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Abstract

Purpose: To verify the positional accuracy of a novel x-ray-image-based dynamic
tumor-tracking (DTT) irradiation technique using the gimbaled MV x-ray head of a
vero4DRT (MHI-TM2000).

Methods and Materials: Verification of the x-ray-image-based DTT was performed
using three components. a three-dimensional moving phantom with a steel ball target, a
laser displacement gauge, and an orthogonal kV x-ray imaging subsystem with a
gimbaled MV x-ray head and the system controller of the vero4DRT. The moving
phantom was driven based on seven periodic patterns (peak-to-peak amplitude [4]:
20-40 mm, breathing period [7]: 2-5 s) and 15 patients’ aperiodic respiratory patterns (4:
6.5-22.9 mm, T: 1.9-5.85s). The target position was detected in rea time with the
orthogonal kV x-ray imaging subsystem using the stereo vision technique. Subsequently,
the vero4DRT predicted the next position of the target, and then the gimbaled MV x-ray
head tracked the corresponding orientation of the target. The displacements of the target
were measured synchronously using the laser displacement gauge. The difference
between the target positions predicted by the vero4DRT and those measured by the laser
displacement gauge was computed as the prediction error (Ep), and the difference
between the target positions tracked by the gimbaled MV x-ray head and predicted target
positions as the mechanical error (Ey). Total tracking system error (Er) wasdefined asthe
difference between the tracked and measured target positions.

Results: The root mean squares (RMSs) of Ep, Ey, and Er were up to 0.8, 0.3, and
0.7 mm, respectively, for the periodic patterns. Regarding the aperiodic patterns, the
median RM Ss of Ep, Ey, and Er were 1.2 (range, 0.9-1.8) mm, 0.1 (range, 0.1-0.5) mm,
and 1.2 (range, 0.9-1.8) mm, respectively. From the results of principal component
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analysis, tracking efficiency, defined as the ratio of twice the RMS of Er to 4, was
improved for patients with high respiratory function (R = 0.91; p < 0.01).

Conclusions: The present study demonstrated that the vero4dDRT is capable of
high-accuracy x-ray-image-based DTT. Er was caused primarily by Ep, and Ey was
negligible. Furthermore, principal component analysis showed that tracking efficiency

could be improved with this system, especialy for patients with high respiratory function.

Key words: four-dimensional image-guided radiotherapy, dynamic tumor-tracking
irradiation, intrafractional respiratory motion, gimbaed MV x-ray head, tracking

accuracy.
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I.INTRODUCTION

Several anatomical structures, including the lungs and pancreas, are known to
move with breathing. Without management of respiratory motion during radiation
therapy, intrafractional respiratory motions during dose delivery lead to blurred dose
distributions and an enlarged beam penumbra at the radiation field edge®?, resulting in
unintended underdosage to the tumor or overdosage to normal tissues.™*

Techniques have been proposed to reduce the impact of respiratory motion,
including motion encompassing, respiratory gating, breath holding, forced shallow
breathing, and dynamic tumor-tracking (DTT).! In the motion-encompassing technique,
the mean position and the range of tumor motion are estimated from fluoroscopy or
four-dimensional (4D) computed tomography data to define the internal target volume
(ITV). However, alargeinternal margin isrequired to accommodate tumor motion, which
may lead to an increase in normal tissue complications.” Respiratory gating, breath
holding, and forced shallow breathing can each reduce the size of the ITV, athough these
techniques are often time-consuming or burdensome for patients. DTT techniques
reposition the radiation beam dynamically according to the target’s changing position,
which can reduce the size of the ITV without prolonging treatment time. To performDTT
techniques, multiple markers need to be implanted in or near the tumor. Although this
implantation can sometimes cause complications such as pneumonitis or pneumothorax,®
the benefits from the use of DTT may outweigh the additional burden on patients.

We developed anovel 4D image-guided radiotherapy (IGRT) systemwithaDTT
function, the vero4dDRT (MHI-TM2000; Mitsubishi Heavy Industries, Ltd., Japan, and
BrainLAB, Feldkirchen, Germany).” ™ The systemis composed of a6-MV C-band linear
accelerator mounted on an x-ray head with a gimba mechanism that allows irradiation
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while tracking a moving tumor. We have previously reported that the vero4DRT had
remarkable accuracy with regard to the stability and reproducibility of the multileaf
collimator (MLC) position when swinging the gimbaled MV x-ray head” and
significantly reduced motion-blurring effects in the dose distribution during the DTT
irradiation.** Recently, two approachesto DTT irradiation using the vero4DRT have been
developed: x-ray image-based and surrogate signal-based DTT. Depuydt er al.
demonstrated that the vero4DRT was able to track a moving target accurately with the

surrogate signal-based DTT technique. In the present study, the positional accuracy of

X-ray image-based DTT irradiation was verified.

II. MATERIALSAND METHODS
[1.A. System description of the DTT function in the vero4ADRT

The vero4dDRT has severa unique components alowing DTT irradiation,
including the compact C-band 6-MV x-ray head with a gimbal mechanism and the
gantry-mounted orthogonal kV x-ray imaging subsystem, consisting of two sets of x-ray
tubes and flat-panel detectors (FPDs) with aspatial resolution of 0.2 mm.* The gimbaled
MV x-ray head can rotate along two orthogonal gimbals (pan and tilt rotations) up to
+2.5° with a maximum rotational speed of 9°/s, which can swing the beam up to
+41.9 mm with amaximum speed of 152 mm/sin each direction from theisocenter on the
isocenter plane, perpendicular to the beam axis.’® The stationary accuracy of the
gimbaled MV x-ray head is within 0.1 mm at any point within the 40 x 40-mm area

around the isocenter.”
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[1. B. Sequential prediction model

In the x-ray image-based DTT irradiation, the target’s position can be detected
using the orthogonal kV x-ray fluoroscopic images. However, atime delay of 66 mswas
observed in the kV x-ray imaging subsystem due to image processing.” To compensate
for thistime delay, the next position of the target was predicted from the previous position

sequence of the target, using the following sequential prediction model:
x(1)= 2alx(e-i)+el (1),
i=1

and similarly for y(7) and z(7). Here, x(¢) is the predicted position of the target, » is the
number of data to update the sequential prediction model, " is the m™ order prediction
coefficient of thetarget, and " (1) isthem™ order residual error of the predicted position
of the target. The optima «" is determined by minimizing the ¢" () using the
Levinson-Durbin agorithm'>*® for a model-building time period. In the present study,
the model-building time period was set at 40 s, and ™ was sequentially updated from the

previous 150 consecutive positions (n = 150).

[1. C. Experimental system to verify tracking accuracy

A photograph of the experimental system for the verification of the x-ray
image-based DTT isshown in Fig. 1. The system comprised a 3D moving phantom with a
steel ball target of 9.5 mm in diameter, a laser displacement gauge with positional
accuracy of 0.05 mm, the orthogonal kV x-ray imaging subsystem, consisting of two sets
of x-ray tubes and FPDs, the gimbaled MV x-ray head, and a system controller of the
vero4DRT. In these experiments, the gantry angle was set at 0°.

A schematic diagram of the data flow for the verification of the x-ray
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image-based DTT isshown in Fig. 2(a). First, the 3D moving phantom was driven based
on theinput signals described in 1. D with high precision, of 0.1 mm." Subsequently, the
current position of the target was independently measured by the laser displacement
gauge every 10 ms along the superior—inferior (SI) direction and recorded on the system
controller as the measured position of the target. Simultaneously, the 3D target’s position
was calculated from a pair of two-dimensional (2D) target positions on FPD images using
astereo vision technique every 70 ms. Each of the 2D target positions on the FPD images
was detected using the template matching technique. In this experiment, imaging
parameters of the kV x-ray tubes were set at 70 kVp, 100 mA, and 5 ms per shot. To
compensate for the time delay in image processing by the kV x-ray imaging subsystem,
the next position of the target was predicted from the previous position sequence of the
target using the sequential prediction model described in Il. B. The prediction error (Ep)
was defined as E, = y, — y, Where y, is the target position predicted by the sequential
prediction model and y,, is the target position measured by the laser displacement gauge.
Next, the corresponding orientation of the predicted target was transferred to the
gimbaled MV x-ray head, and then the gimbaled MV x-ray head tracked the target by pan
and tilt rotations. However, this process generates a 5-ms response delay in the gimbaled
MV x-ray head, leading to amechanical error (Ev), defined asEv =y, —y,,, wherey, isthe
target position tracked by the gimbaled MV x-ray head. The predicted and tracked
positions of the target were recorded on the system controller every 5 ms.

The geometric point of the tracked target position indicated by the gimbaled MV
x-ray head with atilt rotation angle of ¢° at any given timeisillustrated in Fig. 2(b). In
this case, the target was moving in the inferior direction, and the predicted target position
was inferior to the measured target position. Additionaly, the tracked target position
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indicated by the gimbaled MV x-ray head did not reach the predicted target position. The
orientation of the predicted target at the gantry angle of 0° was calculated using the

following equation:

o =180 o T
T 960-z,

),

where 6, is the tilt rotation angle of the gimbaled MV x-ray head indicating the
orientation of the predicted target, y, is the target position predicted by the sequential
prediction model in Sl direction, and z, is the target position predicted by the sequential
prediction model in anterior—posterior (AP) direction. The verodDRT tracks the target
position at the depth of the existing target along the beam axis by rotating the orthogonal
gimbaled MV x-ray head. The tracked target position was aso determined using the

following equation:
=—(960-z,) tan(iﬂ')
& 7" 180"

where y, isthetarget position tracked by the gimbaled MV x-ray head in S| direction, z,is
the target position detected by the orthogona kV x-ray imaging subsystem in AP
direction, and 6, is the tilt rotation angle of the gimbaled MV x-ray head indicating the
orientation of the tracked target. The total tracking system error (Er) was expressed as Er
=Vt Vm-

The root mean square (RMS) of the absolute difference for each error was
calculated asthe representative value. Tracking accuracies in patients were also estimated
as a function of respiratory characteristics. To explain the respiratory characteristics,
principal component analysis (PCA) was used. PCA is a mathematical algorithm that
reduces the dimensionality of the data while retaining most of the variation in the data
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set,"® which is used to identify underlying factors that explain the pattern of correlations
within a set of observed variables. Motion characteristics, including peak-to-peak
amplitude (4), breathing period (7), and the autocorrelation coefficient with 17" lag (4C)
of the target motion were used as the variables. The Kaiser Criterion (eigenvalues > 1.0)
was used to extract the components.*® The principal component score, computed by
multiplying the principal component coefficients with each of the motion characteristics,

represented the contribution coefficient of the original variablesto the new variables.

I1.D Characteristics of the motion patterns

To quantify the positional accuracy of the DTT, the following periodic and
aperiodic respiratory patterns were used as input respiratory signals of the 3D moving
phantom: four 1D sinusoidal patterns (4: 2040 mm, 7: 2—4 s) in the Sl direction, three
2D circular patterns (4: 2040 mm, T: 2-5 s) on the plane perpendicular to the beam axis,
and 15 3D patients respiratory patterns. For the 3D respiratory patterns, A and 7 werein
therange of 6.5t022.9 mmand 1.9t0 5.8 s, respectively. The motion patternsarelisted in

Tablel.

1. RESULTSAND DISCUSSION
[11.A. Periodic patterns

Variations in the measured and tracked positions of the target for sinusoidal
patternswith (a) (4, 7) = (40 mm, 2), (b) (4, T) = (20 mm, 4 s), and circular patternswith
(©) (4, T)=(40mm, 2 s), and (d) (4, 7) = (20 mm, 5 s) are shown in Fig. 3. The gimbaled
MV x-ray head tracked the target with high accuracy in real time. The RM S of each error
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is shown in Table II. The RMS of Er (RMSET) was up to 0.7 mm for the sinusoidal
patterns and 0.2 mm for the circular patterns. The largest RM SEr was observed in the
sinusoidal pattern with (4, 7) = (40 mm, 2 s). For the sinusoidal pattern of the largest 4
and the shortest 7, (4, T) = (40 mm, 2 s), the alignment errors between the measured and
tracked positions of the target would not be compensated for in real time because of the
large displacements per unit time. However, the RM SE+ for the sinusoidal pattern of the
smallest 4 and thelongest 7, (4, 7) = (20 mm, 4 s), was 0.2 mm, comparabl e to the spatial
resolution of 0.20 mm for the FPD. Even for the sinusoidal pattern of the smallest 4 and
the longest 7, the velocity was faster than clinically observed respiration variations, as
several investigators have reported.*?*?' Meanwhile, Er was smaller for the circular
patterns than for the sinusoidal patterns. Even in the circular pattern of the largest 4 and
the shortest 7, (4, 7) = (40 mm, 2 ), the gimbaled MV x-ray head tracked the current
position of the target with high accuracy (RMSEr = 0.2 mm). The predictions of the
circular patterns were easier than those of the sinusoidal patterns because the circular

patterns had constant velocity.

[11.B. Aperiodic patterns

Motion characteristics and the RM S of Ep, Ey, and Er for 3D respiratory patterns
are summarized in Table Ill. The median RMSs of Ep, Ey, and Er were 1.2 (range,
0.9-1.8) mm, 0.1 (range, 0.1-0.5) mm, and 1.2 (range, 0.9-1.8) mm, respectively. As
with the one-dimensional (1D) sinusoidal and 2D circular periodic patterns, the values of
Em were small enough to track the target with high mechanical precision. However, Ep for
the 3D respiratory patterns increased due to complex respiratory motion, such as
hysteresis trajectory (the difference between the inhalation and exhalation trajectory of

7
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the tumor)? or deep respiration. Variations in the measured and tracked positions of the
target for representative regular and irregular respiratory cases are shown in Figures 4(a)
and 4(b), respectively. Asindicated by the 4AC of the target motion and standard deviation
(SD) of 4 and T'in Table 111, case nos. 8 and 4 were defined as representative regular and
irregular respiratory patterns, respectively. The 4 and T varied constantly per breath,
indicating that acceleration and velocity also changed by the second. At the
end-inspiration or end-expiration phases, the vero4dDRT had to predict the turning points
by monitoring the change in acceleration and velocity, making the prediction of the
target’s position difficult, especially for the irregular respiratory patterns.

Probability histograms as a function of the alignment error with or without
tracking for regular and irregular respiratory cases are shown in Figures 4(c) and 4(d),
respectively. The RMS of the alignment error for the regular respiratory case decreased,
from 5.0 mm without tracking to 0.9 mm with tracking, and that for the irregular
respiratory case decreased, from 9.3 mm without tracking to 1.3 mm with tracking.
Compared with the non-tracking state, the alignment error between the target and
gimbaled MV x-ray head was markedly reduced with tracking for both regular and
irregular respiratory patterns.

The characteristics of respiratory patterns, including 4, 7, and AC, can be
explained by PCA. Table IV summarizes the principal components and their coefficients.
Each of the origina parameters was standardized with a mean of 0 and variance of 1.
Among the three principa components, the first principal component that was extracted
explained 64.8% of thetotal variance. Since the principal component coefficients of 4, T,
and AC had negative sign, the principa component score became smaller with a
combination of larger 4, longer 7, and higher AC. Generally, the amount of ventilation is

8
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larger for the patient with acombination of larger 4 and longer 7. Moreover, patients with
larger volume of ventilation and higher AC have high respiratory function. Figure 5
shows variations in the tracking efficiency, defined as the ratio of twice the RMSE+ to 4,
as afunction of principal component scores. A strong positive correlation was observed
between tracking efficiency and the principal component score (R = 0.91; p < 0.01),
indicating that the vero4DRT can track a moving tumor with high accuracy for patients
with high respiratory function (i.e., a low principal component score for respiratory

motion).

[11.C. Comparison with other DTT irradiation techniques

Several DTT irradiation techniques have been developed. The dynamic MLC
(DMLC) tumor-tracking system has been experimentally investigated on severa linear
accel erators to compensate for tumor motion.”>™* The CyberK nife (Accuray, Sunnyvale,
CA) can also track atarget by continuously monitoring internal tumor motion with two
sets of static kV x-ray imaging subsystems (Xsight) or by monitoring three respiratory
surrogate markers, fixed to a form-fitting vest with a stereo camera system
(Synchrony).**** Table V shows a comparison of the characteristics of various DTT
techniques.?®**** The RM'S of tracking accuracy according to the DML C-based tracking
system for the 3D aperiodic motion patterns was <15 mm, excluding the
prediction-model-building time period, and <2.5 mm including it.*® Assessment of
tracking accuracy of the CyberKnife revealed aRMS of 1.1 mm for the periodic motion
patterns and showed a SD of 0.2—2.5 mm for the aperiodic motion patterns.®** The
RMSsin the present study were comparable to thosein other DTT irradiation techniques.
However, the DML C-based tracking system hasasingle kV x-ray imaging subsystem and

9
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requires a non-tracking period of 6 s after the MV beam starts to construct a prediction
model.? In the case when the tumor or some markers cannot be identified on electronic
portal imaging device images due to alocation outside the radiation field or interruption
of MV beam delivery, the prediction time is prolonged.?? The prediction accuracy can
be affected by unintended respiratory motions, such as coughing, or deep respiration,
with loss of target information necessary for 3D localization. Additionally, the accuracy
of thissystemislimited by the maximum leaf speed and thefiniteleaf width.?® To manage
respiratory motion, DMLC tracking will require more rapid control of MLCs than the
maximum leaf speed used in DML C-based intensity modulated radiation therapy, which
may cause tracking failure. Also, due to the low beam efficiency, Xsight results in an
unacceptable additional radiation dose for the patient when tumor position is monitored
in real time for an extended treatment time. It is possible that Synchrony can overcome
the imaging dose limitation; however, an extended treatment time leads to miscorrelation
between the external surrogate and interna tumor.®* The DTT irradiation technique
presented also requires continuous KV imaging. The imaging dose for setup verification
on the kV x-ray imaging system in the vero4DRT was similar to the dose reported for
other IGRT systems.* However, continuous monitoring with the kV imaging
subsystem may have resulted in an additional imaging dose to the patient. The imaging
dose required to monitor the target should be kept as low as reasonably achievable by

adjusting imaging parameters.

[11.D. Limitations
The present study has several limitations. First, the tracked target of the 3D
moving phantom was an unsheltered steel ball. The target could be considered as amodel
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lung tumor or markers implanted in or near the tumor for easy detection on radiographic
images. In clinical practice, however, body anatomy such as rib bones, the spine, or
mediastinum could prevent detection of the tumor or markers. As the target was clearly
visible for the present experiment, there were almost no detection errors. The realistic
tracking accuracy in a patient would be decreased by anatomical limitations. Second, the
vero4DRT cannot correct the respiratory motion along the AP direction at a gantry angle
of 0° because the gimbaled MV x-ray head rotates along pan and tilt direction which are
paralel to the axes in the left-right (LR) and Sl directions. According to a report
published by the American Association of Physicistsin Medicine (AAPM) task group 76",
the peak-to-peak amplitude of lung tumor motion wastypically lessthan 10 mminthe AP
direction. Prior to this study, we simulated the dosimetric error with displacements along
the beam axis. Figure 6 shows the diagram of the simulation and variations of the mean
dosein the planning target volume (PTV) under the conditions of the displacements along
the beam axis. The PTVs of 30 mm in diameter located at the displacements of -5, 0, and
5 mm from the isocenter with source-to-isocenter distance of 1000 mm were simulated
under the condition of the one uniform field port adding 5-mm MLC margin. Dose
calculation was performed under the same monitor unit with variance of 1% and a grid
size of 2.3 x 2.3 x 2.5 mm?® using X-ray Voxel Monte Carlo of well-commissioned 6 MV
photon beam on a radiation treatment planning system (iPlan; BrainLAB, Germany). It
was found that the dosimetric error of the PTV mean dose was within +3% at a
displacement of 5 mm from the isocenter. Thus, the dosimetric impact of displacements
along the beam axis would be cancelled out with multiple ports under the moving
condition, although the gimbaled MV x-ray head cannot track a target along the beam
axis. Finally, we measured the position of the target only in the SI direction with the laser
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displacement gauge due to a structural issue. Given the small motion amplitude and
regularity of respiratory patternsin the LR and AP directions, however, the tracking error
in directions other than the SI would be either equal or smaller than those in the S

direction.

IV. CONCLUSIONS

We demonstrated the positional accuracy of x-ray image-based DTT irradiation
using the gimbaled MV x-ray head of the vero4DRT. The RM Ss of Ep, Ey, and Ex for the
periodic patternswere up to 0.8 mm, 0.3 mm, and 0.7 mm, respectively. For the aperiodic
patterns, the RMSs of Ep, Ey, and Et ranged from 0.9 to 1.8 mm, from 0.1 to 0.5 mm, and
from 0.9 to 1.8 mm, respectively. The verodDRT is capable of tracking a moving target
with high accuracy even for aperiodic patterns. Additionally, principal component
analysis showed that tracking efficiency could be improved with this system, especialy

for patients with high respiratory function.
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FIGURE LEGENDS

Figure 1. Photograph of an x-ray image-based dynamic tumor-tracking irradiation
system. The system comprised a 3D moving phantom with a steel ball target, a laser
displacement gauge, an orthogonal kV x-ray imaging subsystem, consisting of two sets of
x-ray tubes and flat-panel detectors, agimbaled MV x-ray head, and the system controller
of the vero4DRT. The gimbaled MV x-ray head enables rotation along the pan and tilt
directions to track target motion, indicated by the imaging subsystem, while the laser

displacement gauge synchronously measured the target motion in real time.

Figure 2. Schematic diagram showing (@) data flow to demonstrate the x-ray
image-based dynamic tumor-tracking irradiation system and (b) geometric point of the
tracked target position, indicated by the gimbaled MV x-ray head with atilt rotation angle
of 6°. The predicted, measured, and tracked positions of the target were recorded in the
system controller. The tracked target position was calculated from the rotation angle of
thegimbaled MV x-ray head. The difference between the target positions predicted by the
sequentia prediction model and those measured by the laser displacement gauge was
computed as prediction error (Ep), and the difference between the target positions tracked
by the gimbaled MV x-ray head and predicted target position as mechanical error (Ev).
Total tracking system error (Er) was derived from Ey and Ep, computed as the difference
between the target positions tracked by the gimbaled MV x-ray head and those measured

by the laser displacement gauge.

Figure 3. Variations in the measured and tracked positions of the target for sinusoidal

19



515

520

525

530

535

Positional accuracy of x-ray-image-based dynamic tumor-tracking irradiation

patterns with (a) (peak-to-peak amplitude [4], breathing period [7]) = (40 mm, 2 s), (b)
(4, T) =(20mm, 4 s), and circular patternswith (c) (4, 7) = (40 mm, 2 s), and (d) (4, 7) =
(20 mm, 5 s). Solid lines show the measured positions of the target indicated by the laser
displacement gauge, dashed lines show the tracked positions of the target indicated by the
gimbaled MV x-ray head, and dotted lines show total tracking system errors (Er),

expressed as the differences between the tracked and measured positions of the target.

Figure4. Variationsin the measured and tracked positions of thetarget for (a) regular and
(b) irregular respiratory cases. Solid lines indicate the measured positions of the target
indicated by the laser displacement gauge, dashed lines show the tracked positions of the
target indicated by the gimbaled MV x-ray head, and dotted lines show total tracking
system errors (Er). Probability histograms as a function of the alignment error between
the target and gimbaled MV x-ray head with or without tracking are shown for (c) regular
and (d) irregular respiratory cases, respectively. Solid lines show the alignment error with

tracking, and dashed lines the alignment error without tracking.

Figure5. Variations in the tracking efficiency, defined as the ratio of twice the root mean
square of Er (RMSEy) to the peak-to-peak amplitude (4), as a function of principal
component scores of patient respiratory motion. A strong positive correlation was
observed between tracking efficiency and the principal component score (R = 0.91;

p< 0.01).

Figure 6. Schematic diagram of the simulation and variations of the simulated dosimetric
error of mean dose in planning target volume (PTV) under the conditions of the
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displacements along the beam axis. The PTVs of 30 mm in diameter located at the
displacements of -5, 0, and 5 mm from the isocenter with source-to-isocenter distance of
1000 mm were simulated under the condition of the one uniform field port adding 5-mm
MLC margin. Dose cal culation was performed under the same monitor unit with variance
of 1% and a grid size of 2.3 x 2.3 x 2.5 mm® using X-ray Voxel Monte Carlo of
well-commissioned 6 MV photon beam on a radiation treatment planning system (iPlan;

BrainLAB, Germany).

21



Positional accuracy of x-ray-image-based dynamic tumor-tracking irradiation

545 TABLES

TABLE |. Characteristics of the motion patterns

Sinusoidal (n = 4) Circular (n =3) Respiratory (n = 15)
3D 20.0-40.0 20.0-40.0 6.5-22.9
Sl 20.0-40.0 20.040.0 6.0-19.5
A [mm]
LR 0.0 20.0-40.0 1.5-10.7
AP 0.0 0.0 1.0-11.3
T[s 2.04.0 2.0-5.0 1958

Abbreviations. A = peak-to-peak amplitude, 7 = breathing period, 3D = three-dimensional direction, Sl = superior—inferior direction, LR =
left—right direction, AP = anterior—posterior direction.
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TABLE I1. Root mean squares of the Ep, Ey, and Er for sinusoidal and circular patterns

Case No. A [mm] T8 E,[mm] E,, [mm] E. [mm]
S1 40.0 2.0 0.8 0.3 0.7
2 40.0 40 0.2 0.2 0.2
S3 20.0 2.0 04 0.2 04
A 20.0 40 0.2 0.1 0.2
C1 40.0 20 0.2 0.3 0.2
c2 40.0 5.0 0.2 0.1 0.2
C3 20.0 5.0 0.2 0.1 0.2

Abbreviations: S* = sinusoidal pattern no.*, C* = circular pattern no.*, 4 = peak-to-peak amplitude, 7= breathing period, Ep = prediction
error, Ey = mechanical error, Er = total tracking system error.
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TABLE I11. Motion characteristics and root mean squares of the Ep, Ey, and Er for respiratory patterns

A [mm] T[9

Case No AC E,[mm] E,[mm] E [mm]
Mean SD Mean SD
1 7.9 1.5 2.9 0.4 0.72 1.0 0.1 1.0
2 22.9 5.6 5.8 0.9 0.67 1.3 0.1 1.3
3 18.2 6.3 47 0.7 0.66 1.2 0.1 1.2
4 18.8 6.3 5.3 1.8 0.57 1.3 0.1 1.3
5 13.8 5.7 45 0.6 0.68 1.1 0.1 1.1
6 19.4 2.7 49 0.6 0.89 0.9 0.1 1.0
7 19.0 3.2 4.6 0.8 0.72 1.0 0.1 1.0
8 21.3 2.4 5.3 0.3 0.92 0.9 0.1 0.9
9 15.1 5.0 4.6 0.6 0.79 1.2 0.1 1.2
10 17.4 7.0 4.9 1.0 0.73 1.4 0.1 1.5
11 17.2 49 4.4 0.8 0.85 1.0 0.1 1.0
12 6.5 2.3 1.9 0.2 0.59 1.2 0.1 1.2
13 14.5 1.9 45 0.9 0.74 1.4 0.1 1.4
14 19.6 2.0 3.2 05 0.81 1.8 0.2 1.8
15 175 5.6 36 0.7 0.56 1.8 05 1.8

Abbreviations: 4 = peak-to-peak amplitude, SD = standard deviation, 7 = breathing period, 4C = autocorrelation coefficient with alag of

one breathing period, Ep = prediction error, Ey = mechanical error, Er = total tracking system error.
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560 TABLE IV. Principal component analysis for peak-to-peak amplitudes, breathing periods, and autocorrelation coefficients with a lag of

one breathing period for 15 respiratory patterns

1% principal component 2™ principal component 3" principal component

. A [mm] -0.919 -0.207 0.335
Principa
component T[9 —0.900 -0.292 -0.324
coefficient
AC —0.537 0.843 —-0.030
Eigenvalue 1.94 0.84 0.22
Proportion 64.8 28.0 7.3
Accumulated proportion 64.8 92.7 100.0

Abbreviations: 4 = peak-to-peak amplitude, 7 = breathing period, AC = autocorrelation coefficient with alag of one breathing period.
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TABLE V. Comparison of the characteristics of dynamic tumor-tracking (DTT) irradiation techniques

Present study Cho et al. Urschel et al. Hoogeman et al.
Tracking mechanism gimbaled head dynamic MLC robotic arm
Monitoring system kV +kV kV + MV kV +kV
Monitoring dimension 3D 3D
Maximum field size 150 mm deﬂ?ggzr():cg:;g;”ed 60 mm
Motion type 1D or 2D periodic 3D aperiodic 3D aperiodic 3D aperiodic 1D periodic 3D aperiodic
Accuracy 0.2-0.7 mm 0.9-1.8 mm <25 mm** 1.1 mm 0.2-2.5mm
Type of estimation RMS RMS RMS RMS SD

Abbreviations: MLC = multileaf collimator, RMS = root mean square, SD = standard deviation.

*: accuracy excluding the prediction model building time period. **: accuracy including the prediction model building time period.
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