and 1.97 mm
in y direction; this corresponds to 94% and 98% of the re-
spective geometric tracking errors determined from the MV
images. During MLC tracking the outlines of the treatment
field perpendicular to the movement direction of the leaves
cannot have a better resolution than the leaf width. However,
the geometric centroid of the treatment field does not have
this limitation as it shifts continuously as leaf pairs at the
edge of the treatment field are gradually opened or closed.
As we measure the position of the geometric centroid dur-
ing the assessment of the root mean square error, the mea-
surement of the geometric accuracy is not limited by the leaf
width.9, 21

The remaining errors of the HexaPOD tracking system also
seemed to be caused by the predictor and not by couch travel
speed or acceleration limitations as the largest tracking errors
did not occur for the compensation of breathing trajectory 6
with the fastest and largest target motion, but on breathing
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FIG. 9. Grayscale dose distributions for (a) MLC tracking, (b) HexaPOD tracking, and (c) without tracking compensating prostate motion trajectory 2. Red
areas represent an overdosage and blue areas an underdosage regarding a 2%/2 mm gamma index >1. The vertical axis of the film is parallel to the leaf direction
of the MLC and to the z axis in the treatment room coordinates.

trajectories 1 and 8, which exhibited sudden changes of the
breathing pattern.

In spite of the almost equal geometric accuracy of the MLC
tracking system, the HexaPOD tracking system yielded a bet-
ter dosimetric accuracy for the respiratory motion compensa-
tion; especially for respiratory motion trajectories 1–3, dur-
ing which the MLC tracking system was only barely able to
improve the dosimetric accuracy. The dosimetric accuracy of
the MLC tracking system is mainly reduced by two issues:
First, the finite leaf width of 5 mm, as the MTCS has to de-
cide whether to open or not to open an additional leaf pair
during movement perpendicular to the leaf direction. Sec-
ond, leakage through closed leaf pairs, which have to be po-
sitioned adjacent to open leaf pairs to be able to quickly open
in case of target motion perpendicular to the leaf travel di-
rection. By constantly changing this storage position (feather-
ing technique22) or completely relinquishing these closed leaf
pairs, one could distribute the interleaf leakage more evenly
or decrease it. However, both these approaches come at cost
of a worse tracking accuracy of motion perpendicular to leaf
direction.

The HexaPOD outperformed the MLC even more clearly
for the dosimetric accuracy evaluation during prostate motion.
Prostate motion typically exhibits slow drifts over the entire
course of a radiotherapy fraction. Roughly constant target po-
sition offsets of several millimeters are often observed dur-
ing the delivery of individual IMRT segments or even entire
beams. Tracking errors due to the finite leaf width cannot av-
erage out during MLC tracking and are therefore more pro-
nounced than for respiratory motion tracking.

Another reason is the reduced latency of the ATTS. Since
this system was configured for prostate motion compensation
to use the latest interpolated Calypso measurement (interpo-
lated to a sampling rate of 10 Hz) instead of the one-step
ahead prediction as a set-point for the next sampling instant,
the measurement- and interpolation-induced latency in this
scenario is exactly either 200, 300, or at maximum 400 ms,
depending on the age of the corresponding Calypso measure-
ment (assuming the age is less than 200 ms), compared to
a total system latency of 600 ms of the MLC tracking sys-
tem. The latency of the ATTS could be further reduced by
increasing the sampling rate of the trigger to about 20 Hz as
this latency is a multiple of the sampling period. However,
a small improvement of the tracking error, which could be
gained by an increased sampling rate, was sacrificed in fa-
vor of smoother trajectories to account for increased patient
comfort.

The experimental methodology with the use of rigid
target phantoms did not account for the following concerns
associated with robotic treatment couch tracking applied
to rapid respiratory motion: First, patient comfort might be
compromised. Second, couch motion might be different from
organ motion due to potential patient anatomy deformation
in response to the couch acceleration. It has been reported
that couch tracking of respiratory motion was tolerated
well by a group of patients and volunteers.23, 24 Also, no
significant changes within the breathing patterns for couch
tracking were observed. To our knowledge, the possibility
of acceleration induced patient anatomy deformation has not
yet been investigated.
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Unlike the tumor tracking systems based on the HexaPOD
and the Siemens 160 MLC featured in this work, the Cy-
berKnife and VERO tracking systems have been specifically
designed to compensate for intrafractional organ motion in
real-time, circumventing some of the observed difficulties ex-
perienced with the MLC and HexaPOD tracking systems.

Compared to the tracking systems utilized in this work,
both systems have lower system latencies of 0.12 and 0.05 s,
respectively, resulting in a higher geometric accuracy.25, 26

Furthermore, the patient’s position remains stationary dur-
ing the treatment with the CyberKnife or VERO system.
Therefore, these systems will not have any impact on patient
stability, anatomy, or comfort. However, the field size of the
VERO system is relatively small, which limits its possible
fields of application. The CyberKnife system is not equipped
with a MLC and the delivery times are often substantially
larger compared to radiotherapy deliveries with a medical
x-ray producing linac. Additionally, MLC tracking or motion
compensation with a robotic treatment couch could be
advantageous from an economical point of view. Medical
x-ray producing linacs equipped with MLCs are the “working
horses” of modern radiotherapy. MLC tracking essentially
only requires software modifications and HexaPOD tracking
requires the installation of a new treatment couch, so that both
have the potential for a relatively cost-effective, widespread
clinical implementation.

V. CONCLUSION

To our knowledge this paper presents the first direct com-
parison of a tracking system based on a robotic treatment
couch and a MLC tracking system. In the course of the
work, the geometric tracking accuracy was increased almost
equally for both systems. Also, both systems yielded a sub-
stantially improved dosimetric accuracy compared to the de-
liveries without motion compensation. The performance com-
parison showed a superior dosimetric tracking accuracy for
the HexaPOD tracking system for the considered organ mo-
tion trajectories. The dosimetric disadvantage of the MLC
tracking system is predominantly caused by the hardware lim-
itations of the MLC; namely, the leaf width of 5 mm and leak-
age through the closed leaf pairs. There are concerns associ-
ated with rapid patient motion induced by couch tracking of
respiratory motion; MLC tracking might therefore be the pre-
ferred method for respiratory motion tracking in spite of the
slightly inferior dosimetric accuracy. For slow prostate mo-
tion compensation, the obtained data suggest that HexaPOD
tracking is clearly favorable.

However, we feel that both used systems can be further
improved and tested under more realistic experimental condi-
tions as well as the respective tracking systems can be com-
pared to systems of the same type.
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