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Abstract

Background

Stereotactic body radiation therapy (SBRT) is a noninvasive alternative treatment for
patients who cannot accept surgery. It delivers higher ablative total radiobiological
doses to the tumor in fewer fractions. The dose can be as high as 20Gyer fraction
(compared to 1.8 to 2 Gy in conventional radiotherapy treatment) and the number of
fractions are usually less than 5(compared to 30 in conventional treatment). Thus, it
requires high conformal dose distribution and minimal exposure of surrounding healthy
tissues for the patients. The major challenges of SBRTor lung cancer include respiratory
motion, positioning uncertainty and intra -fraction stability. Breath hold is usually not
suitable for lung cancer patients because they cannot hold the breath for along time
(typically 20 seconds or more) for treatment. Current treatment strategies for Lung SBRT
include free breathing (FB), gating at the end of exhale (GE), gating at the end of inhale

(GI), and real-time tracking (RT), which are illustrated in the figure below (Fig.a).

Most lung SBRT patients are treated in free breathing. It delivers dose to all the tumor
motion trajectory, thus requires field size larger enough to cover all the possible tumor

locations, creating extra dose to normal tissue. This results in lesion size limitation, so FB



is most widely used in small tumors or tumors with less motion, such as those located in
the upper lobes of the Lung. The advantages of FB are its low technical requirements

and high treatment efficiency (100% duty cycle).

For gating technology, the radiation is limited to several specific respiratory phases at
the end of exhale or inhale in which the target motions are reduced. It monitors motion
and reduce treatment volume, which offers the dosimetric advantage of lower doses to
organs at risk. The duty cycle of gating depends on the threshold and is usually less than
30%. Gatd treatment can be executed intwo strategies: GE and GIl. These two strategies
each has their own pros and cons. For GE, the tumor positionis typically more
reproducible than GI. However, Gl has larger lung volume due to inspiration and this

can lead to lower lung toxicity.

In real-time tracking, the beam moves with the tumor movement and delivers the dose
to the exact tumor position. It is the most effective strategy because it hastheoretically
zero motion margin. Another advantage is high treatment efficiency with the beam
always on during treatment. The drawback of RT is that it is highly technical demanding
and there may be some time dday in tumor detection, decision making and taking
actions. Therefore, it is more complexthan other strategies and could result in additional

potential errors. In addition, the dose delivery accuracy of real -time tracking is limited



by the 4DCT resolution and this will be introduced in th e following section .
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Figure.a lllustration of 5 treatment strategies

Purpose

To reduce the motion margin in dose delivery, we develop ed a novel bipolar (BP)
strategy (see Fig. a) that requires the patient to hold the breath at the end of the inhale
and exhale under audio/video coaching. By only delivering the dose to the tumor during

breath-holding, the dose is given to the exact tumor position . This reduces normal tissue
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toxicities to a great extent. Moreover, the treatment duty cycle is higher than
conventional gating technology. In this study, we want to evaluate the feasibility of BP
breathing pattern and also compare BP with other strategies geometrically and

dosimetricly.

Methods

BP Feasibility Analysis:

Feasibility analysis is conducted to see if the bipolar breathing pattern is sustainable
and comfortable for patients to breathe in a long time. 8 volunteers are included in this
study to breathe following the FB/RT, GE, Gl and BP breathing patterns under audio
coaching. Therespiratory signals acquisition time for each pattern is more than three
minutes. A custom MatLab program is developed for data analysis. The period
repeatability, breath-hold repeatability and treatment efficiency are calculated and

compared for each strategy.

Geometric Evaluation:

10 previously treated lung SBRT patients with 4DCT were selected retrospectively, each

T EYDPOT wOUOOUwhdturbodsxeudt entséxi@ale (EE)ranges from 0.1 to 22.7

and 80% cases larger than 1cc. 60% tumors located at the lower lobe of the lund.ung
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volume and tumor position were used to determine the end-exhale (EE) and endinhale
(El) phases. The GTV was contoured at eacldDCT phase to determine the ITV for each
strategy. PTV is formed by 1mm expansion from ITV. The lung volume, ITV and PTV in
BP were compared with FB, GE, Gl and RT.All the values are normali zed to Gl to

include all the patients for comparison.

Dosimetric Evaluation:

IMRT and VMAT plans were generated for each patient with a prescription dose of 60
Gy in 5 fractions. All the plans are completed in the Varian Eclipse System (Version
15.5). Theenergy we used is 6MV and the calculation algorithm is AAA. 100% dose is
normalized to 95% volume. All the plans should meet the RTOG 0813 protocol. IMRT
uses 79 beams and VMAT uses 12 arcs. OARs includes lungs, spinal cord, esophagus,
trachea, heart et., were contoured. For BP and RT, a custom MatLab program was used
to summate the plans and calculate the DVHs. Parameters include Vsay, Visay, V20ey and
MLD (mean lung dose) were compared for each strategy in both VMAT and IMRT

plans.

Tumor Motion Modelhg:
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The purpose of this section is to prove the observed volume in 4DCT is larger than real
tumor volume due to tumor motion and the limited number of phases in 4DCT. Both
phantom and patient study are included in tumor motion modeling to verify our

assumption.

QUASAR phantom with a white ball inside (radius: 1.5cm)was used for phantom data
acquisition. 5 breathing patterns using same motion amplitude was acquired. The BPM
(breath per minute) are 15, 20, 25, 30,33, respectivelyl0 previously treated lung SBRT
patients with 4DCT were selected for patient study. These patient data are the same as

patient data in geometric evaluation section.

We developed a MatLab program to calculate the theoretical volume (simulated
volume) in each 4DCT phase. Bycomparing the simulated volume with the observed
volume, we want to verify that the observed tumor volume is larger than the real tumor

volume in each 4DCT phase and it isa function of real tumor volume and tumor motion.

Results

Feasibility Analysis:




BP breathing pattern is found to be comfortable and sustainable over 3 minutes. This
may be longer if we test for longer time. The period repeatability and breath -hold
repeatability are at 1.00+0.03 and 1.00£0.04t is higher than GE(with breath -hold) and
Gl (with breath -hold), indicating a better repeatability for BP. Treatment efficiency of BP
can be more than 65% under audio coaching.lt may be improved with the video

coaching, longer period of breath holding and patient training.

Geometric Evaluation:

Using Gl as reference, ITV in FB is the largest among all 5 strategies and it is

significantly larger than BP. Thatzg because FB delivers dose to the whole tumor motion
trajectory thus creating a large tumor motion margin. The ITVs in RT and BP are similar
and smaller. They are approximately one third of FB. The ITV in FB isabout twice of the

ITVs in GE and Gl.

Generally, PTV shows a similar trend with ITV. FB is significantly larger than other
strategiesand it is approximately 2.5 times of RT and BP.The PTV of GE and Gl are
similar and they are about 56% of the FB. BP is a little bit smaller than RT because the
fast-moving tumor in limited phases. Comparing with ITV and PTV , they basically

follow the same trend. However, the difference between BP and FB are narrowed due to



1mm expansion from ITV to PTV. In PTV, BP is 58% less than FB, and in ITV, BP is 67%

less than FB.

Dosimetric Evaluation:

In IMRT, all the dose are normalized to Gl. FB is the highest for Vsey, Visay, V20cy and
MLD in all strateg ies and BP is significantly smaller than FB. The reason for that is the
largest PTV for FB and smallest PTV for BP. Moy, Visey, V20sy and MLD in RT and BP are
similar and smaller than GE, GI. They are approximately 20%-30% lower than FB.
Although GE and GI have similar PTVs, the dose in Gl for V sey, Visey, V20ey and MLD are

much smaller than GE due to lager lung volume in Gl.

In VMAT, the evaluation parameters are the same as in IMRT. They basically show
similar trend with IMRT. The dose for all parameters in FB is the largest and BP is also
significantly smaller than FB. RT and BP is similar and smaller and they are
approximately 10%-20% lower than FB for all the parameters. These values are smaller
than IMRT. Overall, the improvement from FB to BP is slightly larger in IMRT than

VMAT.

Tumor Motion Modeling:

Xi



In phantom data analysis, for all the cases, the simulated volume achieves minmum at
EE and EIl phases due to minimum motion, and it increases with larger motion.

Observed volumes agree with simulated volume at most phases.

In patient data analysis, the agreement is not as good as phantom.The simulated

volume achieves its minimum at EE and El phases and the tumor volume is larger in

other phases.Although t he observed volumes do not perfectly agree with the simulated

volume for most patient cases, they basically follow the same trend. The possible

reasons can be tumorlocation (connecting to diaphragm or Y1 UUT OUAWEOE wx EUDI OC
irregular respiratory repeatability. More patient data with clear and isolated margin

should be included in the future.

Conclusion

The respiratory experiment demonstrates that the bi-polar breathing pattern is feasible
for lung SBRT. It can sustain a long treatment time with a high duty cycle. Moreover,
compared to the breathing pattern of GE and GI, BP is more regular, comfortable and

thus more sustainable than other breathing patterns.

The tumor volume in each 4DCT phase can be inaccurate due to tumor motion and

limited resolution in 4DCT. It is actually a function of real tumor volume and tumor
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motion. Thus, the treatment volume in RT overestimates the actual tumor volume since

it used the observed volume as GTV.

For the tumors with larger motion ( & 1cm) in this research, BP has a significantly smaller
ITV in geometric evaluation; therefore, a smaller treatment volume (PTV) compared to
FB, GE and GI. The dosimetric evaluation of IMRT and VMAT shows lower Vsay, Visay,
V20ey, and MLD in BP, especially when comparing to FB. This will lead to lower lung
dosein treatment. RT has similar geometric and dosimetric results with BP. However,

RT is more complicated than BP in implementation and dose delivering .
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1.1 Lung SBRT

Stereotactic body radiotherapy (SBRT) isan essential treatmentfor p atients with early -
stage non-small cell lung cancer (NSCLC) who cannot receive medical surgery [1]. Many
medical centers published excellent tumor local control rates between 80% and >90%
and limited toxicities to normal tissue , which is significantly more promising than
conventionally fractionated radiotherapy [ 2]. The essential of SBRT is to deliver ehigh
doseto tumors in a few fractions. It is a strategy employed to precisely deliver dose to a
well -defined extracranial target in 5 fr actions or less and commonly employs
substantially higher doses per treatment than in conventional fractionation [ 3,4].
Precision and accuracy are of great importance during treatment to avoid acute toxic
effects on the patient with consequences onto itsquality of life and survival outcomes.
[3,4,5] Therefore, the key to success of SBRTs accurate dose delivery and reproducible
patient set-up and compensation for tumor respiratory motion are more critical than in

conventional radiation therapy.

Respiratory motion is a significant source of uncertainty in the radiotherapy of
pulmonary and abdominal targets with motion amplitudes up to several centimeters [4],
especially in lower lobes due to the high motion amplitude near the lung diaphragm.

Tumor motion w ill bring uncertainties during the whole process of the treatment,



including treatment planning and dose delivery. It will increase the normal tissue

toxicity and possibilities of radiation pneumonitis in lung while providing desired

tumor dose coverage and extra tumor margin . With high fractional dose in SBRT, these
effects can be expanded Therefore, reducing the dose-related diseases and sparing
surrounding normal tissue would be more challenging in SBRT. To ensure the accurate
and safe delivery of highl y conformal, high -dose-per-fraction treatment, SBRT requires a
greater focus on patient immobilization as well as real -time tumor imaging for target

confirmation [6].

To solve this uncertainty, a range of devices are available to correct errors related to
motion. Motion compensation is paramount either by tracking the tumor or monitoring
and adapting to its position. Several motion management devices have been clinically
implemented as therapeutic tools to ensure a safer and more accurate radiation therapy

treatment. Here we introduce two technology which related to this research.

One commonly used technique to assess tumor motion during the respiratory cycle is
four -dimensional computed tomography (4DCT). The management of respiratory
motion may be accomplished through the target designation of an internal target

volume (ITV) encompassing all phases of respiratory motion.

Another commonly used technology is real -time tracking which enables the beam
following the tumor motion dynamically . The Cyberknife system which includes the

2



Synchrony Respiration Tracking System [7,8], a tracking system that reads the Light
Emitting Diodes (LED) chest motion input, correlates it with internal motion, and
synchronizes the beam accordingly with a latency of approximately 115 ms [9]. For the
Vero, the response time can be much faster, which is approximately 50 ms, because the
beam is mounted on gimbals that provide a quick mechanical response of the
therapeutic beam to be re-oriented [10]. Theoretically, the real-time tracking will follow
the tumor position and deliver an accurate dose to the tumor with no tumor motion

margin. However, the mechanical time delay may affect the accuracies during treatment.

1.2 Development and Evaluation of a Novel Strategy

To reduce the motion uncertainty in dose delivery, we want to develop a bi -polar
strategy that combines the advantages of gating and reattime tracking for the purpose

of achieving more effective and efficient dose delivering in SBRT treatment. It requires
the patient to hold the breath at the end of the inhale and exhales under audio/video
coaching, with dose only being delivered during breath -holding. In addition, it ensures
the accurate plan quality while offering certain time intervals for the mechanical

response to switch plans. Five treatment Strategies include freebreathing (FB), gating at
the end of inhale (GI), gating at the end of exhale (GE), bipolar (BP), and reaktime
tracking (RT) are compared in this study (Fig.1). All the treatment plans are based on

4DCT images. FB is the most common treatment technology in the hospital. Most



patients are treated in this way. The tumor are contoured in the average 4DCT images
(AIP). The duty cycle of FB is 100%uwith the beam is always on during treatment. For
gating technology, the dose is only delivered to phases at the end of inhale or exhale. It
monitors motion and modify treatment in real time which offers the dosimetric

advantage of smaller target volumes and lower dose to organs at risk [11]. In this study,
we select three phases: EI/EE (end of inhale/exhale phase), one phase before the EI/EE
and one phase after EE/EI for treatment planning. In the bi-polar strategy, the patient
holds the breath at the end of the inhale and exhales under audio/video coaching, with
dose only be delivered during breath -holding. Two treatment plans are used base on the
PTVs in the end-exhale and end-inhale phases. In reattime tracking, the dose is given to
the tumor in real -time following the tumor motion trajectory. Ten plan s are used based
on 10-phase 4DCT. A Matlab program is used to calculate the cumulative dose of two

plans in bi-polar strategy and ten plans in real-time tracking for different structures.
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= = J, (4 (4 Real-time Tracking Bipolar |
‘umor e atact:
o Beam-on phase Breathing th‘:‘l’c Iih‘:l: ':::::':: Okpoler Beam-on area

Figure 1 lllustration of Five Treatment Strategies



In this study, we want to evaluate the feasibility and performance of this novel bi -polar
strategy and compare it with current non -gating free-breathing and gating method in
terms of dose coverage, normal tissue garing, and treatment efficiency of this bi -polar
plan. The next three sections are BP feasibility analysis, geometric evaluation and

dosimetric evaluation, respectively.
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2.1 Introduction
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Bi-polar strategy requires patients to breathe following a specific bi-polar breathing

pattern strictly. It requires patients to regularly breathe and hold the breath at both the

end of inhale and exhale for several seconds (usually 23s). The ideal breathing pattern is

shown below (Fig.2). The dose will be delivered to patients during breath -holding. Thus,

no tumor motion margin would be introduced in treatment volume. The key to success

is the breath hold repeatability and period repeatability of this breathing pattern. W e

conduct a feasibility analysis to study whether patients can breathe follow this breathing

pattern.

Ideal Breathing Curve

I
End of in-hale |

End of ex-hale

End of in-hale |

|
|
|
|
|
I
1End of in-hale i

End of ex-hale

End of ex-hale i

Beam-on area

Figure 2 Ideal Breathing Curve

To help patients strictly follow this breathing pattern . A Video Coaching Device (VCD)

can be used to glide patient z breath (Fig.3). In the VCD, patients are able to see their

breathing curves and adjust their breathing accordingly in real -time. Since we don't have



access to VCD, we use AudioCoaching (AC) instead to offer guidance for the patients.

Patients are required to follow the indication under a pre -record audio files.

Figure 3Video Coaching Device from Varian

2.2 Methods and Materials

2.2.1 Respiratory Data Acquisition
2.2.1.1 Volunteers and Breathing Pattern

Eight volunteers were included with each volunteer taking four breathing patterns
(Fig.4). A pre-experiment training was conducted to ensure all the volunteers breathe
following the instructions. All the volunteers received standard voice commands
(‘breathe-in'/'breathe -out'/'hold your breath’) during the experiment and they were
instructed to breathe regularly and freely. During data acquisition, three -voice
recordings indicating breathing patterns of Gl, GE and BP are provided to help
volunteers breathe periodically. Each phase contains5-8 seconds and the whole
experiment time is around three minutes. After this experiment, we add the fourth

breathing type, requiring volunteers to breathe freely for three minute s (RT/FB). The
7



breath-hold time BPis 8 seconds in which three seconds at the end of inhale and another
three seconds at the end of exhale GE and Gl require volunteers to hold the breath at

the end of inhale or exhale for three seconds.

AVEPATAVETANATATE

Free Breathing & Real Time Tracking

standard Time/cycle = 5s Gating_exhale with breath hold
Standard Time/cycle = 5s Gating_inhale with breath hold
Standard Time/cycle = 8s Bi-polar

Figure 4 Breathing Patterns for Five Strategies
2.2.1.2 RPM system

The Varian RPM (RealTime Position Management RPM system, version 1.6.5, Varian
Medical Systems, Palo Alto, CA) systemis used in this study for respiratory signals
collection. It is composed of a supervisor computer managing information acquired
from the scanner and the surrogate tracking system. The tracking system is composed
of an infrared illuminator shining on the surrogate marker and a charge -coupled device

(CCD) video camera acquiring the light reflected by the marker. The surrogate marker
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was placed on the abdomen, at a point between the xiphoid process and umbilicus. The
system detects the motion of the infrared marker as the respiratory signal, and a tag is

computed by a predictive filter in real -time.

2.2.2 DataProcessing

We developed arespiratory signal analysis Matlab program to do the data processing
The flowchart of the MatLab is shown in Fig.5. The purpose of this MatLab program is
to (1). Remove unstable respiatory waveforms at the beginning of experiment (2).
Identify the breath -hold period at the end of inhale and exhale (3). Normalize the

amplitude (4). Evaluate the repeatability .

Read vxp . signal o period _ find localmin

and
file "] selection "1 segment -
localmax

v

normalize
localmin/max » | regroup the - o signal

L L . - the - .
optimization periods amplitude smoothing

Figure 5 Signal Processing Flowchart
2.2.2.1 Readvyp Function

The raw data of respiratory signals is in vxp format. Readvxp function is used to read
vxp files and extract amplitude, period, and timestamp information in the raw data.
Each period contains one inhale (including breath -hold) and exhale (includ ing breath-

hold) section. (Red part in Fig.6)



Figure 6 Respiratory signals in one period
2.2.2.2 Periodseg Function

This function uses the period data offered in the vpx file to segment the periods in the

respiratory signals.

2.2.2.3 Findlocals Function

All the localmins and localmaxs can be detected in this part. We only extract localmax
points at the end of inhale and local min points at the end of exhale, which means we
delete the local min points at the end of inhale and localmax points at the end of exhale

(Fig.7).

126 Get all localmins
712,8

132 \\" f | ( [
g Hmﬂwwﬁmﬂﬂﬁﬂﬁ‘ﬂﬁ“wwwmﬁﬂuuwﬂﬁw
e H\HH U‘H\ q\”‘\\\JM‘\}H\H‘“‘\ H‘H
116:3 04 06 08 4 12 14 16 18 > %2
,‘%5 Get all localmaxs -
13 "4(7
> ,‘ \ﬂwwummmwmem AannAn |
s MMH‘W‘”‘JH\ ;m mwuw\m\ i j“““m ‘mm
162 0.4 12 14 16 18 2 1%2

Figure 7 Output after find locals function

2.2.2.4 Regroup Function
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Since all the localmins and localmaxs have been detected, we use the 'regroup’ function
to put them into different gr oups. Each group contains localmins/localmaxs at the end of

one exhale/inhale section. This is the preparation for amplitude optimization.

2.2.2.5 Ampoptimize Function

Each period's amplitudes are not the same because we are using audio coaching in this
experiment, which means the volunteers cannot control the amplitude as video

coaching. We normalize the amplitude at the end of exhale and inhale to the same level,
assuming they are using a video coaching device. The final amplitude level of the end of

in hale/exhale the mean value of all the localmaxs/localmins.

2.2.2.6 Data Smoothing

Data smoothing uses smoothdata function to remove discrete and invalid signals. The

smooth method is movemedian, and the parameter is 30-50 in this experiment.

2.2.2.7 Factor Setting

Localmin/localmax Factor: This parameter controls the range of localmins and
localmaxs identified in the breath-hold area to eliminate the effect of outliers.
Movmedian Factor : This factor is used in the smooth function to smooth the processed

waves. The larger the factor is, the smoother the waveform.
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2.2.3 Data Analysis

The breath-hold repeatability, period repeatability and treatment efficiency are

calculated in this section. These readabilities are calculated afterwards to evaluate the

feasibility.
: |
Kb Gy 6 —— — — — B, | Bres | S
T, = Standard Time/cycle = 5s B, = Standard Breathhold time = 3s
— e ,,T, E—

' | Bﬂ | Bn+1

To = Standard Time/cycle = 55 B, = Standard Breathhold time = 3s
N\

y {8, ] Bous —
T, = Standard Time/cycle = 8s B, = Standard Breathhold time = 3s

Figure 8 Repeatability Calculation

4 OAAO%AEDAAEAMIAU

where in the formu la, To are 5s, 5s, and 8s for GE, Gl and BP respectively andd8s 3s for

all the breathing pattern s. Tn and Bn means thetime duration in nt cycle (Fig.8).

12



2.3 Results

2.3.1 Output of MatLab Respiratory Signal Analysis Program

The original respiratory signals and signals after manual selection are shown below
(Fig97 a & b). The amplitude of each phase is not the same. We believehis can be
alleviated through video coaching. The manual selection only extracts the central part of
the waveform where the volunteers have entered into stable respiration. All the

localmins and localmaxs can be found in this section (c & d). Two factors (see 2.2.2.7) are
set to control the range of the breath-hold area to avoid outliers . The respiratory signals

after smoothing are shown in Fig.9. e.

Origmat Rasprstory Segna Reagwsiory Sgral Afer Satection

Figure 9 Respiratory Signal Analysis
2.33 Repeatibilities and Treatment Efficiency

The repeatabilities and treatment efficiency are shown in Table 1 and the time of
manually selected timestamps been involved in analysis for each volunteer are shown in
Table 2.The period repeatability of BP is pretty well with 1 + 0.03 for exhale and 1 + 0.04

13



for inhale. This indicates good periodicit y of each breathing cycle in the bi-polar

strategy. The period repeatability of GE and Gl are 0.98 + 0.6 and 1.04+ 0.06. These

results are not as good as BP. The breathhold repeatability for BP is slightly worse than

GE and GI. The averaged brathhold time at the end of exhale is 0.95 0.07 for GE and

0.92a 0.07 for BP. The averaged brathhold time at the end of inhale is 0.8% 0.1 for Gl

and 0.83a 0.08 for BP. The treatment efficiency for GE, Gl and BP are 58%, 50% and

65% respectively, indicating longer beam-on time in the whole treatment. These results

show the period repeatability and breath hold repeatability are comparable among the

GE, Gl and BP. However, the treatment efficiency of BP is 10% and 23% higher than GE

and GI, but not as high as 100% in FB.

Table 1 Results of Repeatability and Treatment Efficiency

Repeatability FB (s) GE (with breathhold) GI (with breathhold) BP
Exhale (T,/T,) 3.75+0.19 0.98 £ 0.05 _ 1+£0.03
Inhale (T/Ty) 3.27+0.40 _ 1.04 £ 0.05 1+£0.04
Breath-hold @ exhale (B,/B,) _ 0.95+0.07 _ 0.92+0.07
Breath-hold time (@ inhale (B,/B,) 0.87 £0.10 0.83 £+ 0.08

Treatment Efficiency (B,/T,)

100%

58%

50%

>65%

Table 2 Breathing Time for Analysis for Each Volunteer

Vi V2 V3 V4 V5 V6 V7 V8 Average
['ime
FB (min)  3.18 3,39 2.90 2.79 2. 56 2. 45 2.33 3,12 2.84
GE (min)  2.85 2,94 2.35 2. 80 2.29 2.93 2,77 2. 88 2.73
GI (min) 2.9l 2.98 2.85 2.49 2.52 2.71 2.82 2.98 2.78
BP (min)  2.95 2.92 2.35 2.81 2.29 2.59 2. 87 2.63 2.68
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2.4 Discussion

2.4.1 Outliers

The repeatability of two volunteers i s not acceptable, especially for the end of inhale.
The reason might be the wrong position of the surrogate marker (plastic box). For all the
volunteers, the plastic box was placed on the abdominal surface. However, the motion
magnitude changes most at the chest's surface instead of the abdomen fothese two

volunteers. Thus, the irregular waveform might be the wrong position of the plastic box.

2.4.2Treatment Efficiency

The average breathhold time at the end of inhale /exhale of all the volunteers are less
than 3000ms.The possible reason can be the inaccuracy of the custom MatLab program.
As shown in the image below (Fig.10), the breath-hold time relies on the identification of
localmax and localmin points. However, not all the breath-hold part beenincluded into
breath-hold time since only the time inside the localmaxs/localmins was considered as
breathhold time. If this short period of time can be involved, the treatment efficiency can

be increased to some extent.

Figure 10 Breath-hold at the end of inhale
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2.4.3Future Work

More breathing patterns can be analyzed and compared in the future. For example, the
breath-hold time at the end of exhale (EE) is 10% longer than the end of inhale (El).That
is possible because usually, it is easier to hold the breath at the end of exhale than inhale.

A possible breathing pattern can be different time distribution at EE and EI.

Moreover, more patients with lung cancer in different ages can be involved t o test the
feasibility of BP under video coaching. Now, we only involved eight volunteers with
healthy lung who can hold the breath for a relatively long time. In the future, we want to

involve patients to see the best breathhold time at EE and El for different patients.
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3.1 OOl UUPEWS$SYEOUEUDPOOD
3.1 Methods and Materials

3.1.1 Patient Data Acquisition

Ten previously treated lung cancer patients who underwent Lung SBRT at Fudan
Huadong Hospital were retrospectively selected for this study. Each patient underwent
a 4D-simulation in a Siemens Somaton Definition AS CT scanner with a pitch of 1.5 and
slice thickness of 1 mm. The 4DCT for patients was acquired with RPM's (Respiratory
Motion Management, Varian, Palo Alto, CA) assistance. Each 4D CT data set comprised
ten-phase images corresponding to an equally spaced time duration in the respiratory

cycle. The data were analyzed using the Varian Eclipse System.

3.1.2 Tumor Contouring

All the geometric evaluations are done in Varian Treatment Planning System (Version
15.5). The GTV was contoured at each of the 1¢phase of 4DCT to determine the ITV for
each strategy. PTV is formed by 1 mm expansion from the ITV. The coordinate of the
tumor isocenter was recorded to create tumor motion trajectory. The ITV in FB is
contoured in the AIP images which combines 10-phase 4DCT images. The ITVs in GE
and Gl are all contoured on the images with corresponding phases. ITVs for BP and RT

are contoured in every single phase. All the ITVs contoured for each strategy are
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compared for geometric evaluation. The data in each strategy is normalized based on the

volume in GI.

End of Exhale End of Inhale

Phase Phase Phase Phase Phase Phase Phase Phase Phase Phase
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ITV=GTV1  ITV=GTV2  ITV=GTV3  [TV=GTV4 ITV=GTV5S [TV=GTV6 ITV=GTV7 [TV=GTVE8 [TV=GTve  [TV=GTVi0

ITV=GTv4 ITV=GTV8

Averaged Averaged
30%-50% 70%-90%

ITV=GTV7IUGTV8

ITV = GTV4 UGTV5UGTVE UGTVO

AIP
10%-100%

10
v =| |arv,
U

Figure 11ITV Contouring for Each Strategy

3.1.3 Determination of End -inhale and End -exhale Phase

The EI (end of inhale) and EE (end of exhale) phase are determined by tumor CC

position and lung volume. Lung volume changes with the patient's respiration in ten
equally distributed phases. It gets its minimum and maximum at the end of exhale and
inhale separately. The end-inhale and end-exhale phases can be determined according to
lung volume. For FB, the lung volume is measured through AIP images. For gating
technology, the three-phase averaged CT (endexhale/inhale phase plus one phase
before and after the end-exhale/inhale) images were created for lung volume
measurement. In bipolar strategy, the lung volume in end -exhale/inhale is measured. As

for real-time tracking, the lung volume in each phase is measured.
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In addition, the tumor position in each phase is different due to the patient's respiration.
The tumor moves to head direction during exhalation and to feet direction during

inhalation because all the tumors we selected are closer to the diaphragm.

3.2Results
3.2.1Tumor Volume and Motion Magnitude

In the ten patients, the GTV at the end-exhale phase ranges from 0.1 to 22.7, with
most GTVs are around 1cc. The GTV at the EE is selected because we believe the
tumor size at the end of exhale is close to the actual tunmor volume. The motion
magnitude ranges from 0.82 to 1.73, with 70% tumors' motion larger than 1 cm.
We selected tumors with large motion on purpose. This ends up 60% of the
tumors locating at the bottom of the lung. All the tumors are averagely

distribute d in the left and right lung. The tumor GTV and motion magnitude are

shown in Table 4.

Table 3 Tumor GTV and Motion Magnitude of 10 Patients

Patient 1 2 3 4 5 6 7 8 9 10
GTV@exhale (cc) 1.8 2.3 1.5 16.8 1.8 1.5 22.7 0.8 0.1 1.8
Motion Magnitude (cm) 0.96 1.37 1.23 0.82 1.67 1.23 1.95 0.98 1.73 1.03
Lung Right Right = Right Left Left Left Left Right  Right Left

Location Middle = Lower | Lower Lower Lower Middle | Lower Middle Lower | Lower
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3.2.2 Lung Volume

Ten patients were collected in this study, and the lung volumes in each strategy are
shown below (Table 5). Lung volume changes with the patient's respiration in ten

equally distributed phases. It gets its minimum and maximum at the end of exhale and
inhale separately. The lung volume is largest in Gl strategy due to patient inspiration

and smallest in GE due to expiration. To show all the 10 cases in the same plot, we
normalized the lung volume to Gl (Fig.12). The lung volume for F B, RT and BP are
similar. The reason for that is FB and RT are averaged lung volume of ten phases andBP
strategy are averaged volume of the end-inhale and end-exhale phases, with one has the

largest lung volume, and another has the smallest lung volume.

Table 4 Lung Volume for 10 Patients

Lung Volume

Patient BI GE Gl FB RT

1 3743 £ 4338 | 3897 4396 4232 | 4038 + 217

2 1219 + 1546 | 1268.3 | 1537 | 1384.5 | 1356 + 118

3 1611 £ 1950 1647 1958.4 1779 | 1754 + 127

4 1647 + 2027 1698 2010 | 1831.7 | 1801 £ 137

5 2281 + 271 2250 2620 2428 | 2479 £ 161

6 1647 + 3368 | 2936 3389 3192 | 3091 + 190

7 1647 + 2563 | 2227 2550 2358 | 2342 £ 135

8 1505 + 1777 1624 1758 1635 1631 + 99

9 2229 + 2707 1524 1758 1635 | 2437 £ 172

10 1601 + 1941 1631 1923 1773 | 1761 + 126
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Lung Volume of ten patients for 5 strategies
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Figure 12 Lung Volume of 10
Patients
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3.2.2Determination of El and EE phase

1.02
1.00
0.98
0.96
0.94
0.92
0.90
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0.84
0.82

Lung Volume for 5 Strategies

1.00

0.92

1 2 3 4 5 6

Figure 13 Averaged Lung Volume
for Each Strategy

The EI (end of inhale) and EE (end of exhale) phases are determined by tumor CC

position and lung volume. Lung volume changes with the patient's respiration in ten

equally distributed phases. In the figure below, the tumor CC position is compared with

lung volume for ten phases. The motion curve in the CC direction matches well with the

change of lung volume in most patients (Fig.14). The EE phases usually appear around

40%-50% phases, and El phases usually appear around 909400% phases.
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Figure 14 Determination of EE and El Phases

3.2.4ITV Comparison

The normalized ITV in each strategy of ten patients are compared in Fig.15in which BP
is significantly smaller than FB. All the ITVs are normalized to Gl to include all the

patients in comparison.
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The averaged tumor ITVs of ten patients in each strategy are shown below.ITV in FB is
the largest comparing with other four strategies(Fig.16). The reason for that is FB
delivers dose to the whole tumor motion trajectory thus creating extra treatment
volume. The ITVs in RT and BP are similar and smaller than other three strategies
because they almost have no tumor motion. They are approximately one third of FB.
Although GE and Gl involve some tumor motion in ITV, itis not as large as F B.The ITV
in FB isabout twice of the ITVs in GE and GI. The tumor volume of GE and Gl are

similar, and the difference is within 3%.

ITV Comparison of 5 Strategies (Patient1- ITV Comparison of 5 Strategies (Patient6-
Patient5) Patient10)
200 3.50
1.80
3.00
1.60
1.40 2.50
120 2,00
1.00
0.80 150
0.60 1.00
).40
0.50
0.20
0.00 0.00
FB GE Gl RT BP FB GE Gl RT BP

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 Patient 10

Figure 15ITV Comparison for 10 Patients
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ITV Comparison of 5 Strategies
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Figure 16 Normalized ITV Comparison for Each Strategy
3.2.3PTV Comparison

PTV is defined as 1mm expansion from ITV in this study . All the PTVs are normalized

to Gl to include all the patients in comparison. The normalized PTV volumes in each
strategy of ten patients are shown below (Fig.17 & 18). Generally, PTV shows a similar
trend with ITV. FB is significantly larger than other strategies due to large tumor

motion. It is approximately 2.5 times of RT and BP. The PTV of GE and Gl are similar
because the tumor motion been involved is not as large as FB. They are about 56% of the
FB. PTVs in RT and BP aresimilar and smaller than other strategies since almost no
tumor motion are involved in RT and BP. BP is a little bit smaller than RT because he
fast-moving tumor in limited phases. Comparing with ITV and PTV (Fig.18 right), they
basically follow the same trend. However, the difference between BP and FB are

narrowed. In PTV, BP is 58% less than FB, and in ITV, BP is 67% less than FB.

24



PTV Comparison of 5 Strategies (Patient1- Patient5) PTV Comparison of 5 Strategies (Patient6- Patient10)
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Figure 17 PTV Comparison for 10 Patients
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Figure 18 Averaged PTV Comparison for Each Strategy

3.3 Discussion

3.3.11TV and PTV Comparison

The geometric evaluation can accurately demonstrate the difference in lung volume, ITV
and PTV in each strategy. The resultsare in line with ou r expectation with FB
significantly larger than BP. The descending trend from FB to BP is alleviated by 1mm

expansion from ITV to PTV. Thus, the superiority in BP can be reduced by large setup
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margins in PTV. In clinic, we usually use 3-5mm margin from ITV to PTV. Thus, this
will decrease the difference of each strategy.Researchrelated to different margins can be

conducted in the future.

3.3.2 Asynchronism in lung volume and tumor position

The lung volume and tumor position in the CC direction in each phase are the
key factors when determining the EE and El phases. For most patients, the lung
volume and CC positi on are synchronous with the CC position achieves its
highest and the lung volume achieves its minimum at the same time. But for
three of the ten patients, the CC position is not synchronous with lung volume.
The lung volume reaches its maximum and then the tumor position achieves its
minimum in the next phase. The possible reason for this is the time delay of the
ADCT tracking system. The tracking system creates respiratory signals by

recording the reflector's position, which might be delayed.

3.33 Future Work

Deformable image registration (DIR) tools like MIM can be involved for tumor
delineation. Currently, we manually contoured all the tumors. Some tumors do not have

clear margin and were connected to diaphragm and great vessels. Thus, manual

26



contouring is not accurate. DIR tools can be used for automatic tumor propagation in 10

phases,and this may increase the accuracy.
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4.#0UDPOI UUPEWSYEOUEUDOO

4.1 Introduction

For each patient, we performed both IMRT and VMAT treatment planning for each
strategy according to the guidelines in the RTOG 0813 protocol. The prescription isodose
surface is chosen that the prescription isodose surface conformally covers 95% of the
target volume (PTV) and 99% of the target volume (PTV) receives a minimum of 90% of
the prescription dose. The cumulative volume of all tissue outside the PTV receiving a
dose larger than 105% of the prescription dose should be no more than 15% of the PTV
volume. A shell is created to evaluate the low dose spillage. The shell consists of two
concentric circles with radius of 2 and 4cm. The falloff gradient beyond the PTV
extending into normal tissue structures must be rapid in all directions and meet the

RTOGO0813 criteria [16].

The prescription dose was set to 12 Gy/fraction for a total of 5 fractions. All plans were
normalized such that 100% dose covers 95% PTV. The maximum point dose to the
spinal cord was required to be less than 30 Gy; the maximum point doses to the heart,
trachea and esophagus, and great vessels were needed to be less than 105% preigtion
dose, respectively; V20 of the total lung (ipsilateral and contralateral lung) volume was

required to be less than 15%. All of these requirements and constraints were satisfied for
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all the plans. The plans for each strategy are shownin Table 6. For BP and RT plans are

summated in a MatLab program.

Number of Plans Plan
Free Breathing 1 Based on averaged images (AlIP)
Gated-exhale 1 Based on averaged tlr;rg.-e phases centred on
Gated-inhale 1 Based on averaged trl1:_r|ee phases centred on
Bi-polar 2 Based on EE & El phase, separately
Real-time Tracking 10 Based on each phase

4.2 Methods and Materials

4.2.1Treatment Planning and Optimization

All the plans are completed in Varian Treatment planning system. The workflow of

treatment planning and optimization was shown below (Fig.19).

In OAR contouring, lungs, spinal cord, esophagus, trachea, heart, aorta, chest wall, ribs
and shell are created. A shell is created as a structure to ensure théalloff gradient
beyond the PTV is rapid in all directions. A shell consists of two concentric circles with

one radius is 2cm and another is 4cm.
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In treatment planning , we use 6MV energy and AAA algorithm. The normalization

mode is 100% prescription dose overs 95% volume. IMRT uses7-9 beams in the
ipsilateral lung. The gantry angles are averagely distributed. VMAT usesone isocenter
and two partial arcs for most tumors. The gantry angle range is set based on the IMRT
gantry angle range. For those tumors located in the center of the patient body, one
isocenter with two full arcs is used.Collimator anglesin VMAT are set to be 30°and
330°. Inverse planning technique is used for IMRT and VMAT. Strict constraints were set
to ensure the optimization quality. Parameters includes OAR constraints, priority and
Normal Tissue Objectives (NTO) are adjusted until the plan meet all RTOG 0813
protocol. The template of IMRT optimization constraints is saved and used in VMAT

optimization.

QAR Field Setting A Intermediate Normalization Dose Save
Contouring < ¢ 4 Dose aliz Calculation Template

Figure 19 Workflow of Treatment Planning and Optimization

4.2.2Dose Summation

A custom MatLab Program was used to summate the dose in BP (two plans)and RT (ten

plans). The differential dose with absolute volume and absolute dose is usedas input for
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the program. The step size for GI, GE and FB is 10, and for BP, RT is 5 and 1 respectively
to ensure the same resolution in dose analysis. The dose was integrated according to the
same amount of relative volume. The processed BP and RT data a@ compared with FB,
GE and Gl in DVHs. Vsay, Visey, V20y (Ilung volume receiving 5Gy, 13Gy and 20Gy dose)

for each strategy are intercepted through the DVHSs.

4.3 Results
4.3.1IMRT dose Comparison

All the IMRT dose are normalized to Gl to include all the patients in comparison.
The averagedVsey, Visey, Vaocy (relative lung volume receiving 5Gy, 13Gy 20Gy) and
MLD (mean lung dose) in each strategy are compared in Fig.20 in which BP is
significantly smaller than FB. The dose for all parameters in FBis the largest
comparing with other four strategies. The reason for that is the largest PTV for
FB. The dose for all parameters in RT and BHs similar and smaller than other
three strategies because PTVs are also similar ath smaller than other strategies.
They are approximately 20%-30% lower than FB for all the parameters. Although

GE and GI have similar PTVs, the dose in Gl for Vsey, Visey, V20sy and MLD are
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much smaller than GE. This is because the lung volume in Gl is much larger than

Gl.

IMRT V20 & V13 & V5 & MLD
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0.85
0.80
FB GE Gl RT BP
——\/5Gy_Norm(%) 1.26 1.08 1.00 0.94 0.95
V13Gy_Norm(%) 1.29 1.09 1.00 0.90 0.88
V20Gy_Norm(%) 1.27 s 1.00 0.91 0.88
MLD_Norm(Gy) 1.24 1.09 1.00 0.93 0.93

Figure 20 IMRT Dose Comparison for Each Strategy

4.3.2VMAT dose Comparison

All the VMAT dose are normalized to Gl to include all the patients in
comparison. The evaluation parameters in VMAT are the same as in IMRT,
including Vsey, Visey, Vaoey (relative lung volume receiving 5Gy, 13Gy 20Gy) and MLD
(mean lung dose) in each strategy. The results are compared in Fig21in which it
shows a similar trend with IMRT. BP is also significantly smaller than FB. The

dose for all parameters in FBis the largest comparing with other four strategies.
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The dose for all parameters in RT and BPis similar and smaller than other three
strategies. They are approximately 10%620% lower than FB for all the parameters.
This is smaller than IMRT. Parameters in GEare also larger than Gl due to lung
volume. The difference is 4%-8%, which is smaller than IMRT. Overall, the
improvement from FB to BP is slightly better in IMRT than VMAT.,

VMAT V20 & V13 & V5 & MLD
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1.20

115 ~
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1.0 :
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0.90 = —
0.85
0.80
FB GE Gl RT BP
—~—V5Gy_Norm(%) 1.14 1.05 1.00 0.94 0.90
V13Gy_Norm(%) 1.24 1.04 1.00 0.89 0.87
V20Gy_Norm(%) 1.28 1.04 1.00 0.87 0.86
MLD_Norm(Gy) 1.19 1.08 1.00 0.91 0.91

Figure 21 VMAT Dose Comparison for Each Strategy

4.4 Discussion

4.4.1Dose Summation Accuracy

The dose summation is conducted through a custom MatLab program. The

algorithm is simply adding doses in different plans according to the same
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amount of relative volume. This can be inaccurate because the tumor shape and
volu me in each plan are different. The dose calculation can be more accurate if a

deformable registration can be conducted before dose integration.

4.4.20utliers in Dose Comparison

In patient 2 and patient 10, GE's dose is lower than Gl for IMRT and VMAT. This
phenomenon is abnormal since Gl has a larger lung volume due to respiratory
inhalation. The possible reason for this is the tumor location of patient 2 and patient 10.
The tumors are both located in the lower lobe and connected to the diaphragm (Fig.22).
Lessdose is given to the lung during exhalation. More dose is given to the organs in the

abdomen, leading to lower dose for GE.

Figure 22 Tumor Location of Patient 2 (Left) and Patient 10 (Right)
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5.1 Introduction

Four-dimensional computed tomography (4DCT) is a type of CT scanning that records
multiple images over time. It scans the patient in several respiratory cycles so thatthe
physiological processes can be observed and internal movement can be tacked [15]. In
this study, the 4DCT is equally distributed into 10 phases based on the time. This 10
phase setting leads to insufficient time resolution to 4DCT, which means the observed
volume (the contoured volume in each phase) in 4DCT is not the actual volume inside
the patient body. It is larger than the actual tumor volume in some phases. In the
simulated tumor motion (Fig.23), the breathing pattern comes from a standard
respiratory curve. The red line in the figure represents each phase's simulated wlume in
4DCT, while simulated volume indicates the theoretical tumor volume in each phase
due to fast motion calculated by a custom MatLab program. These simulated volumes
are larger than the actual tumor volume. Both phantom and patients are involved in t his

section.
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Figure 23 lllustration of Real Tumor Volume, Observed Volume and
Simulated Volume

5.2 Methods and Materials

5.2.1Phantom Acquisition

A QUASAR phantom (Fig.24)with a white ball simulating moving tumor is used for
phantom data acquisition. The ball size is 14.14 cn¥ and radius is 1.5cm. 5 cases with
different breathing patterns were collected. The amplitude is 2 cm and BPM (breath per

minute) ranges from 15 to 33.
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Figure 24 QUASAR Phantom

A Varian RPM system is used for respiratory signal acquisition. (see 2.2.1.2)

Table 6 Amplitude and BPM of Phantom Cases

Breathing Pattern 1 2 3 4 5
BPM (Breath per minute)] 15 20 25 30 33
Amplitude (cm) 2 2 2 2 2
Ball Size 14.14 cm3
Ball Radius 1.5cm

5.2.2Patient Acquisition

with large motion.
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We retrospectively selected 10 previously treated Lung SBRT patients in Fudan

university Huadong Hospital for patient data analysis. The tumor size ranges from 0.1
to 22.7 cc.Most of them are small volumes with only 2 tumors larger than 10 cc. The

motion magnitude ranges from 0.82 to 1.95 cmbecausewe deliberately select tumors



5.2.3Volume Model

A MatLab Program is developed to simulate the tumor motion and calculate the
simulated volume in each 4DCT phase based on the tumor motion trajectory defined by
tumor position in the CC direction. The purpose of this program is to demonstrate that,
the observed tumor volume depends on the tumor motion 1t itis larger in phase with
large motion (Fig.23). The reasons for that are the tumor motion and the limited
resolution in the phases of 4DCT. Since observed volumes in all the 10 phases are used
to do the treatment planning in real -time tracking, its ITV is therefore larger than BP

which only includes phases with no or small motion.

5.3 Results

5.3.1Phantom Result

The simulated volume and observed volume in five breathing patterns are shown in the
figure below. For all the breathing patterns in the phantom, t he simulated volume
achieves minimum at EE and Eldue to minimum motion, and it increases with larger
motion. Simulated volumes and observed volumes agree with each other at most
phases. These resultonfirm our initial hypothesis: The tumor volume in 4DCT is

actually a function of real tumor volume and tumor motion.

38



Breathing Pattern 3 Breathing Pattern 4 Breathing Pattern 5

Figure 25Observed Volume and Simulated Volume Comparison

5.3.2Patient Result

21 T T T T T T T T T
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Figure 26 Comparison of Observed Volume in 4DCT and Simulated Volume
from Tumor Motion Program
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different. The simulated tumor volume and observed volume get their minimum at the

end of exhale and inhale. Note that real volume indicates the actual tumor volume in
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to fast motion calculated by a custom MatLab program and observed volume is

contoured tu mor volume in each phase of 4DCT images.

~ Patient 1 Patient 2 Patient 3 Patient 4 L Patient 5

Figure 27 Observed Volume in 4DCT and Simulated Volume from Tumor
Motion Program of 10 Patients

For the other patients, the observed volume and simulated volume agree to some extent,

but the agreement is not as good as phanton(Fig.27).

5.4 Discussion

In our initial thoughts, the simulated tumor volume and observed volume should follow
the same trend by getting their minimum volume at the end of exhale and inhale.
However, inthis UOUE a wbl wi POEwWUOO] wxEUDI OUUz wOEUI UYI Ew
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trend. There are some possible reasons. Firstly, most tumors in this study are located in
the lower lobe of lung and some of the tumors are very close to the diaphragm. It
increases the inacuracy of tumor contouring and thus affects the precision of tumor
volume measurement. Also, some tumors are close to vessels, which may increase the
difficulty of identifying the tumor margin. The second reason is that the tumor
compressional deformation when it comes into the diaphragm. This can lead to variable
volumes in different phases, which may also increase the difficulty of volume
evaluation. Thirdly, we contoured all the tumor volume manually without using
deformable contouring tools. Using some specific tools and automatically transfer the

tumor volume to different phases might increase the contouring accuracy.

To better describe the variation trend of simulated volume and observed volume, a

phantom study can be conducted in the future since the tumor (ball) shape inside the

phantom will not change during respiration. It is also easier to contour the tumor

margin with no vessels and diaphram in the phantom.

6.#DUEUUUDOO

For the future work, more patient data of different tumor sizes and locations can be

included in this project. Currently, we included 10 patients withmo U U wU U Gofidd Uz wO

larger than 1cm and 60% of the tumors located at the lower lobe of the lung. For the

tumors with larger motion, the advantage of BP over FB is significant and app arent, and
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for those tumors with smaller movement, the superiority would be reduced. Now, our
patient data does not represent the whole spectrum, tumors with middle size and

different locations can be involved in the future.

Video Coaching Device can be inrcluded in the future. We believe VCD can improve the
breath-hold repeatability, period repeatability and treatment efficiency because the
patients can see and adjust their respiratory waves in real time under video coaching.
More breathing patterns with di fferent time distribution at EE and EI can also be studied
using VCD to find the most suitable pattern for patients. Now, we only involve eight
volunteers who are healthy and can hold the breath for a relatively long time. More
patients with lung cancer in different ages can be involved to test the feasibility of BP in
the future. Deformable Image Registration(DIR) tools such as MIM can be included in
this project for automatic contouring, segmentation and plan summation. In this study,
most tumors are located in the lower lobe of lung and some of the tumors are very close
to the diaphragm and vessels. It increases the uncertainties in tumor contouring and
thus affects the precision of tumor volume and tumor position measurement. That 5 also
the reason why the patientszobserved volumes do not match the trend with simulated
volumes. DIR tools can be used for automatic tumor propagation in 10 phases to
increase the accuracy in identifying tumor margin. Moreover, DIR tools can also be used
in dose summation in dosimitric evaluation. The plans are now summated through a

custom MatLab program. The algorithm is simply adding doses in different plans
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according to the same amount of relative volume. This can be inaccurate because the
tumor shape and volume in each plan are different. The dose calculation can be more

accurate if we can use MIM for dose summation.

We are also considering BP delivery in the future. It requires two threshold levels for the
gating. However, since currently no linear accelerator can deliver two plans until now,
we can simulate the BP delivery with only one of the threshold each time to demonstrate
the feasibility of delivery. With this study to demonstrate the benefits of BP, we hope the

vendors would be motivated to introduce this functio nality into future product.

The RTOG 0813 protocol actually requires a 5mm margins from ITV to PTV. We only
pick 1mm to demonstrate this benefit. We plan to include 3mm in the future plannings
and compare the difference of 3mm margin in the five strategies dosimetrically and

geometrically.

We are also working on the prediction models and we want to investigate the
relationships of dosimetric and geometric results to predict the best strategy for future

patients.
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7.7 OOEOUUDPOD

The most popular Lung SBRT treatment strategy are free breathing and gating,
currently. However, there are some disadvantages in free breathing and gating. They all
include tumor motion margin in treatment volume, creating extra dose to the patients. A
novel bi-polar strategy aims at increasng treatment efficiency and decreasing normal
tissue toxicities is developed and evaluated in this study. In BP strategy, the patients
hold the breath at the end of inhale and exhale under audio/video coaching with dose

only been delivered during b reath-hold.

The respiratory experiment demonstrates that the bi-polar strategy is feasible for lung
SBRT. The breathing pattern can sustain a long treatment time @bout three minutes)
with a high duty cycle. Moreover, compared to the breathing pattern of G E and GI, BP is

more regular, comfortable and thus more sustainable than other breathing patterns.

The tumor volume in each 4DCT phase can be inaccurate due to tumor motion and
limited resolution in 4DCT. It is actually a function of real tumor volume and  tumor
motion. Thus, the treatment volume in RT overestimates the actual tumor volume since

it used the observed volume as GTV.

All the patients involved in this research are tumors with larger motion ( G 1cm). For the
tumors with smaller motion, the superio rity of BP over other strategies will be reduced.

For the tumors with larger motion in this research, BP has asignificantly smaller ITV in
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geometric evaluation; therefore, a smaller treatment volume (PTV) compared to FB, GE
and Gl. The dosimetric evaluation of IMRT and VMAT shows lower V say, Visay, V20ay,
and MLD in BP, and this will lead to lower lung toxicities in treatment. RT has similar
geometric and dosimetric results with BP. However, RT is more complicated than BP in
implementation and dose delivering. Moreover, RT may overestimated the tumor

volume in ecah 4DCT phase.

45



xx] OEPR w

IRB Approval of Dukekunshan Universi ty

Duke Kunshan University BlzmAE

Institutional Review Board ZRECEERE B 1Lk 5 K 2
FWA00021580, Approved: 25 Jan 2021 DUKE KUNSHAN
ZEREHES FWA00021580, 2021 £ 1 F 25 BRE4EH UNIVERSITY

Approval of Human-Subjects Research Projects

BUHFBARCIEZE RS FHARINE
Protocol Title % H 44 #5: Development and evaluation of a bi-polar gated respiratory motion comp: ion strategy for Lung SBRT
Protocol # H1if§ 54 5 2020ZL0049 I Pl BH A Zhen Li
Funding Source B ibLH: | --
Review Date i 3 F J§i: 2020/11/3
Effective Date 4:%(HJif: | 2021/01/25 Check-in Date 51 7§ F i 2021/12/25 ~ 202211125
Review Type #ifit ;| Expedited review fiilijlt | ReviewAction {382 i & yii: | Approved with modifications {B3US R

Dear Zhen Li,
AN Zhen Li:

The ab f ed human-subjects research project has been r d by the Duke han Universit itutional Review
Board (DKU IRB) on the IRB review date.

BTG E AR RMARXAE, 1647 BI04 B RO U AT T s itk
Upon such Date, the DKU IRB made the following decision:
Bl SRR T B o i S R F

O Approved [f)#
B Approved with modifications #4255 [F) &

The DKU IRB proposed a Review Feedback to the Principal Investigator to request modifications to the reviewed project protocol.
Dr. Denise Simpson as the Primary Reviewer confirmed on 25" Jan 2021 after reviewing the modified project protocol that the
modified protocol was in accordance with the Review Feedback to the best of her knowledge. Thus, this protocol was approved.

FEALHE SR AT 28 SR S SR 45 (0 B S A B #5208 Mo Denise Simpson 1 -HAF i%5i H = # AZE 2021
1 A 25 HAHESUR I R BEUREAT SRR B ASEUR B I IR R R M ER . HOZH IR

HAERE.

This approval is limited to the activities described in the approved Protocol Narrative, and extends to the performances of these
activities at each respective site identified in the Request for IRB Approval. In accord: with this approval, the specific conditi
for the conduct of the research are listed below if checked and informed consent from subjects must be obtained as indicated.

% o et SR R A L L BR % e 45 e BT R AR JURE B, %P R 2 AE Hh i 5 b BT 5 T R i Ay S
W& N T SEFEBPBUREF— B A TRTPEFRAT 0, WU P RO RSB AR AR i R A

O conditions for the conduct of the research 4453 AT LI 7T i i 22 % AF: NO B

In making this decision the DKU IRB has followed the requirements of the Common Rule using Expedited Review procedures.
Bl SR 4018 B KRR G IR A SR, it Yok s iRl T ik e .

“

Kyle Fruh '"Nk 2021/01/25

Signature of the IRB Chair Dm )Zk;a/{mzé{axmﬁ# Date FI¥i
N
o

46




x x| OEDPR w

Patient 1 Geometric and Dosimetric Results
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Lungs_new upper 100 12000 50
Lungs_new upper 1750 50
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Tumor Location right, middle ITV (cc) 52 3.70 3.00 2.12+0.39 268&1.38
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Patient 2 Geometric and Dosimetric Results
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Patient 3 Geometric and Dosimetric Results
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Patient 4 Geometric and Dosimetric Results
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Patient 5 Geometric and Dosimetric Results
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Patient 6 Geometric and Dosimetric Results
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Patient 7 Geometric and Dosimetric Results
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Patient 8 Geometric and Dosimetric Results
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Patient 9 Geometric and Dosimetric
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Patient 10 Geometric and Dosimetric Results

Tumor Size (Average) | 2.75cc
Tumor Location left, lower
Motion Magnitude | 1.03 cm
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