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At present, megavoltage computed tomography (MVCT) is the only method used to correct the position of
tomotherapy patients. MVCT produces extra radiation, in addition to the radiation used for treatment, and
repositioning also takes up much of the total treatment time. To address these issues, we suggest the use of
a video image-guided setup (VIGS) system for correcting the position of tomotherapy patients. We developed
an in—house program to correct the exact position of patients using two orthogonal images obtained from two
video cameras installed at 90° and fastened inside the tomotherapy gantry. The system is programmed to make
automatic registration possible with the use of edge detection of the user—defined region of interest (ROI). A
head—and-neck patient is then simulated using a humanoid phantom. After taking the computed tomography
(CT) image, tomotherapy planning is performed. To mimic a clinical treatment course, we used an immobilization
device to position the phantom on the tomotherapy couch and, using MVCT, corrected its position to match
the one captured when the treatment was planned. Video images of the corrected position were used as reference
images for the VIGS system. First, the position was repeatedly corrected 10 times using MVCT, and based on
the saved reference video image, the patient position was then corrected 10 times using the VIGS method.
Thereafter, the results of the two correction methods were compared. The results demonstrated that patient
positioning using a video-imaging method (41.7+11.2 seconds) significantly reduces the overall time of the MVCT
method (42046 seconds) (p<0.05). However, there was no meaningful difference in accuracy between the two
methods (x=0.11 mm, y=0.27 mm, z=0.58 mm, p>0.05). Because VIGS provides a more accurate result and
reduces the required time, compared with the MVCT method, it is expected to manage the overall tomotherapy
treatment process more efficiently.
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INTRODUCTION

The objective of radiotherapy is to deliver a therapeutic
dose to a well-defined target while minimizing the dose to the

surrounding normal tissue and critical organs. This requires op-
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timization of the conformity of the prescribed dose to the
planned target volume (PTV), dose homogeneity within the
PTV, and a minimal dose to the surrounding normal tissue and
critical organs."

Tomotherapy is a desirable treatment method to perform
megavoltage computed tomography (MVCT) image acquisition
as good image-guided radiation therapy (IGRT) and intensity-
modulated radiation therapy (IMRT) simultaneously.”” In par-
ticular, this machine helps reduce the interference of normal
tissue due to its excellent dose intensity using helical beam
delivery. In addition, setup accuracy can be maintained within
2 mm using MVCT image acquisition. Additionally, MVCT
can correct artifacts from general computed tomography (CT)

images of high-density substances using MVCT. Adaptive ther-
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apy based on MVCT is also possible.

However, the advantages of tomography are accompanied by
the many disadvantages associated with daily setup verification
using MVCT scans. There is a possibility that 2~3 cGy of
unnecessary radiation could arise every day, and the CT scan-
ning time and setup time can delay the overall treatment time.
In practice, more than one-third of the entire treatment time is
devoted to image scanning and MVCT setup. Unfortunately,
the speed at which changes to tumor size can be detected is
still under debate; some studies have reported that the changes
are not large enough to warrant daily observation.™”

A setup verification system, using video images, has re-

Fig. 1. Comparison of treatment process using (a) MVCT and
(b) VIGS (Video Image-Guided Setup). The treatment process is
shown for the typical patient using the first video image
obtained after the MVCT correction as a reference image.
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ceived much attention from some researchers due to advan-
tages including fast processing speed, simple system imple-
mentation ability, accurate processing ability, lack of additional
radiation exposure, and so on.”'” These studies have been de-
veloped to achieve more-accurate results using three-dimensio-
nal information on patients’ body surfaces. Recently, two new
commercialized patient-position management systems (Sen-
tinel™, C-RAD, Sweden, and AlignRT®, Visionrt, UK) that
do not produce additional radiation have been introduced for
this purpose. These researchers have contributed to validating
the setup accuracy using video images. However, tomotherapy
cannot use the current research results that were derived using
an external device due to the gantry size limitation (bore 85
cm). Therefore, in this study, we designed a Video Image-
Guided Setup (VIGS) system, which has the ability to perform
the setup verification, by mounting the video camera (2 mega
pixel resolution, Lifecam NX-8000, Microsoft, USA) inside the
tomotherapy gantry. We evaluated the accuracy and usefulness

of the VIGS system via a phantom study.
MATERIALS AND METHODS

The proposed treatment scenario is shown in Fig. 1. On the
first day of treatment, after correcting the patient’s setup using
the MVCT scan, we captured and stored reference video im-
age using an orthogonal video camera built into the gantry. On
the second day, an orthogonal video camera image of the pa-
tient was taken after complete patient setup using a laser sys-

tem in same treatment position and was compared with the

TomoTherapy

HI-ART

Fig. 2. In the closed-tomotherapy
gantry, two cameras that meet at
right angles are installed to take
the patient’s orthogonal image. It
is important to install the cameras
so that they do not block the slit
through which radiation is emi-
tted.
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reference image obtained on the first day to evaluate the setup
error. VIGS is expected to result in a more efficient process
because it can promptly correct patient positioning without ad-
ditional radiation exposure within short time. By contrast,
MVCT delivers additional radiation each time. If required,
MVCT can be used to correct the patient position instead of
VIGS. This method was used to correct the patient position,
and the accuracy of the camera image (reference image) was
reevaluated using an MVCT scan once a week or once every
two weeks.

Fig. 2 describes the VIGS system structure, in which a band
was inserted inside the tomotherapy gantry to install two or-
thogonal video cameras, and the cameras were then connected
to the treatment control room with two orthogonal video im-
in-house

ages to find positioning information with the

MATLAB program.
1. Camera calibration

Before measuring the daily setup accuracy, it was necessary
to correct the camera movement or rotation. The camera cali-
bration is basically 2D calibration for each camera angle and
performed before daily treatment. We calibrate the camera po-

sition and actual distance per pixel of acquired image using
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fixed patterns on the couch and the gantry ring of the tomo-
therapy machine. The empty couch image (anterior-posterior
image) with 4 holes is acquired with the camera 1 on Fig. 2
and in-house made fixed pattern on gantry ring image is also
capture with the camera 2 on Fig. 2. Our calibration program
automatically detects the each hole in two orthogonal planes
using the canny edge detection (Fig. 3). After position and dis-
tance detection between holes, the program also calculates the
spatial transformation between original image and each calibra-
tion image and defines the number of pixels on the distance in
millimeters per pixel for the correction. And camera zoom, fo-
cus, and brightness were adjusted manually after the camera
position was set. Automatic adjustments of these parameters
can result in inaccurate patient motion detection via the image
difference algorithm because this algorithm would continuously
adjust the image capturing conditions during analysis and these

adjustments could be mistakenly detected as patient motion.
2. Registration algorithm

After taking an MVCT image of the first treatment, we ob-
tained the final two reference orthogonal images and two or-
thogonal images taken before every treatment session. The au-

tomatic registration was then performed for pattern matching
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Fig. 3. The GUI program for the
camera calibration. The empty
couch image (anterior-posterior
image) with 4 holes is acquired
with the camera 1 (on Fig. 2) and
in-house made fixed pattern on
gantry ring image is also capture
with the camera 2 (on Fig. 2).
With pre-known distance between
holes, the calibration program cal-
culates the spatial transformation
between original image and each
calibration image and defines the
number of pixels on the distance
in millimeters per pixel for the
correction.
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using region-of-interest (ROI) images. When using the tem-
plate-matching method, we selected the coordinate points with
the largest normalized cross-correlation value of the two im-

ages, and the cross-correlation value formula was as follows.

_ >, @) = f )@ —u,y—v) =]
(£, @y —F., P2, ta—uy—v)— 7}

v(u,v)
f — original input image, ¢ — template image, (x,v) — index

Although a variety of algorithms have been proposed for an-
alyzing image-intensity variations, including statistical, differ-
ence and curve-fitting methods, we used the Canny edge de-
tection method because it is considered an optimal edge de-
tector for step edges corrupted by white noise. Although this
image-correlation factor was very simple, it worked well in
most patients. Additionally, we used Gaussian filtering and
Laplacian filtering before Canny edge detection to increase the
matching rate.

In addition to fully automatic registration, we added a func-

tion for users to manually adjust for patient positioning.
3. Phantom study
To mimic the general tomotherapy treatment process, a hu-
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manoid phantom (Randol110, Alderson Associates, NY, USA)
was immobilized in a vacuum cushion with a thermoplastic
head/shoulder mask, simulating a head-and-neck patient. The
treatment plan was devised after the initial CT scan. Assuming
there would be 10 treatment sessions, the setup was verified
on the first day after MVCT scanning of the phantom; the
phantom was moved to the treatment position, and two orthog-
onal video camera images were taken and saved as reference
images.

Assuming the second day as the phantom treatment day, we
reset for MVCT scanning with pre-defined shifts (Y (superior-
inferior direction)=1.0 cm and Z (anterio-posterior direction)=
1.0 cm) and orthogonal setup imaging, measured the ver-
ification error, repeated the same procedure assuming there
would be a total of 10 sessions of treatment, and used an au-
tomatic matching method to eliminate the subjective opinions
of the observers.

As seen in Fig. 4, we used an in-house program to obtain
and compare the reference image and the treatment image. Our
algorithm was implemented using the Matlab (The MathWorks
Inc., Natick, MA, USA) programming environment with a PC
(Intel Core2 Quad CPU at 2.66 GHz/processor, 8.0 GB RAM,
64-bit operating system).
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Fig. 4. The GUI program that
corrects the patient position using
two orthogonal video images. Fully
automatic registration and a ma-
nual procedure are available. Both
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registration procedures were pro-
grammed using Matlab.
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Table 1. Position differences between MVCT and VISG for
10 treatment fractions.

Variable Lateral (x) Longitudinal Vertical (z) Vector
(mm) (y) (mm) (mm) (mm)
Median 0.11 027 0.58 —0.11
Range  —1.00~090 —0.81~1.33 —1.28~143 —1.08~0.87
p-value 0.76 0.09 0.15 024

We evaluated any significant difference in positioning re-
sults from the MVCT and VIGS systems by statistical analysis
using a Wilcoxon signed-rank test (SPSS statistics version 19,
IBM, USA).

RESULTS

The effectiveness of the proposed method was evaluated
based on a simulation study using a humanoid phantom. No
significant registration errors were observed for a given range
of translations in the x, y, and z directions. When we assessed
two sets of orthogonal images of the humanoid phantom using
the VIGS system, we found that the video camera image qual-
ity was superior for image analysis when compared with the
MVCT images.

Table 1 shows the positioning differences between the full
3D method using MVCT and the proposed 2D method using
video camera images. The median differences were approx-
imately 0.11, 0.27, and 0.58 mm in the lateral, longitudinal,
and vertical couch directions, respectively. The median 3D
vector magnitude difference was —0.11 cm. The Wilcoxon
signed-rank test also demonstrated that the MVCT and VIGS
positioning methods did not significantly different (p>0.05).
The average time using VIGS system for a single registration
was 41.7£11.2 seconds and it’s 10 times faster than the origi-
nal MVCT process (42016 seconds). The time consumed for
the patient-positioning process averaged seven minutes for
MVCT and one minute for VIGS, which was significantly re-
duced (p<0.05).

DISCUSSION

The major limitations of the current MVCT system, how-

ever, often hinder its full use in clinical practice. One of these

PROGRESS in MEDICAL PHYSICS Vol. 24, No. 2, June, 2013

limitations is that the radiation dose and time for acquiring
one MVCT image can range from 2 to 9 c¢Gy and 6~7 mi-
nutes for optimal image.""'? This dose level is generally deliv-
ered to an area much larger than the intended treatment area.
Therefore, daily imaging can be impractical for those patients
who might be at a high risk of developing second malig-
nancies. The Video Image-Guided Setup (VIGS) system used
in this study has a huge advantage in that it does not result in
irradiation.

The two orthogonal video camera images provided an alter-
native 3D imaging technique that aims to resolve the limi-
tations of MVCT in clinical practice. In this preliminary study,
we found minimal differences between video image-based and
MVCT-based patient positioning using bony anatomy. This
clinical study is the first to demonstrate that video images can
be used for patient positioning, with accuracy equivalent to
that of MVCT for routine tomotherapy treatment processes.
However, instead of using a video image-based positioning
system during the entire course of treatment, we believe that
alternating with MVCT for a reasonable range of use would
be more efficient for treatment.

Our 1% registration of VIGS was performed with MVCT of
normal 1% H&N treatment procedure with immobilization device.
After physician’s final confirmation with MVCT for the treat-
ment, the orthogonal reference camera images were acquired
for next treatment fractions. If some other obstruction devices
were presented in that reference images, our VIGS system can-
not perform registration process to correct patient position with
captured images. We need to exclude those patients who have
another device except the immobilization mask with H&N
region.

Typically, patients’ internal organs move, or over time, there
can be some changes on the body’s surface. The use of a hu-
manoid phantom in our study, which did not result in any
changes over time, to measure the accuracy of the patient-posi-
tioning system needs to be improved further. However, we be-
lieve that our study covered enough basic principles to validate
the system.

There are still some limitations with the immobilization de-
vice using MVCT or other imaging techniques. Since we al-
ways re-take CT simulation after 18 fractions for reduced field

treatment for H&N patients using tomotherapy, we can moder-
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ate the possibility to move or shrink under the immobilization
device. And if we found over-tolerance difference between our
immobilization device and patient surface during patient setup,
we have our protocol to make another immobilization device
for the changed device or surface. Our H&N patient tomother-
apy treatment is performed after confirming the realistic treat-
ment conditions with patient in the immobilization device.
Since the MVCT or any other localization imaging techniques
cannot overcome that setup error, the immobilization device
and other setups are important to the both systems (MVCT
and VIGS) and also treatment.

It typically takes 20~ 30 minutes for tomotherapy treatment,
and more than 30% to 40% of that time is spent checking pa-
tient positioning with MVCT. This is time consuming and ob-
viously inefficient in busy clinic. Our study showed that the
time to acquire images of a patient’s location could be sig-
nificantly 10 times reduced, which can, in turn, reduce the
overall treatment time and thus help patients comfortably. It is
also expected to help in operating the machine more effi-
ciently.

Our video image-based positioning system reduces the setup
time and allows continuous monitoring of patient movement.
The current system has been designed and is being used to
monitor patient movements during the entire process.”” Further-
more, we believe we can study the monitoring of a patient’s
respiratory signals using a camera attached to patient’s lateral
gantry and an institutional review board approval for our pa-
tients is on the way with these results of the feasibility test.

However, there were some minor errors because the function
to control the current couch’s movement was not integrated.
Therefore, in the future, if we develop an automatic system by
integrating it with tomotherapy, it can be used for patient data

with couch movements.
CONCLUSION

This study evaluated the accuracy of an automatic pa-
tient-positioning system, based on the image correlation of two
video images as a new technique for 3D imaging-guided pa-
tient positioning for tomotherapy. Its performance in patient
positioning using automatic registration was comparable to that

of the MVCT technique, with a significant reduction in total

treatment time and dose. Additional study of video camera
imaging in other anatomic sites and of using soft tissue for
patient positioning compared with the MVCT technique is
needed to demonstrate its efficacy as a potential tool for daily

3D target localization for tomotherapy.

REFERENCES

1. Chavaudra J, Bridier A: Definition of volumes in external ra—
diotherapy: ICRU reports 50 and 62. Cancer Radiother 5(5):
472-478 (2001)

2. Mackie TR, Holmes T, Swerdloff S, et al: Tomotherapy:
a new concept for the delivery of dynamic conformal
radiotherapy. Med Phys 20(6):1709-1719 (1993)

3. Mackie TR, Kapatoes J, Ruchala K, et al: Image guid-
ance for precise conformal radiotherapy. Int J Radiat Oncol Biol
Phys 56(1):89-105 (2003)

4. Milliken BD, Rubin SJ, Hamilton RJ, Johnson LS, Chen
GT: Performance of a video—-image-subtraction—based patient
positioning system. Int J Radiat Oncol Biol Phys 38(4):855-866
(1997)

5. Schoffel PJ, Harms W, Sroka-Perez G, Schlegel W,
Karger CP: Accuracy of a commercial optical 3D surface
imaging system for realignment of patients for radiotherapy of
the thorax. Phys Med Biol 52(13):3949-3963 (2007)

6. Tao S, Wu A, Wu Y, Chen Y, Zhang J: Patient set-up in
radiotherapy with video—-based positioning system. Clin Oncol (R
Coll Radiol) 18(4):363-366 (2006)

7. Yan Y, Song Y, Boyer AL: An investigation of a vid-
eo-based patient repositioning technique. Int J Radiat Oncol Biol
Phys 54(2):606-614 (2002)

8. Johnson LS, Milliken BD, Hadley SW, Pelizzari CA,
Haraf DJ, Chen GT: Initial clinical experience with a vid—-
eo-based patient positioning system. Int J Radiat Oncol Biol
Phys 45(1):205-213 (1999)

9. MacKay RI, Graham PA, Logue JP, Moore CJ: Patient
positioning using detailed three-dimensional surface data for
patients undergoing conformal radiation therapy for carcinoma
of the prostate: a feasibility study. Int J Radiat Oncol Biol Phys
49(1):225-230 (2001)

10. Cervino LI, Pawlicki T, Lawson JD, Jiang SB:
Frame-less and mask-less cranial stereotactic radiosurgery: a
feasibility study. Phys Med Biol 55(7):1863-1873 (2010)

11. Xu SP, Xie CB, Ju ZJ, et al: Measurement and analysis
of the imaging dose with megavoltage computed tomography for
helical tomotherapy. Ai Zheng 28(8):886-889 (2009)

12. Beldjoudi G, Yartsev S, Bauman G, Battista J, Van Dyk
J: Schedule for CT image guidance in treating prostate cancer
with helical tomotherapy. Br J Radiol 83(987):241-251 (2010)

13. Ju SG, Huh W, Hong CS, et al: Development of a vid-
eo—guided real-time patient motion monitoring system. Med
Phys 39(5):2396-2404 (2012)

_90_



PROGRESS in MEDICAL PHYSICS Vol. 24, No. 2, June, 2013
HSXEE HC2 A&7\ MY FX|2] JHE: oy

N BTHED o|ntoh st MMM S LA EYstmAl, TolELE WaTo] AP

TN - FAT - EHM FTET - 2715
AFEAx - A28lx - ObMEh - BHAO| - HE S+

ZeF MAtshetE £ (megavoltage computed tomography, MVCT)0| EHE%| Z(Tomotherapy) 2HAte] X2 XM WA gf
Ho=z QUCH MVCTE= 718l YhAM I Z#at o2} MA %2 A|ZHo] Z0{Xx|= =td & J1X| 2 Qlct o]

st 22X sl 22 flsl ol GAT|EE 38X X2 KM 1 A| A8 (video image-guided setup system, VIGS)2 7 23l
x5

Ch CHEX[E AW HEZ|o ZZoz 2049 H|C|2 FIHEIE &EstD o|ZREf P2 PAS 0|835t0] 2Xte| XA
QS M5k Z2IOUE KA JHeich JHEE A[ARS ALSXiol o] Hol=l zA AAHolM el ol x| HZE(edge
detection) ZTE 7|Hlez2 XI5 HES Sofl XM QAIE HTE Dot FEE XS ZABE| 26 7H HE
2 0| 835t0] ARFE TS XEAHE AMS 2SS T MMst A ZAHE S FHICL MM X2 MEfE MHHS| s 2
Y 8750|850 HES DHMON MMEXEHE Aoz 26 HE XM BAES A8 7IFE MVCT G442 &S53
Ch. HES X2 &[0 #Ix[AZ] & MVCT GAE2 €1 0|8 7|F MVCTY Az} v|m5to] x| 2H At S8 XiM(7}
HEE /X E nFAMCh WHE XMolA VGISE 0|835t0] 7| & HIC|2 ¥AS ESICt 108 Z2HM MVCT g4S o
25t XMl WA 3} VIGSE 085 HIC|2 Fa|gh XM WM S 22t £3listo] £ aiziel Wy 7t xfo|(M £4M)et
24 AlZt2 | DRCL HE X DY AZH2 VIGS AIAE(41.7£11.2 seconds)O] MVCT 24#(420+6 seconds)oll HIaH
Xl M =ACHp<0.05). oHX[2F & gr7to] QX At 24 A3t EHXHSZ 7o|Fh Aol HO|X| LATHx=0.11
mm, y=0.27 mm, z=0.58 mm, p>0.05). VIGSA|AEIO| &2 AlZtof| &St X 2R AHX| S 2 £0{ 0/9 7f&o| &=

_91_



