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Conclusions: We analyzed the predictive error in 4D modeling and the error due to the
amplitude and period of target. 4D modeling error substantially increased with increasing
amplitude and decreasing period of the target motion.
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as tumors in the lower lung lobes, and upper abdominal
tumors, such as liver or pancreas tumors.! To compen-
sate for breathing-induced organ motion, an internal margin
should be added around the clinical target volume (CTV) to
account for respiratory tumor motion.” The planning tar-
get volume (PTV) adds margins around the CTV. However,
this margin results in an increased dose to the normal

1. Introduction

Breathing-induced organ motion is one of the issues caus-
ing uncertainties during beam delivery. Several studies have
reported that breathing produces the greatest movement in
the caudal-cranial (CC) direction close to the diaphragm, such
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tissue, which increases the risk of normal tissue toxicity
and limits dose escalation and, in turn, leads to a higher
probability of radiation damage.® Breathing-induced organ
motion-compensated treatment techniques include delivery
techniques such as motion-encompassing methods, breath
holding,* forced shallow breathing,” and respiratory gating.®
Advanced motion-compensated treatment techniques are
based on modeling the respiratory motion.”

The Vero4DRT system (MHI-TM2000, Mitsubishi Heavy
Industries, Ltd., Japan, and BrainLAB, Feldkirchen, Germany)
is equipped with infrared (IR) marker based indirect dynamic
tumor tracking (DTT), which is a fairly recent breathing-
induced organ motion compensation technique. External IR
markers are placed either on the chest or on the abdomen
to create 4D modeling between external and internal motion.
An important issue in indirect DTT of the Vero4DRT system is
accuracy of the model prediction of the internal target position
based on the surrogate IR marker measurements. The purpose
of this study was to investigate the uncertainty in 4D model-
ing using the external IR markers, with a focus on the effect
of target and surrogate amplitudes and periods.

2. Materials and methods
2.1. Vero4DRT system

The Vero4DRT system is described elsewhere.'?!® Briefly, it
features a gimbaled X-ray head mounted on an O-ring gantry
with a C-band klystron, a system-specific fixed jaw, and a mul-
tileaf collimator. The gimbaled X-ray head can swing along two
orthogonal axes up to +2.5° (swings the beam up to £41.9 mm
in each direction on the isocenter plane), allowing pan and
tilt motion of the linac. The nominal maximum speed of the
pan and tilt rotations is 9 °/s. The rotation accuracy of the gim-
baled X-ray head is within +0.1mm.'° The Vero4DRT system
uses a fully integrated target positioning concept, an Exac-
Trac system version 3.5.3 (BrainLAB AG, Feldkirchen, Germany)
automated IR camera mounted on the ceiling of the treatment
room, and two orthogonal kV X-ray imaging systems attached
to the O-ring at 45° from the MV beam axis. The kV X-ray imag-
ing systems acquire cone-beam computed tomography data
using the O-ring rotation. Hence, Vero4DRT is clinically capa-
ble of IR-based indirect DTT for respiratory-induced tumor
motion, as in the lung, liver, and pancreas. The Vero4DRT sys-
tem continuously monitors the position of the IR markers on

the patient’s abdominal wall using the IR camera of the Exac-
Trac system. The positions of IR markers on the abdominal
wall are also used to predict the future target position based
on 4D modeling.

2.2.  Experimental

Fig. 1 shows the entire phantom system. A programmable
respiratory motion table (CIRS Inc., Norfolk, VA) was used to
simulate a breathing induced organ motion. The motion table
consists of two tables, the first moves in the horizontal direc-
tion and the second in the vertical direction. The motion of
the two tables is synchronized. A cube phantom containing
a metal ball 1.0cm in diameter is embedded in its center. At
least two fiducial markers are required for establishing the
4D-modeling. Two small iron markers (2.0 mm in diameter) as
fiducial markers were attached to the cube phantom surface.
The cube phantom was taken using a computed tomogra-
phy (CT) (Optima CT 580 W; GE Healthcare, Milwaukee, WI).
The iPlan RT Dose™ treatment planning system version 4.5.3
(BrainLAB, Feldkirchen, Germany) was used for plan design.
The metal ball was contoured as a target. A single photon
beam was set at a gantry angle of 0°. The center of the cube
phantom was set up at the isocenter on the horizontal direc-
tion motion table. The IR marker phantom, as the surrogate
signal, was positioned on the vertical direction motion table.
Sinusoidal motion sequences were produced by the dynamic
phantom with different amplitudes and periods. To inves-
tigate the 4D modeling error, the following amplitudes and
frequencies were used.

(1) Target motion dependence: the amplitude of the target
motion ranged from 10 to 40 mm, the period was fixed
at 4s, and the IR marker motion amplitude was fixed at
10 mm.

(2) Target motion period dependence: the period of the target
motion ranged between 2 and 8 s, the target amplitude was
fixed at 20mm, and the IR marker motion amplitude was
fixed at 10 mm.

(3) IR marker motion dependence: the amplitude of the IR
marker ranged from 5 to 30 mm, the period was fixed at4s,
and the target motion amplitude was set at 10, 20, 30, and
40mm to investigate the correlation between the target
and IR motions.

Fig. 1 - (a) The cube phantom and (b) the two steel markers (black circles) attached on the cube phantom.
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Fig. 2 - Screen capture of 4D modeling result.

A motion table was only moved in the CC direction. We did
not use irradiation in this study.
2.3. 4D modeling
4D modeling with the Vero4DRT system is described
elsewhere.®'* Briefly, the two iron markers on the cube
phantom and the IR markers on the vertical table are simul-
taneously acquired to calculate the 4D modeling function. A
pair of orthogonal kV X-rays at gantry angles of 315° and
45° acquired the positions of the iron markers every 320 or
640ms. The sampling interval of the kV X-ray images auto-
matically changed to 640ms when the velocity of the IR
marker motion decreased. The X-ray parameters were 110kV,
100mA, and 5ms. The acquisition times ranged from 20 to
40s. The centroid of the two iron markers during motion is
defined as the detected target position. The motion of the
surrogate was acquired from the IR markers attached on the
cube phantom monitored by the IR camera on the ceiling of
the treatment room every 16.7 ms. The 4D modeling function
was a quadratic function of the IR marker position (Pjr) and
velocity,
Ppredict = aPir? 4 bPg + ¢ + dug? + eupg, (1)

where Ppegi: 1S the predicted target position and v is the
vertical velocity of the IR markers. Parameters a, b, c, d, and
e were optimized by minimizing the residual errors between
Ppredicc @nd the detected target position for each IR marker.
After analyzing the 4D motion data of the target and IR marker

motions, the 4D modeling function was calculated by the
ExacTrac system. Absolute mean (u) difference value and
standard deviation (SD) between predicted and detected target
positions was displayed on the screen of the Vero4DRTsystem
in the 4D-modeling phase (Fig. 2).

2.4.  Data analysis

The 4D modeling function error was calculated from the abso-
lute difference between the detected and predicted target
position in the CC direction. The x and SD of the absolute
4D modeling function error were analyzed, and the 95th per-
centile 4D modeling error (4D-Egsy,) between the detected and
predicted target position (u +2SD) was calculated.

3. Results

Fig. 3 shows the predicted and detected target motion in 4D
modeling, and the differences for the (a) 10 and (b) 40 mm tar-
get motion amplitudes, respectively. The 4D modeling error is
maximum at the begin- and end-inspiration phases.

Fig. 4 shows 4D-Egsy, as a function of the target motion
amplitude. The 4D modeling error gradually increased with
increasing target motion amplitude. 4D-Egsy, was linearly
related to target motion with a coefficient of determination
R?=0.99 and ranged from 0.21 to 0.88 mm.

Fig. 5 shows 4D-Egsy, as a function of the target motion
period. The 4D modeling error gradually decreased with
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Fig. 3 - Predicted and detected target motion for the peak-to-peak motion amplitudes of (a) 10 and (b) 40 mm with a

breathing period of 4s.
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Fig. 4 - 4D-Eys9, as a function of the peak-to-peak target
amplitude. The 4D modeling error increased with
increasing target motion amplitude.

increasing target motion period and ranged from 1.49 to
0.14 mm.

Fig. 6 shows 4D-Egs9, as a function of the surrogate IR
marker motion amplitude. The 4D modeling error does not
depend on the IR marker motion amplitude.

2 -
EI.S - °
E
3
4
ot .
[=]
<+ L ]

05 | .
L ]
L ] L °
0
0 2 4 6 8 10

Target period (sec)

Fig. 5 - 4D-Eys9, as a function of the target motion period.
The 4D modeling error decreased with increasing target
motion period.

4, Discussion and conclusion

We investigated the effect of target and IR surrogate signals
in the 4D modeling process in DTT. The phantom study sug-
gested that the 4D modeling error strongly depended on the
target motion amplitude and period. The 4D modeling error
increased with increasing target motion amplitude and peak
position and sometimes overestimated the predicted posi-
tion. Indirect DTT systems rely on external surrogate signals
attached to the patient to predict the target position. Establish-
ing 4D modeling is needed to encourage patients to breathe
periodically and at a higher period.

A limitation of this study was that it was performed under
1D sinusoidal regulated moving target in the CC direction only.
Further studies should examine the effect of 4D modeling
error under various condition breathing patterns. Miura et al.
reported that a non-regular breathing pattern such a volunteer
was measured using a chamber and film, and 4D-modeling
error (4D-Egsy,) was 0.34mm.'® In clinical situation, patient
breathing is changed in patterns due to anxiety, Chronic
Obstructive Pulmonary Disease (COPD), coughing, sighing and
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Fig. 6 - 4D-Eys, as a function of the IR marker motion. The
4D modeling error does not depend on the IR marker
motion amplitude.
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other random events. As for clinical data, Ebe et al. reported
that absolute mean difference +2SD was 0.20-0.85 mm using a
1D moving phantom and 16 trajectories in six patients.!” This
study was the only investigation of the 4D-modeling error.
Future investigations of the 4D modeling error should con-
centrate on the tracking accuracy. A good correlation is found
between the 4D modeling error and a light field measure-
ment results (R =0.998).'® Target position is calculated from
the displacements of the IR markers using the 4D model dur-
ing beam delivery, and gimbaled X-ray head is swung. Thus,
adding margins to compensate for 4D-modeling errors should
be discussed with the user.

Estimating the 4D modeling error is important because
decisions about the CTV-PTV margin are based on the gim-
bal position error. Adding margins to compensate for the 4D
modeling error need to be evaluated before treatment and, in
particular, for large target motion amplitude and short breath-
ing period. It should be noted that one should be very careful
in shrinking the margins. Van Herk reported that a PTV mar-
gin of 5Smm or less is highly unrealistic for most tumors.®
Giraud et al. showed that the CTV margin must be increased
to 8 and 6 mm for adenocarcinoma and squamous cell carci-
noma to cover 95% of microscopic extension, respectively.?’
Pepin et al.’> and Mukumoto et al.'! also suggested that a dry-
run treatment session prior to treatment planning is required
to add patient-specific margins to cover the positional track-
ing error in synchronous respiratory tracking and Vero4DRT
systems.

In conclusions, we analyzed the predictive error in 4D mod-
eling as a function of the amplitude and period of the target
and IR marker in the Vero4DRT system. The 4D modeling
error substantially increased with increasing amplitude and
decreasing period owing to target motion.
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