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Purpose: This study aimed to develop a surface-guided radiosurgery system customized for a
neurosurgery clinic that could be used as an auxiliary system for improving the accuracy, monitoring
the movements of patients while performing hypofractionated radiosurgery, and minimizing the
geometric misses.
Methods: RGB-D cameras were installed in the treatment room and a monitoring system was
constructed to perform a three-dimensional (3D) scan of the body surface of the patient and to
express it as a point cloud. This could be used to confirm the exact position of the body of the
patient and monitor their movements during radiosurgery. The image from the system was
matched with the computed tomography (CT) image, and the positional accuracy was compared
and analyzed in relation to the existing system to evaluate the accuracy of the setup.
Results: The user interface was configured to register the patient and display the setup image to
position the setup location by matching the 3D points on the body of the patient with the CT
image. The error rate for the position difference was within 1-mm distance (min, 一0.21 mm; max,
0.63 mm). Compared with the existing system, the differences were found to be as follows:
x =0.08 mm, y =0.13 mm, and z =0.26 mm.
Conclusions: We developed a surface-guided repositioning and monitoring system that can be
customized and applied in a radiation surgery environment with an existing linear accelerator. It was
confirmed that this system could be easily applied for accurate patient repositioning and intertreatment motion monitoring.
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Introduction

auxiliary systems for radiation exposure control have been
developed for a frameless stereotactic approach [1]. Patient

Since stereotactic radiosurgery (SRS) delivers high-

positioning systems based on infrared (IR) reflective mark-

prescription doses to the treatment site, accurate target

ers demonstrate comparable accuracy with setups using

positioning and patient setup are essential. Linear accel-

X-ray imaging and are currently used in the field of spine

erator (LINAC)-based SRS requires a frame-based stereo-

radiosurgery [2-4]. A frameless LINAC-based radiosurgery

tactic approach to achieve the required accuracy. However,

system captures and tracks the movement of a patient
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during treatment and checks whether the position of the

irradiation, whole brain radiation therapy, and SRS using

patient is within the acceptable range. At this point, the

deep inspiration breath hold (DIBH) and voluntary DIBH

X-ray dose used to check the setup accuracy may appear

[12,13].

to be negligible when compared with the dose scattered

The SGRT system involves the inherent risk of deviating

throughout the body during radiosurgery or treatment;

positional precision in the sub-process of repositioning

however, surface-guided radiation therapy (SGRT) is being

the patient’s treatment, with a risk that is ranked high in

developed and utilized as a system using three-dimen-

the risk priority number scoring using failure modes and

sional (3D) surface imaging techniques without the disad-

effects analysis [14]. In the case of our neurosurgery clinic,

vantage of the ionizing radiation as reported in American

the coordinates reconfirmed by repositioning in the treat-

Association of Physicists in Medicine Task Group 75 (AAPM

ment position inevitably involve an intrinsic error of sub-

TG 75) [5-8].

millimeters while attaching an IR reflective marker using

While it is challenging to directly use surface imaging

the ExacTrac® (BrainLab, Munich, Germany) in the com-

systems for monitoring spine lesions in the body, the sys-

puted tomography (CT) simulation stage with the treat-

tem can be widely used for monitoring patient positional

ment positioning for the patient.

changes The SGRT system will record the changes in the

In other words, establishing and confirming the patient’s

motion of the 3D surface of the patient [9]. If a difference

treatment location is an important step in surface-guided

in location occurs, the location of the lesion is considered

radiosurgery (SGRS) to ensure accurate execution of the

to have changed. The SGRT system using non-ionizing ra-

treatment plan. This means that a treatment setup check

diation integrates a projector with two or three cameras to

and treatment monitoring are pivotal steps in the treat-

obtain a real-time 3D surface of the patient [10]. During ra-

ment process. Therefore, a more accurate and intuitive

diation therapy and radiosurgery, a stereo vision system or

system is required to compensate for the geometric misses

depth camera is used to optically scan the surface, thereby

on existing systems that only use a few IR markers to set up

identifying the location of the patient and monitoring it

the patient’s position. These errors can be reduced by us-

with high spatial resolution [11].

ing point cloud surface imaging as an additional method to

Since SGRT provides real-time information about the

model the body of the patient since it provides a represen-

body surface and surgery/treatment site of the patient in

tation of the target scene in the Cartesian coordinate sys-

the treatment room, it yields more accurate positioning

tem of x, y, and z. Various radiation treatment applications

for radiosurgery than laser positioning within this context.

that have incorporated this method have been studied and

The system also has the advantage of reduced radiation

used for treatment [12,13,15].

doses for fractionated/hypofractionated treatment with a

Another method to reduce such errors involves the use
of a surgical guide system. Computer-based surgical as-

reduced amount of X-ray imaging per day [5,6].
The SGRT system monitors the position of the patient

sistance systems (NAV3i; Stryker, Kalamazoo, MI, USA, and

in real time during radiosurgery, which contributes to the

StealthStation; Medtronic, Minneapolis, MN, USA) are be-

standardization of the radiosurgery workflow with high

ing widely used in the field of neurosurgery. These systems

precision and reproducibility while prioritizing patient

provide a guide to the exact location of the identified lesion

safety [10,11].

by checking the guide from the incision site to the surgical

The clinical use of SGRT involves optical surface scanning for patient positioning, motion monitoring within the

site based on CT and magnetic resonance images during
surgery [16-20].

treatment area, and respiratory gating techniques and has

Therefore, this study aims to develop a SGRS system that

proven to be highly beneficial. The AlignRT system (Vision

is customized for a neurosurgery clinic and could be used

RT, London, UK) that is constructed with this technology

as an auxiliary system for improving accuracy and tracking

uses SGRT in gated radiation therapy for tumor locations

the movements of patients while performing divided thera-

close to the skin surface, such as accelerated partial breast

py during treatment and minimizing the geometric misses.
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while, Eqs. (1) and (2) were used to recognize the ROI and

Materials and Methods

the depth of the patient. Here, Z is the distance between
the patient body and camera; b is the distance from the IR

1. Surface-guided reposition and monitoring
system

illuminator to the center of the camera lens; f is the distance from the lens to the camera sensor; α and β are the

A point cloud is a set of data points with x, y, and z coor-

angles of the IR illuminator and lens for the body surface

dinates in 3D space. A point cloud generally measures the

spot, respectively; x is the distance from the body surface

outer surface of an object using a 3D scanner, which un-

spot to the body point orthogonal to the illuminator; P is

dergoes processing to ultimately yield a 3D image (Fig. 1a, b).

the distance between the center and outer edge of the sensor; and y is the body depth from the surface [21].

To create a 3D image of the patient, a cloud of 200,000
points was obtained for the region of interest (ROI) rec-

𝑧𝑧 =

ognized by the depth camera, while a 35,000-point cloud
was designed to shape the object to reduce the amount of

𝑏𝑏
tan(α) + tan(β)

x=z . tan(α)

computation. A RGB-D camera was used to recognize the

(1)
(2)

depth, the body surface, and the position of the patient
to create 3D images [21]. To obtain a point on the surface

Three depth cameras (ASTRA S; ORBBEC, Troy, MI,

of an object from a depth camera, the depth information

USA) were installed for imaging the entire body surface on

distance (z) and the distance between the illuminator and

the ceiling above the gantry head, with the specifications

the actual camera sensor (x) must be obtained using the

of the SGRS-integrated computer as follows: I7-8770, 16G

triangulation principle. Here, these images were updated

RAM, SSD 512G, GTX 1080Ti, and Windows 10 (Fig. 1c).

by tracking the changes in the location, surface, and depth

Each point cloud was obtained from the cameras installed

information caused by the movement of the patient. Mean-

on the left, center, and right, and a 3D point cloud model

a

b

z
IR illuminator


x

y
b
Lens

Sensor

z
P


P

x

f

c

Fig. 1. Three-dimensional surface
modeling system architecture and
surface-guided radiosurgery (SGRS)
in the treatment room: (a) the archite
cture of the image acquisition using
the depth camera, (b) the surface
imaging profile in sagittal plane,
and (c) the installed SGRS in the
treatment room. IR, infrared; LINAC,
linear accelerator .
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was created by overlapping the obtained point clouds (Fig. 2).

by 1, while the remaining Y- and Z-axis coordinates were
rotated in the same way as the Cartesian coordinate system. The same principle was applied to the Y and Z axes

2. Point cloud spatial transformation

described in Eq. (4); that is, each point was defined in 3D
The matrix of the newly transformed coordinates x’, y’,

space with x, y, z Cartesian coordinates. Therefore, a 4×4

and z’ for the spatial coordinates x, y, and z, which com-

matrix was required to perform the rotation transformation

bine the points obtained from the camera positions on

for image composition, and an element (1) was added to

the left, center, and right of the point cloud into one scene,

the end of each of the x, y, z 3D vectors.

was obtained by performing spatial transformation corresponding to the movement described in Eq. (3). The

 x'   Rxx Rxy Rxz Tx  x 
  
 
 y '   Ryx Ryy Ryz Ty  y 

 z '   R R R T  z 
   zx zy zz z  
 1   0 0 0 1  1 
  
 

rotation (R) and the translation matrix (T) for the homogeneous coordinates were as represented in Eqs. (3) and (4)
[22,23]. In terms of geometric transformation, the value of
the moving direction was Tx, Ty, Tz, respectively, with the
point (0, 0, 0) moving to (Tx, Ty, Tz). In the case of the X axis,

0
0
1

 0 cos( ) sin(  )
Rx ( )  
0  sin(  ) cos( )


0
0
0

0
 cos( )


0
 0
(
)


R
y
 sin(  )
0



1  ,
 0

0  sin(  )
1
0
0 cos( )
0
0

(3)

0
 cos( )  sin(  )


0
 sin(  ) cos( )
(
)


R
z
 0
0
0



0
1  ,
 0

0
0
1
0

0

0 
0

1 

(4)

the X coordinate did not change because it was multiplied
RGB-D
camera #1

RGB-D
camera #2

RGB-D
camera #3

Integrated
3D point cloud images



a

c

b

d

Fig. 2. Acquired three-dimensional images using RGB-D cameras: (a) left, (b) center, (c) right direction, and (d) integrated images through
the cameras.

3D surface
scanning

Acquisition 3D
model images
and
downsampling

Noise
removing and
baseline
alignment

CT scanning

Conversion CT
images into
point clouds

DICOM
coordinates to
table
coordinates
transformation

Registration of
3D model and
CT

User interface
integration

Fig. 3. Image registration process and user interface integration. 3D, three-dimensional; CT, computed tomography.
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A point cloud library (PCL) was used to acquire the point

of metric spaces (Eq. 5). In Eq. (5), a and b represent points

clouds and to build the user interfaces [24]. Addition-

from sets A and B, respectively, while for simplicity, d(a, b)

ally, a point cloud to CT image registration algorithm was

is any metric between these points. Here, d(a, b) is denoted

developed and installed in the integrated graphical user

as the Euclidean distance between a and b. The Hausdorff

interface. This enabled the patient setup position to be

distance can be used in computer vision applications to

adjusted in real time using the SGRS-integrated computer

obtain a given reference image from any target image [29].

in the treatment room and the movement of the patient to

In this study, a reference image was obtained in the CT

be monitored in real time during the treatment. The point

simulation stage for radiosurgery. This image was used as

clouds obtained after scanning the camera were down-

the basis for a comparison and the difference between the

sampled using voxel grid filtering. Voxel grid filtering cal-

reference image and the first or fractionated treatment was

culates the presence or absence of a point in the leaf size at

observed. The area of the actual binary target image was

the center point of each voxel, calculates the center point of

processed as a point cloud. The treatment position was

the points, and removes the remainder of the surrounding

located by calculating the Hausdorff distance between the

points. Then, the noise was removed, and the CT images

reference image and the area of the target image at the time

on DICOM coordinates were converted into point clouds

of treatment with the distance matching algorithm and by

on patient-table coordinates. These were then aligned on

minimizing this distance:

the coordinates using the iterative closet point (ICP) algoℎ(𝐴𝐴, 𝐵𝐵) = max { min {𝑑𝑑(𝑎𝑎, 𝑏𝑏)}}

rithm (Fig. 3) [25-28].

𝑎𝑎∈𝐴𝐴

𝑏𝑏∈𝐵𝐵

(5)

Subsequently, 10-th setups were performed to verify the

3. Measurement accuracy

positional accuracy of the developed system. The positionThe Hausdorff distance is the distance between two sets

al accuracy was calculated in relation to the existing system

a

Patient information

b

CT point clouds
or initial position (black dots)

Current point clouds
(red dots)

Fig. 4. Surface-guided radiosurgery user interface in the treatment room. (a) The user interface for the patient setup matching. (b) The
phantom experiment using our surface-guided reposition and monitoring system. CT, computed tomography.
www.ksmp.or.kr
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follows: x=1.44±0.5 mm, y=1.48±0.31 mm, z=0.09±0.11 mm,

(ExacTrac).

pitch=0.01°±0.02°, roll=0.01°±0.01°, and yaw=0.05°±0.02°
(Fig. 5b, c). An error occurred in the process of matching

Results

the setup point cloud acquired in the treatment room and
A user interface was established for the SGRS system

the CT image conversion into a point cloud. It was possible

(Fig. 4). The point cloud of the patient in the CT simula-

to locate the target lesion by obtaining the CT point cloud

tion stage for radiosurgery was registered by providing the

(Fig. 5a).

patient information registration window, which included

The developed system was used to perform ten repeated

patient name, department number, date of birth, gender,
tumor location, and treatment information (fraction), and
0.70

cloud in one screen (Fig. 4a). A dummy phantom was used

0.60

for testing (Fig. 4b) and was regarded as a rigid body with
no movement via breathing. The acquired point cloud image is shown in Fig. 4a.
The point cloud dataset obtained in the CT simulation
process was used for the first treatment and the split treatment after establishing the radiation surgery plan. In ad-

Position mismatch (mm)

a window (panel) for real-time monitoring of the point

0.50
0.40
0.30
0.20
0.10

dition, it was matched with the CT image for patient setup
and for monitoring in the treatment room (Fig. 5). The
accuracy of the matching (the average of ten trial images)
using the ICP matching algorithm of the PCL library was as

a

0.00
Hausdorff distance

Fig. 6. Multi-fractional setup trials using Hausdorff distance in
difference plots.

b

c

Fig. 5. Image registration results of surface-guided image to computed tomography (CT) for a phantom and clinical case. (a) The 3D
image registration result for a phantom CT and point cloud. (b) The image registration process in the same coordinate plane. (c) The final
image in which the point cloud and CT images are registered.
www.ksmp.or.kr
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a
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Difference (existing-new SGRS) (mm)

Location accuracy of developed
system (mm)
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0.20
0.15
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0.05
0.00

z
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y

z

Fig. 7. Multi-fractional setup trials involving existing system (ExacTrac, BrainLab, Munich, Germany) and the developed surface-guided
radiosurgery (SGRS) in difference plots. (a) The location accuracy of the developed system for the multi-fractional setup trials. (b) The
difference for the x, y, and z axis.

patient setups. The maximum error of the Hausdorff dis-

while, Chan et al. [32] used the ICP registration method to

tance was found to be within 1 mm, with a minimum error

match CT and 3D ultrasound images for a surface-guided

of –0.21 mm and a maximum error of 0.63 mm (Fig. 6).

system for spinal surgery as a navigation imaging system.

Fig. 7a presents the results of the location accuracy verification for the constructed SGRS system. The x, y, and z val-

As a result, the accuracy was reported to be 0.3±0.2 mm
and 0.9°±0.8°.

ues of the developed system all exhibited an error within

When obtaining a 3D point cloud, geometric and cali-

the range of 0.25 mm. While evaluating the difference from

bration errors occur, which result in noise in the point

the existing system, an error in the range of 0.26 mm was

cloud image [33-36]. Furthermore, the patient’s ROI can

observed in the maximum z direction and an error within

be imaged according to the acquisition distance, with the

0.15 mm was perceived in the x and y directions (Fig. 7b).

angle varied depending on the specifications of the RGB-D
camera [37]. Therefore, it is crucial to obtain a suitable installation location since the installation distance and angle

Discussion

vary depending on the range of treatment for the patient
A SGRS system can be used to continuously monitor a

or on whether the gantry in the treatment room is rotated.

patient’s surface motion during radiation therapy through

This study excluded the treatment of brain patients, with

optical surface imaging technology. We attempted to re-

the distance and angle set for spine treatment and the ROI

duce the image processing burden by reducing the amount

for monitoring. In other words, there will be certain differ-

of point cloud raw data by around one-fifth and controlled

ences between the setup of the imaging system when treat-

the latency to within several hundred milliseconds. Wang

ing brain and spine cases for accurate observation of the

et al. applied a machine learning method to predict ex-

lesion site.

ternal respiratory motion signals and the internal liver

The ICP algorithm was used to evaluate the distance

motion. As a result, the matching latency with the surface

between two-point clouds. The matching was performed

image was adjusted to within 500 ms by predicting the liver

by repeatedly obtaining the closest distance between each

motion [30]. While our system is based on a couch angle of

point on the 3D body surface of the patient and the point

0°, a recent study by Covington and Popple [31] presented

cloud of the matching CT image. If there was a section

a simple and inexpensive procedure for evaluating the per-

wherein the dots did not coincide while selecting an ROI,

formance of a surface imaging system used in stereotactic

the error of x, y, and z exceeded 2 mm. However, it was pos-

radiosurgery treatment at a non-zero couch angle. Mean-

sible to improve the precision by removing the weights and

www.ksmp.or.kr
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outliers, while this aspect requires further optimization

environment with an existing LINAC. The system assists in

research [38,39].

improving the setup accuracy in radiation surgery and can

The surface point cloud was used to visualize the patient’s current position and to execute a more accurate

be easily applied for more accurate patient repositioning
and inter-treatment motion monitoring.

setup with the CT point cloud set according to image
registration. Meanwhile, the movement of the patient can
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