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Abstract. The aim of this study is to develop a teleoperation system which will be used to support the
endoscopic pituitary surgery procedures. The proposed system aims to enable the surgeon to operate
with three different operation tools (one of them is the endoscope) simultaneously. By this way, it is
expected that the productivity of the surgical operation will be improved and the duration of the opera-
tion will be shortened. In the proposed system, a main control unit that can be attached to any of the
surgical tools that are used in the operation (other than the endoscope) will be developed to capture the
motion of the surgeon’s hand motion as demanded by the surgeon, to process the captured motion and
to send it to the robot that handles the endoscope. In this way, the endoscope will be directed simulta-
neously by the surgeon throughout the operation while he/she is using the other surgical tools with
his/her two hands. In this paper, the study to determine the type and processing of information that is
sent from the surgeon’s side to the endoscope robot is presented.

Keywords: endoscopic pituitary surgery, robotic surgery, pituitary surgery, minimally invasive sur-

gery, teleoperation.

1 Introduction

In last 20 years, many groups have been working on controlling motion of medical
imaging systems such as laparoscope, endoscope by robotic systems. In order to
reduce the amount of people in surgeries and reduce the duration, controlling the
robotic system by the surgeon is preferred. One of the most important points is
how the control demands will be sent to the robot. Since the surgeon sends the
control demands to the robot, these demands should be acquired in an intuitive
way so that the surgeon’s concentration will not be deviated from the primary fo-
cus, the surgery itself. Being a technological device, these robotic systems bring
some technical problems alongside similar to other technical devices that are al-
ready in use in all operating rooms. Among these, the most significant one is the
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safety. For safety, some redundant safety mechanisms are utilized in different lev-
els. Another constraint is the need of technical training for the surgeon to use these
systems. Additionally, even if robots have reached higher precision levels during
operation, they are still slower than the human. Furthermore, robots should occupy
as little place as possible in the operation room and whenever it is required they
should move or restrain the motion of the optical system. All these topics should
be considered in designing a surgical robot independent from the operation type.

Robots are generally categorized into two as the active or the passive robots.
Active surgical robot systems are capable of recognizing the changes in the envi-
ronment and organize their duties accordingly. As an example, ROBODOC [1] is
an active robot which is used in femur operations. In passive surgical robot sys-
tems (also called the master-slave robot systems), the surgeon provided the motion
inputs to the slave system via the master system. The control of the slave system is
achieved by using these inputs in its control algorithm during surgery. In addition
to these, in some semi-active systems such as NeuroMate [2], the surgeon pro-
vides the directions. In another type of robotic surgery, the robot and the surgeon
handle and direct the surgical tool together. Mako Surgical Corp. product [3] that
is used in arthroscopic knee surgeries is a good example of these type of robots.

One of the important advantages of passive systems is the capability of scaling
the motion demands which are received from the master system to increasing the
sensitivity of the slave system. The tremor problem in surgeon’s hand while hold-
ing the endoscope for long hours can be resolved by using the master-slave sys-
tems and filtering out the tremors within the master systems. Another advantage is
that slave system can have six or more degrees-of-freedom (DoF) and the surgeon
can enter inputs not only by his/her hands but also fingers and elbow for the slave
system. Therefore, flexibility of the system increases [4].

In the literature, there are neurosurgical systems in which these passive systems
are used. One of them is developed by Morita [5] and his group for microscopic
neurosurgery. Although this system provides the necessary precision levels, it can
be used only by surgeons who are trained to use this systems. Furthermore, the
surgery completion duration is reported to be increased. Another commercial sys-
tem is named NeuroArm and it is the one of the most comprehensive passive ro-
bots until now, which is reported to be used in many surgeries [6]. It is able to per-
form stereotactic and microsurgery with real time MRI. Additionally, this system
provides haptic feedback to the surgeon. However, among all the surgical systems,
probably the most well-known one is the da Vinci® surgical system. Although its
main use is in laparoscopic procedures, it is adapted for also transnasal endoscopic
surgeries [7]. However, due to the large size of the system and complicated struc-
ture, it is not suitable for neurosurgical applications.

Pituitary tumor is a frequently observed tumor type, which causes important
health problems from visual loss through hormonal imbalances [8]. In the man-
agement of this tumor, endoscopic endonasal pituitary surgery is a modern treat-
ment method that is cost-efficient and more preferable than open-skull or micro-
scopic transsphenoidal pituitary tumor surgeries [9]. In this surgery, to obtain
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internal images, an optical system called endoscope is inserted and directed by the
surgeon starting from the nostril of the patient, through the naval cavity to the
sphenoid sinus, which is right in front of the saddle-shaped hole named Sella Tur-
cica in the skull base where the pituitary gland is located. The tumor is removed
by the special surgical tools, which are also inserted through the nostrils [10]. Re-
cent studies showed that endoscopic pituitary surgery leads to at least equal or
even more tumor resection rates, better clinical results, higher patient comfort, less
hospitalization duration and cost-efficiency in the long run compared to the micro-
scopic surgery [9, 11, 12]. These mentioned reasons make endoscopic pituitary
surgery increasingly more preferable among both surgeons and patients. One of
the biggest problems in this operation is that the surgeon has to handle and control
the endoscope during the whole surgery. This situation causes the surgeon to get
tired and not to use the hand holding the endoscope to operate with other tools,
which reduce the efficiency and prolongs the duration of the procedure that typi-
cally lasts for 2-4 hours. Some solutions have been offered to compensate for this
problem such as having an assistant to handle the endoscope, using a fixed endo-
scope holder, endoscopes handled by robots that are controlled via variety of
methods. In Figure 1, it can be observed that surgeon is using his left hand to hold
the endoscope and the other hand to operate with a surgical tool while the assistant
is helping him to use up to two more surgical tools. This type of procedure is
needed very often during this type of surgery.

Fig. 1 Cooperation of the surgeon and the assistant throughout the surgery

Due to the limitations of the previously developed systems and including an as-
sistant that is expected to follow the demands of the surgeon precisely, the use of
these methods is problematic in clinical applications. The objective of our work is
to provide a new robotic surgery system that enables the surgeon to use his/her
two hands efficiently at the same time. This system is designated to be a master-
slave teleoperation system to handle and control the positioning of the endoscope
inside the surgery area. In this paper, among the other novel approaches for the
proposed system, the determination of the information to be acquired and to be
sent from the master system and the processing type of this information for the
slave input is presented. Next section describes the previous work conducted on
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developing robotic systems to handle and direct optical systems in minimally in-
vasive surgeries. The teleoperation architecture is explained in the third section
which is followed by the preliminary experimentation result for the information
exchange and control of the robot handling the endoscope. The paper is concluded
with the discussions and conclusions based on the presented experimental results.

2 Background on robotic endoscopic surgery

A straightforward and quick solution for holding the endoscope during the surgery
for 2-4 hours is to devise a stable holder which can be directed by the surgeon
manually whenever required. Some of these endoscope holders are designed as
passive holder mechanisms with simple mechanical joint locks such as Martin’s
Arm [13], ASSISTO [14], Endoboy [15], and TISKA [16]. Another type of hold-
ers has pneumatically controlled joint locks such as UNITRAC [17] and POINT
SETTER [18], which also include mechanical balancing systems. Another passive
mechanism presented in [19] is also mechanically balanced which can be posi-
tioned and oriented manually. All of these passive endoscope holders and other
similar devices still need much effort from the surgeon or assistant whenever a
change of view for endoscope is needed. Therefore, the endoscope holders are not
the ultimate solution to maximize the efficiency of endoscopic surgeries.

In the survey of Nishikawa [20], positioning systems used in surgical robot sys-
tems are classified into three groups based on the level of autonomy: (i) non-
autonomous systems, (ii) semi-autonomous systems, and (iii) full-autonomous
systems. In another review presented in [21] an analysis on FDA approved robots
devoted to endonasal surgery was conducted to expose the advantages and disad-
vantages of these systems. Taniguchi et al. [22] reported 27 different endoscopic
surgical robots developed in between the years 1994-2009. Eight of them were
used on humans, others were either experimented on animals or presented as a
model. In most of these systems, a commercially available endoscope is directed
by a robot arm which is controlled by the surgeon via a control-panel.

One of the oldest examples of the robot controlled imaging systems is devel-
oped by Taylor et al. [23]. This system is composed of a four-axis robotic arm and
a joystick, which can easily plugged-in to laparoscopic instruments in order to
control robot holding the camera. Even if joystick sounds a good and easily im-
plementable solution, this system could not be commercialized widely because it
degraded the performance of surgeon in using the instruments.

Another important example was developed by Casals et al. [24] for laparoscop-
ic surgeries in which an industrial robot was used. In this system, force sensors are
placed on the connections in order to prevent the dangerous situations for the pa-
tient. Surgeon controlled the camera by the input commands received from his/her
head movements. However, it is difficult for the surgeon to keep his/her head sta-
ble throughout the surgery. Hence, this work also could not find use in surgeries.
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Narwell et al. [25] developed another method which uses a footswitch in order to
control the robot handling the endoscope. However, this system also was not
widely used since it did not provide a suitable way for the surgeon carry out the
surgery without spending extra effort to control the robot. Wei et al. [26] offered
another solution for all problematic points of previous works. In this system, a ste-
reo camera acquires the motion of instruments used by surgeon and robot control-
ling the laparoscope mimics these motions. The surgery robot using this method,
Aesop, is employed in over 1000 surgeries. However, this method relies on only
stereo camera feedback and because of the resolution and speed limitations, it is
not able to detect small and quick movements. Also, it reflects every motion of
target instrument which may cause some dangerous situations during the surgery.

Researchers used various methods to acquire control demands from the surgeon
to direct the endoscope during the surgery. There are some other examples in
which the control demands are acquired by voice commands [27], by head mo-
tions [28], and by both joystick and voice commands [29]. In addition, KaLAR
system [30] acquires the control demands by voice command and also includes an
auto-tracking control. The commercially available VIKY system [31] has a foot
pedal and voice recognition system to acquire control demands and it also uses
image processing methods to make the robot follow the movements of surgical in-
struments. In Lapman robotic system [32], a joystick called LapStick® is fixed on
a surgical tool as another way to acquire control demands. Emaro [33] is a com-
mercially available air-powered surgical assistive robot that handles and controls
the position of the endoscope by acquiring the control demands from the foot but-
tons and a gyroscope that is located on the forehead of the surgeon. The endo-
scope robot system FREE [34] is under development and in this system it is pro-
posed to acquire the control demands from the gyroscope attached to the surgeon’s
foot. Infrared signals send from a headset worn by the surgeon is tracked and used
as control demands in the EndoAssist system [35]. In 2010, Rilk et al. [36] fused
all the control demand acquiring methods in the previous works (voice, footswitch
etc.). In addition to this, in this system, endoscope images are processed and robot
is driven to keep the surgical instruments in the middle of the display.

In the works discussed above, various ways are proposed and used to acquire
control demands to drive the robot handling the endoscope. In the light of the pre-
vious experiences our aim is to develop a teleoperation system architecture in
which the surgeon will be able to send control demands in an intuitive way with
minimal effort of the surgeon. The next section describes the general teleoperation
architecture to be used specifically for the endoscopic pituitary surgery.

3 Teleoperation system architecture

Generally, in teleoperation systems the master and slave robot systems are in dif-
ferent places but in this work, both robot systems are in the same place. In this tel-



6 M. 1. C. Dede et al.

eoperation architecture, master system is a main control unit mounted on a surgi-
cal tool that the surgeon uses frequently during surgery, the aspirator. This main
control unit is composed of two main parts as the 3-axis gyroscope and the elec-
tronic control board acquiring and transferring the sensor signals wirelessly to the
slave system. Assuming that the surgeon uses his/her right hand for critical opera-
tions such as drilling, the main control unit is attached on and motions are pro-
posed to be acquired from the aspirator tool used by the left hand of the surgeon.

The slave system is a robot arm whose end-effector is the endoscope. Robot
arm is used in order to direct the endoscope only inside the surgical area. Different
from the examples in literature, this slave robot arm is to be placed into the surgi-
cal area by the surgeon and retrieved back from the surgical area again by the sur-
geon whenever it is necessary. In this way, entering and retrieving processes,
which are less critical in operation, can be done in a much faster way. Another ad-
vantage of this approach is that the system can be passively backdriven and re-
trieved from the surgical area in case of an unexpected failure.

The slave system consists of two main mechanisms; a weight-balanced six DoF
carrier part, which can be passively backdriven by the surgeon and an active robot,
which is driven by the control demands sent from the main control unit.

After the surgeon adjusts the endoscope image settings, the operating procedure
of the system during the surgery is as follows:

1) The surgeon places the endoscope, which is attached to the robot, inside the
surgical area. At this stage, brakes are on for all the actuators of the robot, which
is positioned in the middle of its workspace. The demonstration of the surgeon
placing the endoscope inside the surgical area is presented in Figure 2.

2) The main control unit is mounted on the aspirator to be used.

3) The surgeon activates the data flow between the main control unit and the slave
system by pressing the activation button on main control unit whenever there is a
need to change the direction of the endoscope. As long as the button pressed, main
control unit remains active and it transfers the control demand information to slave
robot. While the slave robot is driven to its required position, the compliant con-
trol algorithm implemented for the control of the robot prevents the transfer of un-
necessary amounts of forces to the patient.

4) When the endoscope reaches the desired position, the activation button is re-
leased and the robot remains in that position.

5) When the lens of endoscope gets dirty, surgeon retrieves the endoscope from
surgical area for cleansing. Then the 5-step procedure is repeated.

Taniguchi et al. [22] state that yaw, pitch and insertion (surge) motions are nec-
essary motions of an endoscope inside the surgical area. It should be noted that in
our system, the motions that require larger workspace and more DoF, such as en-
tering the endoscope into the surgical area and retrieving it back from the surgical
area, are accomplished by the surgeon manually by backdriving the 6 DoF carrier
system. Therefore, the active slave robot system is designed to have 3 DoF motion
identified as yaw, pitch and surge. In accordance, control demands from the sur-
geon should be acquired for these identified motions.
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Fig. 2 Endoscope placement procedure

In order to issue control demands for the slave robot, surgeon activates the but-
ton placed on the main control unit and the orientation change is measured via the
gyroscope in terms of angular velocity in three axes as pitch, roll and yaw. Angu-
lar velocities about yaw and pitch axes are used as control demand for slave robot
about the same axes however; angular velocity measured about the roll axis is
used for issuing control demand for the surge motion of the endoscope along its
shaft direction. The representation of the information flow from the gyroscope ax-
es to the 3 DoF robot arm is given in Figure 3. It should be noted that the present-
ed mechanism of the slave robot is given for general representation of its motion
capabilities. Nevertheless, the workspace of the slave is spherical and it is limited
due to safety reasons after the analysis for the minimal required workspace.

Z
o Information Flow Pitch
*. Yaw Direction |

_Pitch Surge Yaw

X ' Roll gy

Fig. 3 The representation of information flow from the gyroscope axes to the 3 DoF slave robot
arm

The next section describes the experimental setup to imitate the teleoperation
architecture provided in this section to investigate the use of two different methods
of controlling the endoscope robot.

4 Experimentation Setup for Testing the Usability of
the Teleoperation Architecture

The experimental setup is composed of a replica of a surgical tool with an embed-
ded gyroscope to be used as the master system and a virtual representation of the
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slave robot. The virtual slave robot is a spherical robot arm and a camera view-
point is placed at the tip point of this robot arm. The surgeon handling the master
system is shown in Figure 4(a). While the surgeon uses the replica of the surgical
tool, he can also view the surgical area from the computer screen. This view is
generated by the virtual camera placed at the tip of the slave robot. As the robot is
moved by the processed control demands, the view of the virtual surgical area
changes accordingly. This provides the sense that the surgeon is controlling a real
robot that is handling the camera since during a surgery; the surgeon constantly
looks at the endoscope image presented on a screen.

p==r-

Fig. 4 (a) The surgeon handling master system while observing the endoscope’s visual feedback
(b) The virtual representation of the slave robot

During the experimentation, although the surgeon does not see the slave robot,
it is shown in Figure 4(b) to provide a sense of how the virtual reality system
works. The virtual slave robot presented in Figure 4(b) is the 3 DoF spherical ro-
bot arm and right in front of it, there is a screenshot of the surgical area. As there
is a change in the orientation and the position of the robot’s tip point, the portion
of the visualized screenshot changes and this creates the effect of controlling the
real endoscope robot.

The replica of the surgical tool, which is produced by using an additive manu-
facturing system, is shown in Figure 5. The main control unit on this tool is com-
posed of a gyroscope unit and a push-button.

In the experimental setup, the gyroscope of the inertial measurement unit
(IMU) named GY-88 MPU-6050™ by MotionTracking™ Devices is used. This
sensor offers four different sensitivity measures. In the scope of this work, resolu-
tion is relatively more important than full scale range; therefore, FS SEL = 0 set-
ting is selected to set the range as £250 °/sec and sensitivity as 131 LSB/(°/sec). In
order to receive and process the measurements obtained from gyroscope, Arduino
Mega 2560 board is used. 12C protocol is used for the communication between
microprocessor and gyroscope in order to have a noise-free acquisition of the sen-
sor measurements. The processed sensor measurements are forwarded to Matlab
via serial port as control demands for the slave robot in real time by using Real
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Time Windows Target at a sampling frequency of 50 Hz. This rate is enough for
visualization of the surgical area. The connection details of the gyroscope and the
push-button are shown in Figure 6. The LED is placed to warn the surgeon the
push-button is pressed and the data is being transferred to the slave system.

Gyroscope sensor Top View

Bottom View

Button

Fig. 5 Replica of a surgical tool and the main control unit’s components

LED

§

Resistor1
1500

Bution

Resistor2  fizd
2200 e

MPU 8050 Gyroscope

Arduino Board

Fig. 6 Wiring of the gyroscope and the push-button to the Arduino board

4.1 Main Control Unit’s Algorithm

The flowchart of the main control unit is shown in Figure 7. It is observed from
the figure that the system initiates as soon as it is connected to the power. In the
first step, I2C and serial communication protocols should be declared since all the
wiring between the gyroscope and the Arduino board should be known by the mi-
croprocessor before receiving any signal. Then, the baudrate of serial communica-
tion is specified. After these, identification starts and gyroscope measurements are
acquired and kept in predefined variables. This process repeats in each 80 ms.

The push-button, which is presented in Figure 5 and 6, is used to either allow or
prevent the data flow from the Arduino board to Matlab. The state of the button is
checked continuously and if the button is pressed, data flow is allowed and the
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speed information is sent to Matlab. Otherwise, only “zero” value is sent through
serial port. The reason of sending “zero” value instead of sending “nothing” is that
the serial communication would be required to be reconfigured every time the
push-button is pressed. Thus, it would degrade the performance of the system.

Start 12C protocol

Start Serial
Communication
Protocol

Button pressed?
OFF the indicator ON the indicator
light light

Save the speed
values into the data
sequence

Setun
|

Loop

Send “zero” value
throught serial port

Send data sequence
through serial port

Fig. 7 The flowchart of the program on Arduino board

In the main control unit, there is also an indicator light (LED) to indicate the
data flow condition. If the light is on, it means that the system is ready for the data
to be sent but currently there is no data being sent. If the light is off, that means
there is a loaded data flow over serial link. The situation of this light is dependent
on the condition of the push-button. The program is terminated stopping the hard-
ware-in-the-loop simulation built in Matlab Simulink.

4.2 Teleoperation modes

Although the acquired signal from the gyroscope is angular rate, while processing
and converting this signal into control demands to drive the slave robot, two dif-
ferent methodologies can be applied. These methodologies are described as:
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Displacement-to-displacement method: In this method, the angular rate measured
from the gyroscope is processed to find angular displacements in pitch, roll and
yaw axes and they are mapped to the control demands for the slave robot in terms
of angular displacements in pitch and yaw axes and franslational displacement
along the surge axis, respectively. Defintion of the axes is provided in Figure 3.
The mathematical relationships to apply this method are given in (1), (2) and (3).

Si=sat(KSerdt+Si_1) i=012,... (1)
Yi =sat(Ky [Yedt+Yig) © i=012.... @)
R=sat(Kp[Prdt+R_1) ; i=012... (3)

As it is explained in the flowchart, each time the push-button is pressed, real-

time gyroscope measurements are sent to the slave system and also pressing the
push-button increases the i count by 1 in (1), (2) and (3). In the initial conditions,
So, Yo and Py values are set to zero and the S;, ¥; and P; values are updated as long
as the push-button is pressed. After the push-button is released S;, ¥; and P; val-
ues are stored for the next time the push-button will be pressed. S;, ¥; and P; are
the i displacement demand along surge axis, i angular displacement demands
about the yaw and pitch axes, respectively. R,, Y, and P, are the angular rates
measured from the gyroscope about roll, pitch and yaw axes. Finally, K, K, and
K, are the gains used scale the workspaces of the main control unit attached surgi-
cal tool and the slave robot handling the endoscope. If these gains are selected to
be larger, then with a smaller motion of the main control unit attached surgical
tool, a larger displacement demand for the slave robot will be issued. Additionally,
saturation is used in (1), (2) and (3) in order to limit the workspace of the slave ro-
bot (to simulate the real case scenario).
Displacement-to-velocity method: In this method, the measured angular rates are
processed to find angular displacements in pitch, roll and yaw axes and they are
mapped to the control demands for the slave robot in terms of angular rates in
pitch and yaw axes and translational velocity along the surge axis, respectively.
The mathematical relationships to apply this method are given in (4), (5) and (6).

Si=sat:I(KS-GJ'ert)dHSHJ . i=012,... @)
Yi=sat:I(KY'GJ‘Yrdt)dt+YiflJ  1=012,... (5)
R=sat:J‘(KP‘GJ‘Rdt)dt+Rfl] L i=012,... 6)
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The parameters, initial conditions and the applications of the formulas for this
method are almost the same with the previous method. The only difference is that
in the first integrations, a reset signal is utilized to reset the result of the first inte-
gration in (4), (5) and (6) to zero whenever the push-button in the master side is
released. Therefore, whenever the push-button is not pressed ¢ values in (4), (5)
and (6) becomes equal to 0 and otherwise it is equal to 1. In this way it is guaran-
teed that the control demand in terms of velocity sent to the slave system is a zero
command and the slave robot will not be operated until the push-button is pressed.

5 Conclusions

This work is dedicated to investigating the most suitable way of control de-
mand acquisition from the surgeon in order to control an endoscope robot during
the endoscopic pituitary surgery. Even before constructing the robot to control the
endoscope, a simulation of the surgery is developed only to evaluate the ease of
sending control demands to the slave robot, which is also called the endoscope ro-
bot in this work. Experimental setup is devised as a hardware-in the-loop simula-
tion in which the control signals are acquired from a gyroscope and processed to
drive a virtual slave robot with a camera that can replicate the visual information
in the related surgery. In this study, there is no haptic feedback and the virtual ro-
bot is directed by only motion demands in a kinematics mode simulation environ-
ment. Therefore, 80 ms of sampling rate is sufficient to evaluate the teleoperation
methods. Two different methods to drive the endoscope robot have been devel-
oped and the neurosurgeons from Hacettepe University tested the system with
these methods. The first method is very similar to moving the cursor with the
mouse on a screen. Although the workspace scaling ratios are increased, it was
found to be requiring too much motion during a surgery. It should be recalled that
the main controller with the gyroscope is mounted on the suction tube and this tool
is inside the surgical area during the control of the endoscope robot. The dis-
placement-to-velocity method is evaluated to be much easier to be operated with
minimal effort especially when the workspace scaling ratio is increased. In this
method, although the surgeon moves the suction tube in the required direction by a
minimal amount and just stops there while pressing the push-button, the slave ro-
bot still continues to move the endoscope in the required direction. As a result of
these evaluations, the displacement-to-velocity method was found to be the most
convenient way of sending control demands to the endoscope robot.
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