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Purpose: We aim to develop a new method in order to achieve the real-time monitoring of the patient move-
ment (translation and rotation), and to evaluate the accuracy of our proposed method. Methods and Materials:
Orientation Registration Apparatus (ORA) have been developed to register the initial orientation of the Com-
puted Tomography (CT) coordinate system. Based on binocular location, the translations in left to right (LR),
inferior to superior (IS), anterior to posterior (AP) directions and rotations in roll, pitch, and yaw directions can be
measured in real-time. We conducted 50 experiments under different conditions in order to verify the accuracy
of this method, we divided these 50 experiments into five sets. In each set, the number of markers affixed to
phantom was the same, but the relative position between markers and treatment center were different. Between
set and set, there were different numbers of markers affixed to phantom. In each experiment, we compared
the absolute position and relative movement between the actual value and the measured value by our method.
Results: In our experiments, the precision of the absolute location in the LR, IS, and AP directions is 0.5 mm,
and that in the roll, pitch and yaw directions is 0.5�. For the relative location, the precision is the same inside
the monitoring scope; and for the stable precision, there should be 6 markers affixed to the phantom that is
a representation of a patient. Conclusion: This study indicates that our method has an accuracy of 0.5 mm in
translations and 0.5� in rotations, and can monitor the position and rotation of patient in real-time. The result
indicates that it will improve the quality and efficiency of the radiotherapy treatment.
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1. INTRODUCTION
Requirements for real-time patient positioning accuracy are more
demanding when fields are increasingly conformal to the tar-
get and the dose-ratio is higher for the realization of the
precise radiotherapy. Since the three-dimensional (3-D) non-
coplanar fields are employed, the real-time positioning accu-
racy has been more difficult to achieve practically,1�2 and the
rotation errors are even harder to be obtained.3�4 With the
development of the Image-guided Radiotherapy (IGRT), high-
precision positioning techniques which will improve the accu-
racy and efficiency get lots of interest. Surface alignment
technique,5�6 Ultrasound-guided positioning techniques,7�8 and
Optically-guided technique9–11 are common guided patient posi-
tioning techniques. Currently, the setup errors detection meth-
ods are most commonly used depending on the visualization of
anatomic landmarks that rely on the portal images.12�13 As a
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result, the efficiency is too low to be real-time, and not all the
errors of the six freedom degree can be detected.
As the binocular vision14�15 technology becomes more matured

over time, the binocular location is introduced into radiotherapy.
Recently, methods for determining patient posture using radio-
opaque markers affixed to the patient have been proposed, the
3-D spatial location of these markers can be detected from two
projection-images.16�17 However, these methods also rely on the
portal images that can reduce the efficiency. Nevertheless, the
markers should be detected in real-time, and the 3-D spatial
translation and rotation can be quantified. As the markers can
be detected rapidly, they should be easily tracked actively or
passively. We chose the passive method where we used high
refractive index glass beads markers instead of the radio-opaque
markers. The high refractive index glass beads have the char-
acteristic that visible light will be reflected back in the parallel
direction to the incident angle18�19 so that the markers can be
detected easily in the binocular images.
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To be real-time, markers detection and quantization of the 3-D
spatial translation and rotation should be automated. We intro-
duced the Polaris system20–22 to help us implement the markers
detected, and developed a method for the real-time quantization
of the 3-D spatial errors of the six degrees of freedom. This
method is based on the localization of the markers affixed to the
surface of a phantom temporarily.

Currently, Simulation Localization System including X-Ray
Simulation, CT-Simulation, etc. and Image-Guide Radiation
Therapy (IGRT) including Electronic Portal Imaging Device
(EPID), Cone Beam Computed Tomography (CBCT), etc. are the
most commonly used system which are called Common Posi-
tioning System (CPS) here.

In CPS, which cannot provide the real-time tracking, the accu-
racy of non-coplanar positioning depends on the treatment couch
accuracy, laser light, portal images of simulation and so on.
The Optical Positioning System (OPS) can monitor the three-
dimensional (3-D) spatial position of patient in real time by
tracking passive markers affixed to the surface of patient whose
accuracy depends on the NDI markers tracking system.

In Section 2, positioning principle and non-coplanar position-
ing method of OPS are briefly introduced, meanwhile, the com-
parison experiment is also introduced. The results are reported
and discussed in Sections 3 and 4 respectively.

2. METHODS AND MATERIALS
2.1. Positioning Method
There are four key steps to implement real-time monitoring in
the clinical environment. Firstly, we registered the isocenter of
accelerator and the coordinate axes vectors of the treatment couch
using the Orientation Registration Apparatus (ORA). Secondly,
we prepared the phantom by affixed number of markers to the
phantom surface, and made sure that the couch in Computed
Tomography (CT) room horizontal, and then took the CT scan-
ning. Thirdly, we designed the treatment plan from which we
obtained the coordinates of the markers and treatment center in
CT coordinate system. Finally, we began the real-time monitor-
ing, during this process, we matched the markers in the data
from CT and the data from Polaris system, and performed some
matrix operations. These operations are introduced in detail using
Figure 1.

2.2. Orientation Registration Apparatus
We developed an apparatus to register the coordinate system of
the treatment couch for quantization of the 3-D spatial errors of

Fig. 1. Flow chart depicting operation of the monitoring me. There are four
steps (registration of isocenter, CT scanning, planning and monitoring) of
which the first three are the preparation for monitoring. And most computa-
tion is conducted during the fourth step.

Fig. 2. Orientation registration apparatus. There are three markers fixed in
it, and two orthogonal graduation line on it; Of the two lines, one line passes
through the markers A and B, and the direction is established by cross of
AB and AC.

the six degrees of freedom, we called it the Orientation Regis-
tration Apparatus (ORA). As shown in Figure 2, there are three
markers in ORA, which are labelled as A�B�C respectively, and
these will be detected by the Polaris system. We defined the line
passing through A and B as the X axis,

−→
AB×−→

AC is defined as
Y axis, and Z axis is X axis cross product Y axis. Prior to posi-
tioning, we placed the ORA on the platform, and we adjusted
it to be horizontal, with the intersection of the two graduation
lines aligned to the isocenter of the accelerator, and the gradua-
tion line, which pass through A and B aligned to one of the light
field cross lines that are parallel to X axis of the treatment couch.
Then, our system records the isocenter location and the vectors of
treatment couch coordinate axes in the Polaris coordinate system.

2.3. Quantization of the 3-D Spatial
Translation and Rotation

There are three coordinate systems (CS), namely, the (1) CT CS,
(2) Polaris CS and (3) ORA CS, respectively. The transformation
between the CT CS and Polaris CS are shown in Eq. (1) below:
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where xCT, yCT and zCT are the 3-D coordinates of any point in
the CT coordinate system while xPo, yPo and zPo represent the
3-D coordinates of any point in the Polaris coordinate system.
The transformation is based on PCP that is a 4×4 matrix. Then,
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�CP, and �CP, �CP are the rotation angles23�24 of the roll, pitch,
and yaw respectively. Tx, Ty and Tz are the translations in LR, IS
and AP directions respectively.25–27

The transformations between ORA CS and Polaris CS as
shown in Eq. (3) as below:
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where XORA, YORA and zORA represent the 3-D coordinates of any
point in the ORA coordinate system. The 4× 4 transformation
matrix Pop, �op, �op and �op are the rotation angles of roll, pitch,
and yaw respectively.

After taking in account the treatment center coordinates in
Eq. (1), we can obtained the real-time treatment center in Polaris
CS, and the deviation to the isocenter and the translations in LR,
IS, and AP directions consequently. If the phantom do not have
any rotation, the platform on CT couch and platform on treatment
couch are all horizontal and the definition of the ORA coordinate
system is parallel to the CT coordinate system, the differences
between ��op��op� �op� and ��cp��cp� �cp� are 0. But if rotation
occurs, the differences represent the rotation angles of roll, pitch,
and yaw respectively.27

So, the quantization of the 3-D spatial translation and rota-
tion depends on the real-time computation of the transforma-
tion matrix because of the markers in CT images and since the
real-time monitoring view are corresponding, so we can use the
least square28–30 method to compute the transformation matrix.
In order to get the 4×4 matrix,26 there should be at least 3 mark-
ers, and then the fourth 3-D spatial point can be generated by
cross product. Next, the influence of the markers number on the
accuracy of our proposed method will be discussed subsequently.

2.4. Dose Distribution Calculation
We chose the pencil beam model to calculate the dose distribution
which was separated into a central-axis term and an off-axis term,
the dose of one point could be expressed in discrete form as:

D�X�Y �Z	A
 =∑∑
B�x′� y′� z
F �x−x′� y−y′
 (5)

where x, y and z are the coordinates of the point, A is the area of
target, z is the depth of the point to be calculated to the source
point, B�x′� y′� z
 is the contribution of the pencil beam to the
point to be calculated. The pencil beam distribution was mea-
sured in advance which is different from the Gaussian model.

Fig. 3. The monitoring instrumentation and the phantom. (a) A number of
markers are affixed to the phantom, and there is a platform under the phan-
tom for the movement of the roll and the title, the platform was placed on
the treatment couch which can be translated and rotated; (b) The phantom.
The metallic ball which was placed inside the phantom is considered as the
treatment center, and there were several markers affixed to the phantom for
tracking.

F �x−x′� y− y′
 is the proportion between the axis-center point
and the point to be calculated in the same layer in which the
point to be calculated lays, and it was a monotone increasing
function which meant that as x−x′ and y−y′ increase, the value
of F �x−x′� y−y′
 will also increase.
The dose will change of certain percentage caused by the devi-

ation of the positioning is expressed as:

�D�x�y�z	A


=∑∑
B�x′�y′�z
�F �x−x′′�y−y′′
−F �x−x′�y−y′

 (6)

where �x−x′′� y− y′′
 depicts the different off-axis ratio that is
caused by the deviation of the positioning, so the smaller devia-
tion is, the smaller the dose changes.
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2.5. Experimental Method
In our study, we compared the accuracy of CBCT system, CT-
Simulation system and the OPS in absolution location. Prior to
the experiment, a 1 mm diameter metallic ball was placed inside
the phantom to representative the isocenter, and a certain number
of high refractive index glass beads markers were affixed to the
phantom surface in different shape and with different relative
position of isocenter as shown in Figure 3(b).

The phantom was affixed to a platform that can be rolled and
tilted, and the platform was placed on the treatment couch of
the Varian accelerator, which can translated and rotated. As a
result, the six degrees of freedom of the phantom can be modi-
fied and measured. The resolution of the translation readouts for
couch motion was 1 mm, and the resolution of the yaw angle is
0.1�. The roll and pitch of the platform can be measured by the
Electronic Digital Inclinometer (EDI), which has the resolution
of 0.1�.

We conducted 50 experiments under different conditioning in
order to verify the accuracy of this method. Here, we divided
these 50 experiments into five sets. In each set, the number of
markers affixed to phantom is the same, but the relative posi-
tion between markers and treatment center are different. For
the verification of absolution location in each experiment, we
opened the phantom after finishing the set-up to measure the
errors in LR and AP directions directly and record the cur-
rent couch height (h1). Subsequently, we adjusted the Source-
Surface-Distance (SSD) to 1000 mm and recorded the current
couch height (h2). Then, we get the error in IS direction as
h1−h2. To verify the relative movement and for the further anal-
ysis, the move range of the couch in every direction was set
between 0 mm–20 mm, and the rotation range was set between
0� to 45�. We recorded each of the readouts and the measured
data, then we get the errors by subtracting the measured data
from the readouts.

3. RESULTS AND DISCUSSION
3.1. Accuracy of Absolution Location
As shown in Figure 4(a), the mean translation setup errors of
both OPS and CBCT are all around 0.5 mm in three directions.
By contrast, CT-Simulation whose mean translation errors are all
over 1.5 mm and even up to 2.0 mm in IS direction had a poor
performance in translation accuracy. Figure 4(b) shows us that
both CBCT and CT-simulation have the rotation errors around
2.0� in pitch, yaw and roll directions. For OPS, the mean rotation
errors are all below 0.5�.

Even the translation accuracy of CBCT is up to the clinic
requirement, but we find that during the process of setup, rotation
errors in three directions are out of consideration that even the
treatment center is setup correctly, the wrong patient posture will
reduce the treatment effect. In the experiment, we found that the
procedure of CBCT setup take too long time which range from
5 minutes to 10 minutes. It will increase the patients’ discomfort,
and it shows that CBCT cannot provide the real-time monitoring.
For CT-Simulation, both the translation and the rotation errors
are all bigger than those of CBCT and OPS, and the process also
takes too long time. By contrast, OPS had a good performance
in either translation accuracy or rotation accuracy. Besides, the
procedure of OPS setup only take about 30 seconds which will
contains a few operation.

(a)

(b)

Fig. 4. Accuracy of the methods in translation and rotation of absolute
location. Herein, (a) comparison of translation errors among OPS, CBCT
and CT-simulation in left to right (LR), inferior to superior (IS), and anterior
to posterior (AP) directions respectively; (b) comparison of rotation errors
among OPS, CBCT and CT-simulation in the roll, pitch and yaw directions
respectively.

3.2. Accuracy of Relative Movement
After the initial setup is implemented, the phantom was moved
either by translation or by rotation to a new posture. At the
meantime, the couch or EDI readouts and the real-time readouts
of monitoring system were recorded, which we defined them as
prescribed data and computed data respectively. Between the pre-
scribed and computed data, the maximum difference for transla-
tion is 0.94 mm, and for rotation is 1.24�. The standard deviation
(SD) is 0.23 mm for LR, 0.16 mm for IS, and 0.16 mm for AP.
The SD are 0.28�, 0.18�, and 0.27� for roll, pitch and yaw respec-
tively. As demonstrated in Figure 5, a larger error is accompanied
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Fig. 5. Accuracy of the method in translation and rotation of relative location. Herein, (a) comparison of the prescribed data and measured data in translation;
(b) location errors in translation; (c) comparison of the prescribed data and measured data in rotation; and (d) location errors in rotation.

by more translation or rotation of the phantom. This is because
if the translation or rotation is large enough that some of the
markers are out of the monitoring scope, then the precision will
decrease.

3.3. Influence of Markers Number to Accuracy
We divided the 50 experiments into 5 sets by the number of
markers (ranging from 3 to 7) affixed to the phantom. As from
Table 1, the translation and rotation errors of the measured data
are presented, and when the markers number is less than 6, the
number of markers corresponds to the accuracy of the computed
data. When the markers number is more than 6, the accuracy
tends to be stable; and then for rotation, the markers number

Table I. Translation and rotation errors of measured data.

Translation error (mm) Rotation error (�)

Number of markers LR IS AP Roll Pitch Yaw

3 0�36 0�36 0�34 0�55 0�55 0�56
4 0�29 0�29 0�34 0�53 0�5 0�52
5 0�28 0�28 0�32 0�51 0�5 0�47
6 0�28 0�28 0�28 0�47 0�5 0�48
7 0�27 0�27 0�32 0�5 0�5 048

should be kept at 5 to maintain stability. Therefore, in order
to have high accuracy, the markers number should not be less
than 6.

4. CONCLUSIONS
This paper focus on the comparison between CPS and OPS non-
coplanar positioning for treatments of nasopharyngeal carcinoma.
The result shows that CPS positioning has a mean deviation of
2.60 mm, which will increase the dose received by OARs or even
make the dose over the tolerated dose. In contrast, the mean devi-
ation of OPS positioning method we proposed is 0.36 mm which
will have more effect on the dose distribution. In the case that
the beams are near the OARs, the advantage of OPS positioning
is particularly significant.
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