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Chapter 5

A Respiratory Motion Prediction Based
on Time-Variant Seasonal Autoregressive Model
for Real-Time Image-Guided Radiotherapy
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1. Introduction

In radiation therapy, to deliver continuously a sufficient radiation dose to target volume
yields a better therapeutic effect. While, avoiding an exposure to healthy tissues surrounding
the target volume is also an important requirement for suppressing the adverse effect.
Image-guided radiation therapy (IGRT) has potential to achieve the two requirements and
as it’s application, stereotactic body radiation therapy (SBRT) has been used in clinic. In SBRT,
the irradiated field is positioned with millimeter accuracy by proper daily setup. The accurate
irradiation can allow the increase of radiation dose by ignoring the irradiation to the healthy
tissues. Indeed, it has been reported that the treatment result of SBRT is comparable to the
outcome from surgery [1].

As mentioned above, the higher accuracy as irradiation allows the higher planning dose to
the target. However, intra-fractional organ motion, such as respiratory motion of lung, often
makes misalignment of the isocenter and the target volume during treatment fraction. For
example, respiratory motion moves lang tumor over 10 mm per second [2, 3] In this case,
the irradiation error caused by mtra-fracnonal motion is not negligible in terms of adverse
effect. Therefore, the respiratory motion management is a very important task in the field of
rad}anon treatment [4]. . ! i

To take into account the mi:ra-fracuon mouon of lunv tumor, some Irradxauon u,(.hmqueq

have been investigated. The technique most widely uscd is the use of internal target volume
(ITV) [5]. ITV includes internal margin determined by the intra-fractional organ motion.
Consequently ITV covers the target volume CTV without misalignment as shown in Figure
1). However, radiation dose must be lower than the case of the irradiation without internal
margin, because the irradiated area also covers normal tissues surrounding the target volume.
On the other hand, a gating technique can give a high radiation dose to the lung tumor [6, 7].
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Flgure 1. A relationship between target volumes. GTV; gross tumor volume. CTV; (.hnll«‘.l] tumor
volume. ITV internal target \'olu me. PTV; planning target volume. :

. ’g \ S
£ f €
30 £°
® . E
o 8 5
< @
4 i Beam off ‘1%0 ng ) 4
ime {s]
> [ -
% €
@
Q
o
off —
a0t 20 22 4
Time (s)

LR axis fmm)
Figure 2. A schematic diagram of gated radiotherapy. The dots denotes a three-dimensional tumor

trajectory. Irradiation is interrupted when the tumor is out of the region drawn as dotted line. AT, S, and
LR denotes anterior-posterior, superior-inferior, and left-right axes, respectively.

This is on-and-off irradiation to static region as shown in Figure 2. The radiation dose is
delivered when the target volume is within the area planned preliminarily, and the irradiation
interrupts if the target volume is out of the planned area. The gating technique can suppress
the exposure to healthy tissues and allows high-dose-rate irradiation which is sufficient to
yield a better therapeutic effect. However, instead of high-dose exposure, the g"xtmg takes
l(mger treatment time to ylelds same therapeunc effect to SBRT: due to the mtermptlon

An ideal irradiation to the movmg target is to con tmuously zrradmte a sufficient dose to the
tumor which can be achieved by controlling the radiation beam to chase the moving target [8].
Such real-time tumor following (or chasing) irradiation yields an ideal therapeutic effect and
can shorten the treatment duration. A schematic diagram of the tumor following irradiation
is shown in Figure 3.

The tumor following irradiation requires the following two key techniques at least.

(i) Real-time measurement of tumor position and shape.

(i) Real-time repositioning and reshaping the treatment beam
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Figure 3 A schematic dmgram of tumor following radxotherapy The dots denotes a tluee-dxmenslonal
tumor tra;ectory \/I(wmg tumor is continuously irradiated as the region drawn as dotted line. AP, Sl
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Figure 4. A schematic diagram of the tumor following irradiation with system latency. In this example,
the total delay is 1 s and the delay distances the target tumor from the irradiated area over 10 mm.

The first technique for tumor localization has been achieved by using an X-ray fluoroscopic
imaging system such as real-time tumor tracking system:[7]. The second technique of
beam-positioning systems .can be realized by using dynamic multi-leaf collimator, robotic
couch, robotic manipulator, and so on. However, the tumor following irradiation has not been
daveloped clinically yet. This is because even we can obtain the precise lung tumor position
in real-time, current radiotherapy machine has mechanical and computational time delays of
up to about 1 s for controlling the irradiation field and image processing [9]. The latency can
definitely affect badly on the irradiation accuracy [10}, and must be compensated. Figure 4
shows a schematic diagram of the tumor following irradiation without delay compensation.

Prediction of future lung tumor motion is a typical solution for compensating the system
latency and thus is a hot research topic for the tumor following irradiation. Then, the third
technique is needed to develop the tumor following radiation therapy.

(iii) Real-time motion prediction
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Several prediction methods have thus been proposed for the respiratory motion. These
include linear regression [11, 12], extrapolation [11], artificial neural network [11, 13], Kalman
filter [11], nonlinear regression based on the Takens theorem {12, 14], probabilistic modeling
[15, 16] and so on. More details can be found in a literature such as a survey study of the
prediction of lung tumor motion [17]. A variety of the prediction approaches indicates that
there is currently no best prediction method in clinical use because of the insufficient accuracy.

In general, the prediction is realized as an application of time series analysis. General
prediction methods, such as autoregressive moving average (ARMA) model [18], require a
stationarity of the target time series. However, the respiratory motion essentially has complex
and time-varying characteristics.. For example, the repetition of inhalation and exhalation
naturally involves periodicity, but the periods are time-varying. Nevertheless the periodic
component can still help to predict the motion because the past observed motion will arise
again at penodlc intervals. It means that we can predict the motion accurately if the period of
target motion is obtained. Thus, the use of the permdxc:lty can bea good approach to predlct
the respiratory motion.

The methods that focus on periodic components in respn‘atary motmn have been deve!oped as
seasonal autoregressive (SAR) model-based method [19] and periodic ARMA model-method
[20]. However, the periodicity in the respiratory motion fluctuates with time, and the
adaptation of these methods to time-variant periodic variation seems insufficient yet. For
example, SAR model-based method converts the target motion with time-variant period to
a new motion with constant period to use the SAR model properly. But if the conversion
from time-variant to constant period is incomplete, the prediction accuracy can decrease. On
the other hand, the periodic ARMA estimates the period of the target motion by using long
historical samiples of 60 s. However, the use of long historical samples causes a hysteresis and
cannot trace the change of the periodicity. Therefore, to adapt to the time-varying periodicity
still remains as a challenge to accurately predict the respiratory motion.

In this chapter, to predict the respiratory motion by use of its periodicity, a time-variant
seasonal autoregressive (TVSAR) model-based method is proposed [21]. The proposed
method can model the time-variant periodicity more precisely, and we adopt only a small
number of samples to suppress the hysteresis. In the next section, we briefly describe the
characteristics of the lung tumor motion. Then, in section 3, TVSAR model is explained. The
model is based on SAR, but is newly developed to adapt to the fluctuated periodicity by using
unequally-spaced intervals instead of multiples of the constant period. To show the prediction
performance of TVSAR model-based method, experimental result by using some clinical data
sets of lung tamor motion is described in section 4. Section 5 provides concluding remarks.

2. Respiratory motion of lung tumor

Figure 5 shows an example of time series of respiratory motion of lung tumor. The time series
of tumor motion was observed as a location of the golden fiducial marker implanted into
around the tumor, by using a kV X-ray fluoroscopic imaging system known as RTRT system,
with sampling frequency 30 Hz, at Hokkaido University Hospital, Sapporo, Japan [7].

In general, a lung tumor motion involves a periodical component because breathing is
composed of repetition of inspiration and expiration. Figure 6 provides power spectrum
density (PSD) of the tumor motion shown in the top of Figure 5. The dominant frequency



