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ABSTRACT

Dose rate regulated tracking is known to be an efficient method which adaptively delivers tracking treatments
when patient breathing is irregular. The Motion Management Interface (MMI, Varian Medical System, CA), which
provides beam on/off switching during treatment is available for clinic. Study is to test if delivering the adaptive
tumor tracking is feasible for irregular breathing using beam switching with MMI. 55 free breathing RPM traces
acquired from lung cancer patients are used. The first day RPM traces of the patients are utilized to design
preprogrammed tracking MLC patterns, of which periods are intentionally reduced by 20% in order to catch up
the variation of patient breathing irregularity in the treatment day. Eligibility criteria for this technique are the
variation of amplitude and period less than 20%. An algorithm which determines beam on/off every 100 ms by
considering the preprogrammed (MLC) positions and current breathing positions is developed. Tracking error and
delivery efficacy are calculated by simulating the beam-switching adaptive tracking from the RPM traces.
Breathing patterns of 38 patients (70%) met the eligibility criteria. Tracking errors of all of the cases who meet
the criteria are less than 2 mm (average 1.4 mm) and the average delivery efficacy was 71%. Those of rest of
the cases are 1.9 mm and 48%. Adaptive tracking with beam switching is feasible if patient selection is based
on the eligibility criteria.

Keywords: Motion Management Interface (MMI), Multi-Leaf collimator (MLC), tumor tracking.

widely used for lung cancer radiotherapy accompanying

I. INTRODUCTION with

spirometer-monitored technique, where the

Thoracic and abdominal tumor motions induced by treatment beam will be delivered only if the target

respiration make it hard to deliver precise treatment
delivery as planned due to the systematic uncertainty
and the respiration abnormality. A variety of motion
management technologies have been proposed for the
promising solution.!"™ Respiratory gating methods can
deliver radiation treatment as regards to a specific part
of the patient’s breathing cycle (referred to as gate),
where radiation beam is activated only when the
respiratory motion is within a predefined amplitude or
phase level.?*” Breath-hold methods, exemplified by
the deep inspiration breath hold (DIBH), have been

breath-hold level is reached; otherwise, the treatment
is withheld."™ Active breath control (ABC), similar to
DIBH, use digital spirometer to measure the respiratory
trace, where the physician set patient's lung volume
and stage of breathing phase to make active the
system.””) Real-time tumor tracking is more advanced
should be

according to current respiration in real time so that it

where the treatment beam adjusted

can compensate for the discrepancy between the
planning process and the current delivery process

through real-time organ motion monitoring.”*'*!"1 A
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multileaf collimator (MLC) is a sophisticated system

to provide conformal shaping of radiotherapy
treatment beams.>*>'?! Papiez et al., suggested the
formulas of the dynamic multileaf collimator (DMLC)

delivery for moving targets and variable beam dose

rate”. The limitation of Papiez et alapproach is to
require extending beam dose rate utilized in
commercial DMLC technology. It may not be

practical to use for the clinical purpose in the near
future. Yi et al., proposed the principle of dose-rate
-regulated tracking (DRRT) method, combining a
preprogrammed delivery sequence and the dose rate
regulation algorithm."! DRRT should adjust the dose
rate to catch up the newly arrived breathing patterns,
where DRRT can be emulated with external system
interface by permitting a beam switching signal, i.e.,
beam hold to pause the beam without causing a
beam-off. DRRT has been proved to be suitable to
adapt tracking MLC

sequences to breathing

irregularities in order to achieve dose rate regulation

during treatment.!''*!

This paper is focused on the practical
implementation of the adaptive tumor tracking using
beam switching. The beam switching can be achieved
from gating interface or from the motion management
interface (MMI, Varian Medical System, CA). If
adaptive tumor tracking is feasible using beam
switching, then MMI can be used for the purpose of
the adaptive tumor tracking. The previous research
showed that DRRT compensates for inter- and
intra-fractional period variations of tumor motion. The
delivery efficacy defined as the ratio of beam-on time
to the total treatment time is often about 30 - 50%
for a typical gated 3D CRT treatment, whereas the
delivery efficacy in DRRT remains more than 86%
for period variations so that the adaptive tracking can

be possible if we use beam switching.!""”

DRRT is known to be an efficient method which
adaptively delivers tracking treatments when patient

breathing is irregular.'"'"*! This study is to test if

delivering the adaptive tumor tracking is feasible for

irregular breathing using beam switching with MMIL.

I. MATERIAL AND METHODS

1. Tumor motion traces and MLC sequences

Fifty-five free breathing RPM traces acquired from
lung cancer patients are used for the feasibility test of
MMI to implement DRRT. The first day RPM traces
of the patients are utilized to design tracking MLC
patterns, of which periods are intentionally reduced by
20% in order to catch up the variation of patient
breathing periods in the treatment day. Eligibility
criteria for this technique are the variation of

amplitude and period less than 20%.

2. Beam Switching Interface System
MMI (Varian Medical System, CA, USA) is a

commercially available system to provide a flow of
selected treatment data from the linear accelerator
(Linac) machine out to an external system, as shown
in Fig. 1. The Linac machine can transmit treatment
information (e.g. real-time MU, beam status, machine
status) to external system using a dedicated serial port
at 100 millisecond intervals. In addition, there exists a
control path which allows the external system to
change the Linac beam generation state, i.e. beam
switching (beam hold). This beam switching function

provides the external system with temporal capability

of beam stop without disturbing the treatment

procedure!*,
MMI <34 party external system>

Ve f‘ﬁ Ikcm-umc MU
Application
[t Dose rate Module Motion signal
Y i ]‘_ i

LUl External gating :‘

Fig. 1. The overview of beam switching interface
system.

The proposed tumor tracking method operate with

two folds; 1) received the selected treatment data
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using the dedicated serial port from Linac machine,
and the motion signal from the external system (e.g.
RPM, Calypso, or Vision RT), 2) sent out the beam
switching signal temporarily to hold the beam for the

purpose of controlling the dose rate during treatment.

3. Tumor tracking algorithm

The first day RPM traces of the patients are
utilized to design tracking MLC patterns, which
periods are intentionally reduced by 20% in order to
catch up the variation of patient breathing periods in
the treatment day. All the breathing traces are
categorized into two groups based on eligibility
criteria, i.e., Group A (70%): thirty-eight breathing
traces with less than 20% of intra-fractional variation
for amplitude/baseline drift and with the baseline drift
range being less than amplitude, and Group B (30%):
seventeen breathing traces with more than 20% of
intra-fractional variation for amplitude/baseline drift or
with the baseline drift range being more than

amplitude.

[ Set-up the preprogrammed MLC sequences (Pyzc, Auic) |

‘ Set-up the tolerance (o) with 10% of MLC amplitude I'i

Initialize the phase and displacement differences
(Pexp_rpm> Apxp_rPm)

‘ Input current RPM signals (Pyc. Amrc) |

Beam ON

Fig. 2. Flow chart of the tumor tracking algorithm.

Next signal?

We used phase and displacement information for
the tumor tracking, as shown in Fig. 2. We set up
10% displacement tolerance of MLC Amplitude to
switch from phase tracking mode to displacement
tracking mode or vice versa. We set up the expected
phase and displacement values (Pex, rem and Agx, rem)
based on the incoming current RPM signals. If the

difference between the current RPM displacement and

the current MLC displacement is less than the
tolerance, the algorithm conducts the adaptive tumor
tracking on the phase mode; otherwise it works based

on the displacement mode.

In the phase tracking mode, we implemented the
algorithm by comparing the phase difference between
the expected tumor phase (Pgs, rem) and the current
MLC phase (Pwmic) (or the next MLC phase
(Pnexe MLc) after 100ms). If the phase difference
between the expected tumor phase (Pgy rem) and the
current MLC phase (Pwmic) is greater than the phase
between the

difference expected tumor

(Pexp rem) and the next MLC phase (Pex mrc), the

phase

radiation beam is on and the MLC sequence follows

tumor motion as planned.

In the amplitude tracking mode, we implemented

the algorithm by comparing the displacement
difference between the expected tumor displacement
(Agxp rem) and the current MLC displacement (Awic)
(or the next MLC displacement (Awex mrc) after
100ms). If the displacement differences satisfy the following
condition, i.e. |[Amic-AEy rom| = |ANext MLC-AExp RPM]
the radiation beam is on and the MLC sequence
follows tumor motion as planned. If the MLC
sequence is located in the maximum position and
tumor position is not, the beam will be hold until the

tumor position is within the tolerance.

4. Measurements

For the real beam delivery with the proposed

tracking method, we implement the breathing
sequences into the moving phantom (MotionSim, Sun
Nuclear Corp., FL, USA). The phantom consists of
the platform table, which motion is designed for the
real-time breathing motion of patients, and the gating
surrogate, that is designed to control the beam hold
signals with breathing surrogate. For the real-time
breathing motion of patients, we used three variables,
i.e. breathing period, amplitude, baseline drift, by

changing these variables within 10% of standard
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breathing pattern. The standard breathing pattern has
the following characteristic, breathing period 13.5 sec,
amplitude 5 cm, no baseline drift. The breathing
period varied from 12 to 15 seconds. The amplitude
varied from 4.5 cm to 5.5 cm. The baseline drift is
changed within £ 5 mm that is in 10% range of

breathing amplitude.

. RESULT AND DISCUSSION

70% of patients (Eligible group) get 71% average
delivery efficacy and 1.4 mm average displacement
error. Fig. 3 shows a typical tracking result with
beam switching method signals. The preprogrammed
MLC sequences are adjusted based on the phase and
amplitude information of the lung cancer patient. The
delivery efficacy and the mean of tracking error are

68.75% and 0.7 mm, respectively.
Table.
groups

group’
amplitude and baseline drift. Let us assume that there

1 shows the average results of the patient

including ‘Eligible group’ and ‘Ineligible

about three variables which are period,

exist some patients with average tracking error 2 mm

and average delivery efficacy 60%. The null

hypothesis is accepted when the p-value is greater
than 0.05. As shown in Table.

error and delivery efficacy are less than 0.05 in the

1, p-value of mean

eligible group. This value is considered to be
extremely statistically significant. That means we can
deliver treatment beam with satisfying the tracking
error less than 2 mm and the delivery efficacy more
than 60% if the breathing irregularity of the patient is
than 20% of

amplitude/baseline drift.

less intra-fractional variation for

e . . . : . . . . —
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Fig. 3. Result of irregular motion adaptive tumor tracking
with Beam Switching: (a) Tumor motion (blue dotted), MLC
tracking signal (red solid) and tracking error (black solid) (b)

Pattern of beam on/off for adaptive tracking with switching.

Table 1. Average results of eligible and ineligible groups about three variables

Period Period Amplitude Amplitude Baseline Mean Delivery
(sec) Variation (Elm) Variation drift Error Efficacy
(%) (%0) (mm) (mm) (%)
EGligible 4.9 42 6.6 14.7 35 1.4 71.7
roup
Two-tailed 0.0001 0.0001
p-value
Inéligible 45 19.1 6.8 227 7.0 1.9 48.6
roup
Two-tailed 0.7106 0.0001
p-value

Fig. 4 shows the delivery efficacy and the mean of
tracking error for all the breathing traces using a
beam switching interface. Here, we define the ratio as
the baseline drift range over amplitude. Note that all

the cases of Eligible group are with less than 2 mm

tracking error and more than 60% duty cycle. On the
other hand, ineligible group shows the much lower
duty cycle with various tracking errors which between

about 0.5 mm and 4.5 mm. It means that the patients

with satisfying the eligible criteria which are the
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variation of amplitude and period less than 20%, can

achieve decent treatment efficiency as well as
considerable accuracy. The average delivery efficacy
defined as the ratio of beam-on time to the total
treatment time was 64 % and the maximum delivery

efficacy was 86 %, regardless of the group.
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Fig. 4. Delivery efficacy and mean of tracking error
of all the breathing traces using a beam switching

interface. Here the blue diamond and the red triangle
are for the cases eligible and ineligible, respectively.

Iv. CONCLUSION

In this paper, we presented the practical imple
mentation of the adaptive tumor tracking using beam
switching interface used for DRRT to compensate for
the breathing irregularities. The results showed that
the patients with satisfying the eligible criteria can get
71% average delivery efficacy and 1.4 mm average

displacement error.

The study revealed that the adaptive tumor tracking
was feasible using beam switching interface. The
average delivery efficacy defined as the ratio of
beam-on time to the total treatment time was 64%
and the maximum delivery efficacy was 86%. This
tracking technique using beam switching interface
potentially offers an effective and sophisticated
method to minimize the total treatment time and the
irradiation of healthy tissues in contrast to the typical

gated 3D CRT treatment system.
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