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Abstract

Radiation therapy is a cancer treatment that involves the use of radiation to kill cancer cells and shrink
the tumour. One of the main issues that this field is facing is that of respiratory-induced tumour
motion. In the presence of motion, the radiation beam can miss the tumour and instead irradiate
healthy tissues leading to radiation toxicities.

With the advent of fast computing technology, it is now feasible to treat cancer patients in a
safer way, by tracking the position of their tumour and adapting the radiation beam in real-time,
ensuring a better irradiation of the tumour while sparing surrounding organs.

This thesis presents the developments of frontier technology for guided lung cancer radiation
therapy. More specifically, this research details the first clinical use of multi-leaf collimator (MLC)
tracking for lung cancer patients, a technology that can track and adapt to the patient’s breathing
pattern during the irradiation. To demonstrate the feasibility and the benefits of MLC tracking, a
clinical trial involving a cohort of patients diagnosed with lung cancer was conducted. This clinical trial,
called LIGHT SABR, provided the context to conduct three studies as the material of this thesis.

The purpose of the first study was to evaluate the potential dosimetric impact of MLC
tracking in a pre-clinical study. This study positively concluded that MLC tracking under
electromagnetic guidance was feasible and safe to implement in a clinical scenario with real patients.
With the positive outcomes of that pre-clinical study, the clinical trial was initiated, and
seventeen patients were treated with MLC tracking with implanted electromagnetic transponders.

The second study was run post-trial and computed the geometric accuracy of the overall MLC
tracking system for each source of uncertainties present at treatment. It was found that uncertainties
due to MLC tracking were less than 3 mm in all directions, which brings confidence that MLC tracking
for lung tumours is within acceptable uncertainties. This study brought the question of whether a
faster MLC tracking optimising algorithm would be more efficient, which led to the third study.

The third study focused on understanding the output performances of two leaf-fitting
algorithms, in silico and experimentally using a moving platform on a linear accelerator. Despite one
of the algorithms being significantly faster at computing the leaves position, the results of this study
showed non-significant differences in exposure errors. Instead, the MLC tracking performance
is weighted towards the plan complexity and hardware limitations of the linear accelerator.

The major finding of this work is that MLC tracking can be implemented in a safe clinical

environment for patients with fast and erratic tumour motion patterns.
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cHAPTER || 01

Overview of this thesis

Radiation therapy is a treatment path for patients diagnosed with cancer. The patient is laid on a table
in a room where radiation is then delivered to the tumour using a linear accelerator. To maximize the
chances of the radiation beam hitting the target, it is important that the patient remains still
underneath the radiation beam for the radiation dose to be delivered according to plan.

For patients diagnosed with lung cancer, motion can make irradiating cancer cells challenging.
People are living organisms, and nobody is ever still. The heart is beating, intestines are processing
food while blood is rushing to every part of the body. More importantly patients are breathing, their
lungs are squeezing large volumes of air in and out of the body, causing internal displacement that is
quite challenging for thoracic radiotherapy. If respiratory-induced tumour motion is not accounted
for, the planned radiation dose is smeared out and displaced away from the tumour towards vital
organs. This can result in undesirable doses delivered to healthy tissues leading to radiation toxicities.
Possible technical solutions to prevent radiation toxicity include tracking the tumour position during
treatment and shifting the radiation beam in real time.

The purpose of this research is to contribute to the development of radiation therapy by
tackling the issue of internal motion for patients diagnosed with lung cancer. In this research, | detail
the first clinical use of multi-leaf collimator (MLC) tracking for lung cancer patients with the purpose
of evaluating the clinical feasibility of a technology that can track and adapt to the patient’s breathing
pattern during the irradiation.

The clinical realisation of MLC tracking for lung cancer is the product of strong collaborations
between Royal North Shore hospital and the ACRF Image X institute at the University of Sydney with
support from Varian Medical Systems. This collaboration led to the LIGHT SABR clinical trial. My
involvement in this clinical trial lasted four years, as the main technical scientist involved in the safe
and efficient clinical implementation, treatment, and post-treatment analysis of each of the seventeen
patients in this clinical trial.

Chapter 2 provides general knowledge of radiation therapy for lung cancer, detailing the
various challenges that tumour motion poses and how MLC tracking can solve these challenges. It is

followed in Chapter 3 by a review article, focusing on the use of Image Guided Radiation Therapy
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OVERVIEW OF THIS THESIS
Lung cancer

(IGRT) for lung cancer.

Prior to the clinical trial launch, a simulation study was conducted on a linear accelerator to
test MLC tracking in a real clinical scenario with a moving platform as a substitute for a real patient.
This simulation study is outlined in Chapter 4 and provides justification for the clinical use of MLC
tracking.

A culmination of this project is detailed in Chapter 5, where a thorough analysis of MLC
tracking accuracy for seventeen patients treated in the LIGHT SABR clinical trial was made to
understand and compute the geometric impact of each uncertainty during treatment.

In Chapter 6, the output of two different MLC tracking algorithms were compared both in
silico and under clinical conditions on a linear accelerator. The outcome of this work provided an
understanding of the impact of a fast optimization algorithm for hypothetical treatment delivery.

Chapter 7 provides a summary of the project findings and includes a discussion with possible
future directions for MLC tracking and motion management.

Appendix 1 details the first patient to be treated with the technology described in this thesis.
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Literature Review

This literature review provides the reader with an introductory reading in the field of medical physics.
The main intent is to highlight the motivation for the implementation of a novel radiation treatment
capable of accounting for tumour motion in lung cancer patients. First, this review emphasizes the
importance and impact of lung cancer in our society and lists the available treatment options. Next,
this review details the principles of a linear accelerator, planning techniques and treatment delivery.
Following this, the importance of tumour motion in radiotherapy is described as well as its potential
impact on the quality of the treatment. Finally, this literature review concludes with the motivation of
this work and the compelling need for real-time tumour tracking in lung radiotherapy. Chapter 3
tackles, in more depth, the options to correct for motion that can be realized with image-guided

radiation therapy (IGRT) and motion management devices.

Lung cancer

Lung cancer and its burden on society

Lung cancer is the leading cause of cancer worldwide and accounts for 20% of all cancer deaths [1]. Its
burden on society is as much psychological as financial with almost 10 million related deaths in 2018
[2] associated with the economic impact of $188 billion worldwide in 2010 [3]. In Australia, it is the
fifth most common cancer diagnosis and is responsible for almost one in five cancer deaths [4]. While a
large proportion of lung cancer cases can be associated with long-term tobacco smoking, about
10-15% of the cases originate from other factors such as genetic predisposition, environment
exposure, or biological susceptibility [5, 6]. For that matter, lung cancer has a poor prognosis where

over half of people diagnosed with the disease will die within a year of diagnosis [7].

Lung cancer treatment

Lung cancer, also known as lung carcinoma, is a malignant disease defined by uncontrolled cell growth
within lung tissue. Tumour growth can spread beyond the lungs and move to other parts of the body,
known as metastases. The two most common types of lung cancer are small-cell lung carcinoma (SCLC)

and non-small cell lung carcinoma (NSCLC). NSCLC accounts for approximately 85% of all lung cancer.
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LITERATURE REVIEW
Principles of radiotherapy

Historically, surgery was the most common treatment for lung cancer, with
substantially higher survival rates than radiotherapy [8], particularly for younger populations [9]. For
advanced lung cancer cases, surgery was followed by adjuvant chemotherapy providing a 4-5%
increase in 5-year overall survival [10]. An important emerging treatment is immunotherapy, which
stimulates the patient’s own immune system to recognize and destroy the cancerous cells.
Immunotherapy has shown encouraging outcomes in Australia [11], and is currently indicated
for advanced lung cancer. At present, radiation therapy for lung cancer is one of the most
effective and least invasive treatment modalities. Initially, it emerged as a low comorbidity
alternative of surgery and has been increasingly relied upon for the last decade [12].

Recent advances in technology and computing power have made radiation therapy an
accepted and reliable treatment for early stage NSCLC [13-15]. It does not require surgery
and has shown encouraging outcomes especially for patients treated with
Stereotactic Ablative Radiotherapy (SABR), with similar rates of local recurrence and disease-specific
survival to other treatment modalities [16, 17]. It is estimated that approximately 32% of all lung
cancer patients will receive radiotherapy over the course of their treatment, accounting for 5% of
the total cost of cancer care [17].

The focus of this thesis is on radiotherapy for patients with lung cancer.

Principles of radiotherapy

External beam radiotherapy

The main goal of radiotherapy is to irradiate tumour cells and deprive them of their multiplicative
potential. The radiation used is ionizing which means that it forms electrically charged particles with
the potential of single or double breaking the strand of DNA as it passes through the human body. This
DNA break causes genetic mutations within the cell leading to its death. One factor that indicates the
objective of the radiotherapy treatment is reflected by the amount of absorbed dose to the tumour
and the sparing of the healthy tissues surrounding the tumour.

The underlying mechanism of radiotherapy relies on radiobiological traits that allow
healthy cells to repair at a faster rate than cancerous cells post-irradiation. These differences
in radiobiological properties between tumour and healthy cells leads to the use of fractionated
treatment, whereby the radiation is delivered over multiple days or weeks, allowing the healthy

tissues to repair before the next treatment fraction.
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Advancements in technology have allowed the accuracy and reproducibility of radiotherapy
treatment to improve. As such, the amount of radiation delivered per fraction has increased and the
number of total fractions has decreased, leading to the widespread use of hypofractionated
treatment. Stereotactic Ablative Radiotherapy (SABR) delivers an ablative treatment in an extreme
hypofractionated scheme with high biological effectiveness, tumour local control and low
complications [18]. Advantages of SABR over conventional fractions are multiple, such as a
considerable shortened treatment length which in return improves the overall patients’ quality of life

[19].

Linear accelerator

Linear accelerators or linacs, as shown in Figure 1, provide the radiation used for cancer treatment.
The linear accelerator accelerates electrons using an alternating microwave field. These electrons
either pass through a scatter foil and exit the machine as an electron beam or hit a high Z target that

creates a type of photon radiation known as bremsstrahlung.

Y-

MV EPID detector panel - b |
Nk g ‘—1, Treatment head

Treatment couch

Kilovoltage imaging detector

Figure 1. Varian linear accelerator with a treatment couch, EPID and kilovoltage imaging
detector and source.

Linear accelerators for external beam radiotherapy produce high-energy radiation that

operate in the megavoltage range.
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These linear accelerators are quite versatile, with interchangeable electron and x-ray modes,
adjustable energies, computer controls and isocentric mounting. The gantry is designed to rotate
around the patient with the help of internal counterweights to stabilize the weight of the accelerator
waveguide. The treatment couch provides five degrees of freedom, with vertical, lateral,

longitudinal motion, pitch, and yaw with some couches providing roll rotation [20].

Multi-leaf collimator

Historically, accessories such as collimator jaws, blocks, virtual and dynamic wedges, were manually
added to the linear accelerator to compensate for dose inhomogeneities and to shape the
radiation field to the tumour. Advances in software optimization and mechanical precision have
allowed these blocks and wedges to be replaced with multi-leaf collimators (MLC), now available
on most clinical linacs in Australia. The MLCs are made of high density and high-atomic number
material to provide conformal shaping of beams. Figure 2 shows a picture of the head of a linac
(without its cover) with the MLCs arranged into two banks of 120 leaves, arranged in pairs and

closely abutting to form an arbitrary shape.

Head of the Multi-leaf
linac collimator

I

Tr g

! 'a'}l' Il

Figure 2. Head of a linac (left) with the MLC leaves (right).
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The leaves within the head of the linac have the capability to move continuously during
treatment along a single one-dimensional axis. The main advantage is that they do not require manual
adjustment as their positions are optimized through a treatment planning system to provide the
necessary dose. MLCs represent the current state of practice for shaping radiation fields during

treatment.

IMRT and VMAT
Following the wide implementation of MLCs, most radiotherapy centres started
using Intensity-Modulated Radiation Therapy (IMRT) as their delivery system either with static
MLC or dynamic MLC treatment delivery techniques. The first option irradiates a portion of the
dose at a fixed gantry position and a set shape of leaves. The beam is then interrupted, and the
MLC leaves are shifted to provide a different shape used for the second dose delivery. This
process is then repeated until completion of the treatment fraction. With dynamic MLC
treatment, the MLC aperture is continuously shaping the treatment field during treatment
delivery. IMRT step-and-shoot treatment utilizes the modulation of the MLC aperture to
deliver a portion of the treatment, before interrupting and then rotating to another angle
of irradiation. IMRT sliding window is another IMRT technic that continuously delivers the beam
while the MLC slides across the treatment aperture.

Another type of more modern and complex IMRT is the Volumetric Modulated Arc Therapy
(VMAT) that delivers intensity-modulated dose to the target volume while the gantry is continuously
rotating around the patient. Studies have shown the benefit of VMAT over IMRT step-and-shoot for

the treatment of thoracic tumours [21-23], with a lower dose absorbed by the organs-at-risks [24].

Thoracic motion in radiotherapy

Patient motion is a continuing challenge for radiotherapy. For thoracic cancers, respiratory and cardiac
motion may have an impact on radiotherapy treatment accuracy [25]. There are also a number of
unpredictable actions such as sneezing, coughing or muscle twitching [25-29] that can effect
treatment delivery. For these reasons, positional uncertainty associated with motion is
generally recognized as intrinsic to radiotherapy. Figure 3 shows an example of a lung tumour

moving with respiration.
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Amplitude
of 1.2 cm

Figure 3. Registered phases from 4D-CT at end-of-exhale and end-of-inhale
with a tumour amplitude of 1.2 cm located in the lateral segment of the right
lower lobe.

For patients undergoing radiotherapy, thoracic motion is present at every stage of the

radiation treatment pathway, from imaging and treatment planning to treatment delivery.

Motion during imaging

The first step of the radiation treatment pathway is to obtain reliable information about the patient’s
internal anatomy through imaging. For thoracic cancer patients, this can include a four-dimensional
computed tomography (4D-CT) scan, occasionally coupled with a Positron Emission Tomography (PET)
scan, that acquires 3D datasets of the patient’s thorax that spans the breathing cycle. This allows the
clinician to visualise the full range of tumour motion and to assess tissue deformation. Exploiting
temporal-anatomic information in this way has led to huge advances in the field of lung cancer [27,
30]. These images are used for treatment planning and are now the standard of care for thoracic
cancer imaging.

However, the accuracy of 4D-CT images is sensitive to changes in patient's breathing rate
during the imaging process. Changes in the patient’s breathing rate or depth can lead to image
artefacts. Artefacts caused by irregular breathing are common during 4D-CT and despite being
well known [31], they are not easily predicted or accounted for. With irregular breathing,

motion induced artefacts during 4D-CT can be a major source of positional and temporal
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uncertainty, causing a miss with significant dosimetric consequences. Guckenberger et al. [32]
showed that the approximation of tumour motion from 4D-CT images is sufficient for most patients

but can have detrimental effects on treatment if motion is under or over estimated.

Motion during treatment planning

Treatment planning is the second step in the patient’s pathway to radiotherapy. Treatment planning
is achieved using a treatment planning system (TPS) that optimizes radiation delivery based on
several treatment parameters such as MLC shapes and gantry angles, and patient parameters
such as the tumour location and surrounding organs-at-risk. The goal is to adequately dose the
tumour while avoiding the organs-at-risk within a technically feasible framework. Figure 4 shows an

example of treatment planning for a tumour in the right middle lobe to be treated with VMAT.

Figure 4. Example of a lung treatment plan for a tumour located in
the right middle lobe, treated with VMAT.

Clinical treatment planning techniques for lung cancer define multiple target volume, with
various definition, as defined by the International Commission on Radiation Units and Measurements
50, 62 and 83 [34-36], visualised in Figure 5. The Gross Tumour Volume (GTV) includes all clinically

detectable disease and is often expanded to include sub-clinical disease into the Clinical Tumour

22



LITERATURE REVIEW
Thoracic motion in radiotherapy

Volume (CTV). However, the current guidelines do not recommend the use of CTV for lung SABR
planning, as the ablative dose delivered to the tumour and the flat dose profile of lung tissue are
considered to provide sufficient coverage in case of sub-clinical expansion [37, 38].

The Internal Target Volume (ITV) encompasses the union of all the CTVs from the 4D-CT image
set and accounts for motion through the respiratory cycle. The ITV is defined using the 4D-CT scan
either by contouring on the maximum intensity projection scan, maximum inspiratory and expiratory
scans or contoured on registered 4D-CT phases. The Planning Target Volume (PTV) encloses the ITV
with anisotropic margins to account for possible uncertainties in beam alignment, patient positioning,
organ motion, or organ deformation. The absorbed dose to the CTV, PTV and abutting organs-at-risk

are reported as part of the radiotherapeutic process to assess the quality of the planning.

GTV: Gross Tumour Volume, defined as the
gross demonstrable location and extent of
the tumour

CTV: Clinical Target Volume, defined as the
GTV + internal margins to account for
subclinical diseases. In some centres, this
margin is not applied, hence CTV = GTVW.

CTv

ITV: Internal Target Volume, defined as the
CTV + Internal margins for organ motion

PTV: Planning Target Volume, defined as the

ITV + setup margins for setup error

Figure 5. Schematic showing ICRU defined volumes and their relative sizes.

Motion on treatment day

Motion not only affects pre-treatment imaging but also the treatment itself. This motion can be
categorized as inter-fractional motion, due to variations in day-to-day patient set up during treatment,
and/or intra-fractional motion, due to motion during treatment.

Typical inter-fraction motion may be due to weight loss, tumour shrinkage or inflation. A large
number of studies have investigated the characteristics of inter-fractional motion, such as Sonke et al.
[39] showing day-to-day motion variations in thoracic bronchi. While inter-fractional motion can be

hard to account for, it is generally easy to detect using Image Guided Radiation Therapy (IGRT) which
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images the patient on the treatment table directly before treatment.

IGRT is the use of imaging to obtain the position of the patient’s internal anatomy, either in
two dimensions or three dimensions using planar imaging or Cone Beam Computer Tomography
(CBCT). The latter requires the acquisition of multiple 2D planar images, reconstructed into a 3D
dataset and manual alignment with the planned dataset. The main purposes of the CBCT before
treatment are to align the anatomy to the treatment beam and verify the degree of soft
tissue deformation within the thoracic cage. If the anatomical changes exceeded a given margin
threshold, the clinician in charge could make the decision of pausing the treatment, continuing, or
replanning.

Intra-fractional motion on the other hand is challenging to detect as it requires
constant monitoring of the tumour position during treatment, either via imaging or other methods
of detection detailed in the following Chapter 3. Intra-fractional motion for lung cancer
treatment is generally related to changes in the patient’s breathing magnitude and pattern. The
magnitude of tumour motion is correlated to its position within the lung, with tumours in the lower
lung lobe close to the diaphragm exhibiting greater motion than those located in an upper lobe
[40-42]. Figure 6 shows an example of varying lung tumour motion during radiotherapy treatment,
with its baseline position shown in red, starting at -3 mm in the inferior direction and finishing after

~200s at +5 mm.

Tumor motion and baseline position
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Figure 6. Example of tumour motion (blue) during treatment with a baseline shift.
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Multi-leaf collimator tracking

Multi-leaf collimator (MLC) tracking is one of several techniques that permits real-time adaptation,
accounting for intra-fractional tumour motion. MLC tracking is a beam adaptation technique that
relies on the MLC leaves to adapt to tumour motion in real-time using the optimized leaf positions
combined with the tumour motion input. To our knowledge, MLC tracking is the only beam adaptation
technique that has been implemented on a linear accelerator with a rotating gantry, as opposed
to the dedicated commercialized linear accelerator for motion management, such as the
CyberKnife system (Accuray Inc. Sunnyvale, USA), the Accuray Radixact (Accuray, Sunnyvale, CA) or

the Vero system (Brainlab AG, Feldkirchen, Germany).

Proof-of-concept and early developments

MLC tracking emerged as a proof-of-concept in 2001, published by Keall et al. [43]. It was originally
implemented for translational motion with an a priori knowledge of the tumour motion, whereby the
MLC leaves were shifted along their translational axis with its geometric accuracy investigated [44].
With promising results, theoretical investigations of MLC tracking began, following a target moving in
one dimension [45], two dimensions [46, 47] and three dimensions [48]. MLC tracking was then
experimentally implemented for IMRT [48] and VMAT [49-52]. As a final step towards clinical
implementation, patient workflow was tested in vivo on pigs , showing the potential clinical benefits

of MLC tracking for SABR [53].

Clinical Implementation

The first clinical implementation of MLC tracking was published by Keall et al. [54]. Twenty-eight
patients with prostate cancer were treated on a conventional linear accelerator (Varian Trilogy),
tracking implanted electromagnetic transponders. The reported geometric and dosimetric
results were published in Colvill et al. [55] and Keall et al. [56]. Following the success of this
clinical trial, seventeen patients with lung implanted electromagnetic transponders were treated
as part of the LIGHT SABR trial with the primary objective to test whether MLC tracking is feasible,
and the secondary objective to evaluate transponder implantation safety/migration and potential
dosimetric benefits of MLC tracking over ITV-based treatment. The dosimetric benefits of the first
patient was published by Booth et al. [57] with substantial geometric benefits reported for
some patients [58]. MLC tracking using the KIM technology (Kilovoltage Intrafraction
Monitoring) [59, 60] was clinically tested as part of the TROG 15.01 SPARK clinical trial for prostate

patients. KIM employs the kilovoltage mounted x-ray imagers, common to most linacs, to visualise
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during treatment the implanted beacons within the prostate. This allows MLC tracking
to be implemented on a linac without relying on additional hardware for tracking the moving
tumour. The reported geometric and dosimetric results of this clinical trial are encouraging for

further centres to adopt this technology [59, 61].

Target detection devices used in MLC tracking

Several devices have been used to detect and track the target for MLC tracking, implemented generally
as an “add-on” onto the current linear accelerator, the only two devices that have been used clinically
being the electromagnetic transponders, and the use of the KIM technology.

Electromagnetic transponders are potentially the most advanced and clinically available
technique for providing continuous and reliable tumour position in real-time. Electromagnetic
transponders rely on electromagnetic signal detected by an electromagnetic panel. It is generally
considered safe to use since EM waves have little effect on the body, but these transponders do
require an invasive procedure that is not without risk. The positional accuracy of EM transponders
was investigated by Willoughby et al. [62], Keall et al. [50], Krauss et al. [63] and Ravkilde et al. [64] who
reported error in positioning of < 1 mm.

The use of kV imagers for MLC tracking has been tested by Poulsen et al. [65] and Keall et al.
[60] using the KIM technology. This showed promising results as it would allow MLC tracking to be
available with a software upgrade on most linacs with a rotating gantry and fluoroscopic imagers.
Despite the well-known limitation that imaging is responsible for additional dose to the patient,
this technology has been heavily relied upon to treat patients with MLC tracking for prostate cancer
[59, 60, 66].

Markerless EPID imaging guided MLC tracking for lung tumours has been investigated by
Poulsen et al. [53], Zhang et al. [67], Rottmann et al. [68, 69] and Cho et al. [70, 71]. This technology is
promising as it relies on available linear accelerator technology but suffers from a lack of tissue
contrast on MV images.

MLC tracking has been tested with ultrasound systems by Fast et al. [72] and Ipsen et
al. [73] with reported latencies equivalent to dedicated devices for motion management.
Ultrasound is an attractive modality for real-time and radiation-free imaging but suffers
from a serious limitation related to the speed-of-sound error that can mis-interpret distances and

the range of motion during tumour tracking.
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With the advent of MRI-linac, the notion of MLC tracking using MRI guidance has garnered
interest where Menten et al. [74] and Paganelli et al. [75] have proposed the potential benefits of
combining the two technologies. Recently, Glitzner et al. [76] demonstrated the feasibility of
implementing MLC tracking on a commercially available MRI-linac system, reporting capability of the
MLC control system to follow targets with a latency of around 20 ms. Borman et al. [96]
studied the image acquisition latency, and concluded that this latency is highly sequence-
dependent, and therefore can be greatly improved when the appropriate sequence is selected.

Some optical systems have shown to be usable with MLC tracking, such as the Real-time
position management (RPM) that tracks the movement of the chest using an infrared camera. Being
an external tracking system, the RPM is a poor surrogate for tumour motion and was mostly relied on

as proof-of-concepts [48], rather than actual reliable tracking devices.

Quality assurance in place

The clinical translation of MLC tracking from bench-to-bedside requires new quality assurance
processes. Current quality assurance for radiotherapy delivery assumes static patients and unaltered
MLC shapes that match the treatment planning. As such, protocols and tools have been developed to
monitor the delivered dose during MLC tracking. One such protocol includes a failures mode and effect
analysis-based quality assurance (FMEA) of the MLC tracking system, developed by Sawant et al. [77].
This study identified specific failure mode for MLC tracking with a calculated probability of occurrence,
severity of effect and the degree of detectability of the failure. This FMEA quality assurance procedure
was used for the MLC tracking for prostate and lung [54, 57] clinical trials at our institution.

Multiple quality assurance techniques were developed to ensure reliable and safe treatment
delivery. Poulsen et al. [78] developed an isocentre shift method to compute, post-treatment, the
dose delivered to the target and surrounding organs based on the detected tumour position and the
leaf pattern. Fast et al. [79] developed an online algorithm for fast dose reconstruction for prostate
SABR calculated on pre-calculated fluences and leaf patterns. Woodruff et al. [80] also demonstrated
that the MV imagers can be successfully used for dose reconstruction that could potentially be used
for MLC tracking treatment delivery. Kamerling et al. [81, 82] implemented a real-time 4D dose
reconstruction method by connecting the MLC tracking software to the treatment planning system.
Skouboe et al. [83] implemented, clinically, for the first time, a real-time motion-including tumour
dose reconstruction [84].

The use of real-time adaptation to account for inter-fractional motion and intra-

fractional motion is detailed in the following chapter.
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Limitations of MLC tracking

MLC tracking suffers from several shortcomings that are worth highlighting.

A key limitation is due to hardware and software restrictions on linear accelerators. The
finite leaf width, the direction of leaf motion along one single axis and the leaf speed, hinder the
performance of MLC tracking. To correct for a target shift perpendicular to the axis of motion, the
MLC must adapt by collectively shifting the aperture, which due to the finite leaf width and leaf
speed, is not always possible and never instantaneous. Figure 7 illustrates the case of an ideal
aperture restricted by the leaf width. Pommer et al. [85] explored the relationship
between the leaf width, speed and the ability of MLC tracking to deliver the planned
dose within given margins. They found that aligning the MLC leaves to the major axis of
motion, lowering the plan complexity, and using thinner leaves, are all potential solutions to
reduce the amount of exposure errors during MLC tracking. A really interesting study from
Toftegaard et al. [86] found that a hybrid of MLC tracking and couch-tracking has the

capability to correct for tumour motion perpendicular to the leaves axis of motion, therefore

reducing exposure errors.

[ ] Overdose
@B underdose

s Best fit

Figure 7. Ideal aperture (red contours) as compared to the actual aperture during MLC tracking. The
ideal aperture cannot always be fit during MLC tracking due to the finite leaf-width, leading to
organs being overdosed (yellow) or underdosed (brown).
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Another limitation to the success of MLC tracking is the system’s latency. Latency can
deteriorate the performance of the treatment due to a lag between the tumour motion and the
MLC mechanical shift. The effect of latency can be mitigated by using a prediction algorithm that
aims to predict the tumour position ahead of time. The majority of prediction algorithms rely
on linear prediction models based on an auto-regressive moving averages [87, 88], Kalman filters
[89-91] and machine learning with neural networks [92, 93]. These models all perform well
when predicting regular motion. Unfortunately, tumour motion is often erratic, causing several
standard prediction approaches to perform poorly. Ultimately, reducing the system’s latency could
be achieved, similarly to the CyberKnife and Vero, by coupling the tumour motion detection system
(e.g. ExacTrac) with a motion detection system with a faster input (e.g. thoracic belt, vest) and
building a correlation model to help reduce the overall system’s latency. Despite using
fluoroscopic images for beacon segmentation sporadically (Yang et al. [94] reported on
fluoroscopic images obtained every 40 seconds), CyberKnife studies [95] report latencies of 115
ms, while for MLC tracking for lung SABR, we reported 230 ms [57].

The use of MLC collimator for beam shaping suffers from several shortcomings. One of
them is related to the use of fixed collimator positions that only allow discrete adaption to
motion perpendicular to the leaves. Potential solutions could be to align the MLC along the major
motion axis, restrict the complexity of the treatment plan or use thinner leaves. Another
shortcoming is that MLC tracking requires a wider jaw opening than standard delivery to allow
the leaves to travel during tracking, thereby increasing the risks of inter-leaf leakage. To
minimize the leakage, jaw tracking has been tested during MLC tracking as a potential

solution for future MLC tracking treatments [86].
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Motivation for this work

With the development of IGRT and tumour detection techniques, more detailed in Chapter 3, a
very natural step in the field of radiotherapy was to combine these detection techniques within
a beam adaptation modality. The first MLC tracking implementation occurred for the treatment
of prostate cancer, with the treatment of twenty-eight patients.

With the success of the prostate clinical trial, the motivation for this work was to tackle
an even more challenging task and treat patients with lung cancer.

As detailed in this review, lung tumours are fast moving structures, potentially exhibiting
large and highly variable amplitudes, and surrounding radiosensitive critical structures. It is
therefore not surprising that lung tumours pose a challenge in radiotherapy as their intrinsic
breathing-induced motion cannot be easily suppressed and therefore require beam adaptation.
The goal of this work is to show whether MLC tracking will improve the accuracy of the
treatment delivery as well as providing higher tumour dose coverage.

This thesis focuses on the first clinical implementation of MLC tracking for lung SABR
using electromagnetic transponders implanted around the tumour.

Chapter 3 provides details about motion management in radiation therapy, particularly
in relation to lung SABR. Chapter 4 in this thesis describes a study on the pre-clinical trial
potential dosimetric benefits of MLC tracking for lung SABR. Chapter 5 provides a geometric
analysis of the uncertainty of MLC tracking for lung SABR using the data of seventeen patients
treated with this technology. To understand the impact of the algorithms for MLC tracking,
Chapter 6 compares two different optimizing algorithms, both in silico, and experimentally on a
linear accelerator. Appendix 1 provides a detail dosimetric analysis of the first patient treated with

MLC tracking for lung SABR.
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IGRT and motion management during lung SBRT delivery

This review article was published in Physica Medica edited by Paolo Russo. This article was written by
me at the invitation of the editors and co-authors.

This chapter is a follow-up from Chapter 2 and provides background on the use of IGRT and
motion management during lung SBRT delivery. This includes techniques that are available in room,
prior to treatment delivery, and those that are used during the treatment delivery. It explores the
various devices, commercial or still at the research stage, that are currently available to detect, correct

and adapt for motion for lung SBRT.
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1. Introduction

Lung Stereotactic Body Radiation Therapy (SBRT), or stereotac-
tic ablative body radiotherapy (SABR), is a radiation therapy tech-
nique that delivers large ablative doses to the tumour with fewer
fractions than conventional radiation therapy. The high biological
dose delivered to patients requires a high conformal dose distribu-
tion around the tumour with minimal exposure of surrounding
healthy tissues. However, lung tumours are subjected to motion,
which complicates the provision of high accuracy targeting during
treatment delivery. Failure to adequately account for uncertainties
due to motion can cause geographic miss and inaccurate dose cov-
erage, such as underdosing the target and/or overdosing surround-
ing organs-at-risk (OAR) [1-4]|. For these reasons, it is a
desideratum of modern radiotherapy to manage tumour motion,
trajectory irregularities, deformation and patient repositioning
during lung radiation therapy.

Image-guided radiation therapy (IGRT) is the image-based guid-
ance of radiotherapy delivery and a sub-set of the motion manage-
ment strategies clinically implemented to help mitigate motion-
related errors [5]. The scope of this chapter is narrowly defined
to IGRT and motion management during SBRT delivery of photon
beam therapy. The novelty of Magnetic Resonance Imaging (MRI)
combined with linear accelerators is detailed in another chapter
[6] and will not be extensively mentioned here. We presuppose
that a patient scan has been acquired (e.g. 4D-CT, MRI), and a

treatment plan appropriate to the delivery method has been devel-
oped. This chapter is then organised into IGRT and motion manage-
ment technologies that are used in room but prior to the treatment
delivery (section II) and those that are used during the treatment
(section III).

2. In room pre-treatment IGRT and motion management

Pre-treatment IGRT and motion management techniques avail-
able either commercially or in the research phase are summarised
below in Fig. 1. Each of these devices are compartmentalised into
four domains; kV imaging, MV imaging, optical imaging and treat-
ment couch.

2.1. KV imaging

2.1.1. Conventional kV-imagers and 3D-CBCT

Fluoroscopic imaging devices are offered as standard compo-
nents for nearly all linear accelerators (linacs). Most C-arm shaped
linacs are made available with retractable kilovoltage (kV) source
and a detector panel that provide a radiographic image of the
patient’s anatomy with submillimetre resolution enabling highly
accurate positioning relative to a reference setup. The visibility of
internal anatomy using kilovoltage x-rays is largely imposed by
the Compton cross sections of the targeted tissue in the patient.
For that reason, bone and metal (implanted fiducials) are high

ExacTrac Cyberknife

Deployable kV imagers

=
= =gV

Mounted onto the ceiling/floor

Vero

Gimballed mounted kV

K Cone-beam reconstruction algorithm
imager

A

Deployable MV imager

= m

MV-CBCT algorithm

TomoTherapy Fan-Beam-MVCT

OPTICAL

AlignRT, C-rad, ExacTrac

TREATMENT

3DoF/4DoF couch

6DoF couch

Fig. 1. Summary of motion management techniques available prior to treatment.
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contrast due to their high attenuation coefficient and can be used
as landmarks for patient’s positioning, as opposed to soft tissue
that have a low visibility contrast.

Another system, the Vero system (Brainlab AG, Feldkirchen,
Germany) uses gimballed X-ray sources and imager. The Cyber-
knife system (Accuray Inc. Sunnyvale, USA) and the ExacTrac X-
ray system (ExacTrac optical-tracking system, Brainlab, Heimstet-
ten, Germany) are both systems that entail the use of mounted
X-ray imagers and in-floor built detectors.

For rotating X-ray gantry, the 2D images can be reconstructed in
three dimensions (cone-beam-computed-tomography, 3D-CBCT).
Compared with kV planar images, CBCT provides offers a more
complete assessment of patient deformation, rotation, tumour to
OAR distances [7,8] and more importantly, a higher contrast visi-
bility of soft tissue. AAPM Task-group 179 recommends quality
assurance and iso-calibration tests monthly, to ensure that geo-
metric and image quality remain within tolerance, and daily, for
safety (collision check) and laser/image/treatment isocentre coin-
cidence [9]. 3D-CBCT entails the use of fluoroscopic images and
gantry rotation to calculate a three dimensional image showing
the patient’s internal anatomy prior to each fraction and allows
visualisation of a range of geometric deviations such as motion-
related uncertainties [10]. The main drawback of 3D-CBCT for lung
imaging is that the projections from breathing phases are averaged
to reconstruct a single 3D scan. Average projection yields blurred
regions of interest or multiple diaphragm artefacts [11], potentially
providing misinformation regarding actual tumour amplitude and
its relative position to the OAR during breathing [12]. These arte-
facts complicate the task of the clinician to assess the degree of
internal motion, deformation and the repositioning of the patient
according to the reference set up

2.1.2. 4D-CBCT

4D-CBCT is the reconstruction of time-resolved 2D projections
in phase or amplitude bins. Online 4D-CBCT has the advantage over
3D-CBCT of providing daily motion information such as visualising
lesions that are near the ribs or diaphragm that might be inside 3D-
CBCT blur and identifying baseline shift [13]. Compared with 3D-
CBCT, the 4D-CBCT supplementary information on the trajectory-
of-the-day keeps the margins around the target small [14] and
reduces inter-observer variability for patient positioning [15].
4D-CBCT was first developed and implemented on a linac by
Tagushi et al. [16] and Sonke et al. [17]. Elekta released the first
commercially available 4D-CBCT followed by Varian with the True-
beam 2.0.

The image quality of 4D-CBCT is dependent on the binning
strategies and the type of CBCT reconstruction algorithm. Binning
strategies are grouped either by phase or by displacement. Phase
binning divides the breathing cycle into discrete phases relative
to an arbitrary origin (i.e. end of exhalation), while displacement
uses the magnitude of displacement to discretise the breathing sig-
nal. Phase binning was shown to be more clinically relevant, with a
more accurate and clearer representation of small moving struc-
tures but the method is weakened in the presence of baseline shift
[18]. On the other hand, displacement binning has the advantage to
be less sensitive to variation in breathing patterns during the
acquisition but the quality of reconstruction is influenced by inter-
bin image quality variation and large projection angular gaps [18].
The reconstruction of CBCT is also heavily dependent on the recon-
struction algorithm clinically in use. The current clinical recon-
struction algorithm is the Feldkamp-Davis-Kress (FKD) algorithm
or the McKinnon-Bates (MKB) algorithm, the latter mostly used
for fast reconstruction. Both algorithms suffer from streak artefacts
and a considerable amount of noise [18]

There is active research towards an enhanced version of 4D-
CBCT to decrease the imaging dose per acquisition and reduce

the streak artefacts. Dose reductions are obtained with hardware
enhancement by varying the gantry speed [19,20], acquisition
and imaging frequency [21] on a patient-specific basis in response
to the patient’s respiratory signal, with reported ~50% reduction of
image dose. Streak artefacts can be reduced by implementing an
iterative reconstruction algorithm [22]. Iterative algorithms are
limited clinically by their requirements for long and intensive com-
putation. However, they provide a higher image quality when con-
straints are applied to the similarity between the image to be
reconstructed and higher quality prior image.

2.2. MV imaging

2.2.1. Electronic Portal imaging device (EPID)

The EPID was developed to provide a fast and accessible tool to
replace film dosimetry. For most C-shaped linear accelerators, the
EPID is a retractable panel that can be deployed at different dis-
tances and is typically used as a quality assurance tool on modern
linacs for verification of modulated deliveries. For older linacs
without on-board imagers, the EPID remains the go-to tool for
pre-treatment patient setup. Its use in the beam-eye-view is par-
ticularly well appreciated by clinicians since both the image and
the therapeutic MV beam share the same isocentre with projection
having less distortion from metal artefacts compared with kV
imaging. The inconvenience of MV X-ray imaging is that high
energy photons have low tissue-density differentiation, resulting
in 2D images with lower contrast-to-noise ratio than kV images.
Average dose per image is as high as 3-7 cGy, compared with the
kV system of 0.1-0.3 cGy per images. Better image quality will
improve the potential for patient positioning prior to treatment
using the MV frames. For that reason, efforts have been made to
investigate the detectors’ response using high efficiency materials
[23-26] and enhancing reconstruction algorithms with MV-CT
and MV-CBCT [27-29].

2.2.2. Fan beam MV-CT with tomotherapy

As part of the IGRT techniques utilised before treatment, fan
beam MV-CT is available in the helical Tomotherapy Hi-ART system
(Madison, Wisconsin, USA, HI-ART II). The MV beam rotates around
the patient in a fast and helical manner, much like a third-
generation helical CT would (i.e. both X-ray tube and detector
rotate). Tomotherapy is the only commercial product that currently
utilises the MV imaging device in the narrow beam geometry as a
computed tomographic device. Length in the cranio-caudal (CC)
direction is user dependent but the field-of-view in the other direc-
tions is restricted to ~40 cm. The fan-beam MVCT imaging dose is
typically in the range of 1-3 cGy per scan [30]| depending on the
length of the patient to be imaged. We like to utilise.

2.2.3. MV-CBCT

MV-CBCT utilises the EPID to provide reconstructed 3D images
prior to treatment. Lower energy settings than treatment MV is
commonly used, 2.5 MV on the Varian Truebeam linac and 1 MV
for the Siemens linear accelerators. Acquisition and reconstruction
are performed in less than 2 min with a typical dose between 2 and
9 cGy but motion blur and low density differentiation can reduce
the image quality. Studies aiming to enhance the image quality uti-
lised the MV-CBCT on thoracic scan in a gated rotation acquisition
method, where the gantry rotations are stopped and started when
the tumour reaches the gating threshold [31], or fast acquisition,
by combining kV and MV projections during approximately 15 s
breath-holds [32]. For the latter, the gantry needs to rotate only
90 degrees and reduces the acquisition time to ~15 s, achievable
throughout one breath-hold. This has been automated to be per-
formed clinically [33], with patient positioning set up shown to
be equivalent to conventional IGRT techniques [34]. Additionally,
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MV-CBCT was shown to be feasible for rapid dose planning in
urgent palliative situations [35].

2.3. Optical verification

Optical IGRT systems dedicated to guidance of patient setup
have also been developed, such as AlignRT (Vision RT, London, Uni-
ted Kingdom), Catalyst (C-Rad AB, Uppsala, Sweden) and ExacTrac
optical-tracking system (BrainLab AG, Munich, Germany). These
devices rely on room-mounted optical cameras that verify the
patient position and detect gross alignment errors. AlignRT and
Catalyst use an infra-red camera that maps the patient surface con-
tours in 6 degrees of freedom without the need of markers while
the ExacTrac relies on external markers placed on the patient’s
chest. The ExacTrac also offers the advantage of integration with
a kV radiographic imaging system to verify the internal markers’
position prior to treatment for building a correlation model
between external and internal markers.

2.4. Robotic couch

Treatment couch re-positioning is an important intervention
made prior to treatment and is closely intertwined with the use
of image guidance. The patient is positioned on the couch and
aligned manually according to landmarks, tattoo or indexed to
immobilisation devices. Following imaging, the couch can be re-
aligned in 3 translations and a couch rotation about the anterior-
posterior axis (yaw) to match current patient positioning with ref-
erence set up. Optimal alignment requires 6D correction including
the roll and pitch to account for patient internal movement and
rotation [29,30] to facilitate isocentre shifts. Commercially avail-
able 6 degrees of freedom couches include the Brainlab’s Robotics
6D couch HexaPOD evo RT (integrated with Exactrac X-ray 6D sys-
tem), Protura Robotic Patient Positioning System (via Civco Medi-
cal Solution, Kalona, USA), and the PerfectPitch couch system
(Varian, Palo Alto, USA).

3. Intra-treatment IGRT and motion management

During treatment, a range of devices are available for correction
of errors related to motion. Motion compensation intra-treatment
is paramount either by tracking the tumour or monitoring and
adapting to its position. Fig. 2 summarises the commercial and
research applications of the IGRT and non-IGRT motion manage-
ment techniques available during treatment, from beam-on until
end of treatment. In this section, we restrict the analysis to during
treatment as offline review can also be processed as an a posteriori
treatment quality assurance.

3.1. Dedicated devices for motion management

Several motion management devices have been clinically
implemented as therapeutic tools to ensure a safer and more accu-
rate radiation therapy treatment. These devices rely on motion cor-
rection in real-time either by adapting the position of the beam, its
shape, or the patient couch position. The motion input may vary
depending on the specific machine, using kV (with or without
radio-opaque markers), electromagnetic transponders or surface
markers for the motion of the thorax.

The most prevalent device for motion management with lung
tumour tracking is the Cyberknife system commercialised and clin-
ically implemented since 2006 [36]. The Cyberknife is comprised of
a six degree-of-freedom robotic arm capable of compensating for
the thoracic motion and internal anatomy movement in real-
time [37]. Two orthogonal fluoroscopic systems are mounted onto

the ceiling with the flat panel in-built into the floor around the
treatment couch. The other commercialised device specifically
designed for real-time adaptation is the gimballed linac Vero. The
Vero linear accelerator is mounted on a ring gantry that rotates
both around the patient and on its vertical axis (+60 degrees) with
two gimbals that enable the treatment beam to pan and tilt, a fea-
ture particularly useful for tumour tracking [38,39]. For the Vero,
two kV sources and the flat panel imagers are directly located on
the rotating gantry. Both the Cyberknife and the Vero tracking sys-
tem are supplied with a correlation model, initially built before
treatment, based on the detection motion system of an internal
(measured using kV imaging) and external (measured using optical
imaging) surrogate motion of the chest wall. The measured exter-
nal chest motion combined with the correlation model predicts the
tumour position, allowing the treatment beam to be shifted
accordingly in real-time. For the Cyberknife, the correlation model
is frequently verified (typically 30-60 s) and updated using marker
segmentation on a single kV image. For the Vero system, the corre-
lation model is verified more frequently than the Cyberknife (1 Hz)
but requires treatment interruption to be updated [40]. Studies
show that patient survival of the Cyberknife and the Vero are
equivalent to standard SABR [41-45]. These studies also confirm
that tumour tracking result in lower toxicity issues when com-
pared with standard SABR, with significant increase in dose
conformity.

A third technique is dynamic Multi-Leaf Collimator (MLC) track-
ing for standard linear accelerators. MLC tracking takes a tumour
position signal and integrates it with the MLC to reconfigure the
aperture in real-time in response to detected motion. MLC tracking
is not available commercially but has been demonstrated on Varian
[46,47], Elekta [48,49] and Siemens [50,51] linear accelerators. One
unique possibility presented by MLC tracking is the ability to adapt
to deformation of a target, which might be best utilised within the
MR-linac framework.

Couch tracking is another real-time adaptation modality avail-
able for the standard linear accelerator where a tumour localisa-
tion signal is fed back to re-align the treatment couch [52].
Couch tracking has not been clinically implemented but has been
demonstrated as a proof of concept with electromagnetic beacons
[53], a topometrical device (Topos, Cyber Technologies, Germany),
the respiratory gating system RPM (Varian) and a laser triangula-
tion system (Micro Epsilon, Ortenburg, Germany) [54]. Couch
tracking requires a high-precision couch motion system and was
shown to be feasibly implemented on most linear accelerators.
MLC tracking and couch tracking stand as potentially highly acces-
sible modalities to enable increased utilisation of real-time adap-
tive radiotherapy [55].

3.2. Tracking or monitoring the tumour motion

kV imagers are an emerging tool for motion management to
offer image guidance solutions during treatment. Gating or trig-
gered imaging are available on certain linear accelerators (e.g. Var-
ian Truebeam) with the capacity to monitor the tumour position,
either to deliver the therapeutic beam at a specific phage during
the patient’s respiratory cycle or for real-time quality assurance
and treatment accuracy.

The Cyberknife and the Vero systems take advantage of the set
of orthogonal kV-imagers and optical tracking of external markers.
The Cyberknife system includes the Synchrony Respiration Track-
ing System [56,57], a tracking system that reads the Light-
Emitting Diodes (LED) chest motion input, correlates it with inter-
nal motion, and synchronises the beam accordingly with a latency
of approximately 115 ms [58]. For the Vero, the correlation model
is similarly built with a system latency for the infra-red markers of
approximately 50 ms [39]. This is a much faster response time than
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Fig. 2. Summary of IGRT and non-IGRT motion management techniques available during treatment.

any other devices because the beam is mounted on gimbals that
provide a fast mechanical response of the therapeutic beam to be
re-oriented. Both the Cyberknife and Vero rely on the high contrast
of implanted gold markers, like the coiled gold Visicoils (IBA,
Louvain-la-neuve, Belgium) to guide adaptation.

The Brainlab Exactrac Adaptive Gating system is a device used
for patient positioning and intra-treatment tumour motion moni-
toring. Its principle is similar to the Cyberknife and Vero as it takes
advantage of a kV imaging system and chest motion to build a cor-

relation model. Instead of tracking the tumour, it monitors the
tumour position and irradiates at a selected cycle of respiration,
during free breathing or deep inhale breath hold (DIBH) [59,60].
Compared with continuous tumour tracking, the Exactrac gating
system has the disadvantage of increased treatment duty cycle,
treatment time and imaging. The kV-imagers are mounted on the
ceiling and floor and work independently from the on-board imag-
ing device of the linear accelerators. The system is compatible with
Vero and most Varian linear accelerators as an integrated platform.
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kV-based tracking generally relies on in vivo implanted markers
as a surrogate to track tumours within kV images acquired during
treatment. There are several challenges limiting the utilisation of
kV marker based tracking for lung SABR including the potential
of marker-induced toxicity [61-63], marker migration [64] and
surrogacy errors between tumour and markers (external or inter-
nal markers) [65]. Markerless tumour tracking, where automated
soft tissue matching is performed without implanted markers,
has the potential to negate these issues. It must operate under
the conditions of adequate internal landmark visualisation and
surrogacy by the kV-imaging system or a correlation model cou-
pled with a robust prediction algorithm. For patient not amenable
for fiducial placement, Cyberknife proposes alternative registration
landmarks such as spine tracking [66], carina [67,68] or direct
tumour tracking [69] with the Xsight lung tracking system. Soft-
tissue matching using MLC tracking has been tested in a feasibility
study using offline kilovoltage projections based on a Bayesian
approach [70]. Quality assurance for markerless tumour tracking
may also pose some challenges and require specialist and possibly
patient specific motion phantoms.

3.3. MV imaging

3.3.1. MV tumour tracking

Lung megavoltage tumour tracking is predominantly a type of
markerless tracking, based on the tumour or surrogate landmarks
featured onto the EPID. To our knowledge, MV tracking has never
been clinically implemented on linear accelerators. It was tested
as a proof-of-concept using the “STiL” algorithm combined with
MLC tracking to visualise and adapt the conformal MLC that is
shaped according to a 3D printed tumour inside a deformable tho-
racic phantom [71]. With SBRT and modulated plans, one problem
is that the tumour is not continuously visible on the images and its
visibility can be obstructed by the diaphragm, ribs or heart. Also,
the use of modulated fields complicates the tasks where the lesions
are often obscured by the MLC.

3.3.2. EPID-based Intra-treatment dose verification

EPID-based in vivo dosimetry is the verification of the cumula-
tive dose by comparison with the reference planned dose. EPID-
based in vivo dosimetry is a system that flags major errors resulting
from large clinical deviations such as machine fault, human error
or large and unnoticed patient movement during treatment. A
recent study from the Netherlands showed the effectiveness of this

system [72] claiming that 1 in 300 plans required the inspection of
a medical physicist to address clinical relevant deviations. Several
countries have now integrated EPID-based in vivo dosimetry as
part of their compulsory protocols. Commercial products currently
available are the EPIDose (Sun Nuclear Corporation, Melbourne,
FL), Portal Dosimetry system (Varian Medical Systems, Palo Alto,
CA), EPIgray (DOSIsoft, Cachan, France), and Dosimetry Check
(Math Resolutions LLC, USA). However, with the current increase
in biological dose used for SBRT fractionation, post-delivery analy-
sis is not suitable for avoiding radiation-induced toxicities. Real-
time EPID-based dose verification can mitigate these issues.
Although never implemented for the lung, the use of the EPID for
real-time dose verification (“WatchDog”) has been clinically tested
on a cohort of 28 patients with head-and-neck and prostate cancer
| 73] allowing for both real-time dosimetric and geometric quality
control.

3.4. Electromagnetic transponders

As a non-imaging based motion management technique, the
use of electromagnetic transponders for lung tumour tracking is
potentially the most advanced. This system uses non-ionising
alternating current electromagnetic radiation to locate and contin-
uously track small devices. It relies on a set of electromagnetic
transponders (bronchoscopically or percutaneously) inserted in
the vicinity of the lung tumour to be wirelessly detected by a
detector placed above the patient chest during treatment (Fig. 3).
Electromagnetic beacons for real-time tumour tracking in radiation
therapy are commercialised by RayPilot (Micropos Medical AB,
Gothenburg, Sweden) and the Calypso Anchored Beacons System
(Calypso, Varian Medical system). Both products are suited for
use on conventional linac. Micropos rely on wired beacons that
are intended to be retracted after treatment. Although this tech-
nique has demonstrated its feasibility for prostate, the use of
Micropos for lung has never been tested. The Calypso beacons
are permanently implanted near the tumour. For lung insertion,
Varian provides an improved version of regular prostate beacons
with a five legged nitinol stability feature to facilitate anchoring
within small airways [74]. The Calypso beacons for lung are
approved for gated lung SABR and motion monitoring for data
acquisition and analysis by numerous Government Regulatory
bodies, such as the TGA in Australia and FDA in the USA. The use
of the Calypso beacons is also conceivable for lung SBRT gating
and couch tracking [75].

o Tumour

eBeacon

ELECTROMAGNETIC

ARRAY

Fig. 3. A) Calypso tracking station with the electromagnetic arm B) fluoroscopic images of implanted beacons within vicinity of the tumour C) lung calypso beacons with the

nitinol legs.
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Our current clinical trial treats patients with lung tumours on a
Trilogy Varian linac (Varian Medical Systems, Palo Alto, CA) using
electromagnetic beacons inserted around the lesions [47]. Other
groups have integrated the use of Calypso on a Siemens linac as
a proof-of-concept but not to treat patients as yet [51]. The bea-
cons are tracked in real-time with sub-2 mm position accuracy
[76] and the beam is adapted using MLC tracking. This is the first
and only institution treating patients with MLC tracking for lung
SABR [47]. Patients (7/7) were successfully implanted, each with
three beacons placed around the tumour, with positive dosimetric
impact [77]. The underlying system latency of the MLC tracking
system is approximately 220 ms [78] and is balanced with a kernel
density-based method to predict the future target position [79].

3.5. Optical imaging

Optical imaging can be used to monitor the patient’s abdomen
or thorax for the patient’s positioning, therapeutic beam gating
or real-time monitoring of lung SBRT. Although it has the advan-
tage of being non-ionising and non-invasive, its main challenge is
to provide an accurate correlation between external markers and
internal motion despite potential tumour hysteresis.

Optical imaging gating devices like the RPM system entail the
use of an infra-red camera that illuminates a block covered with
reflective markers positioned onto the patient’s abdomen. AlignRT
(Vision RT, London, UK) and Catalyst (C-Rad AB, Uppsala, Sweden)
map the patient surface contours. Other devices using reflective
markers are the Cyberknife, Vero and ExacTrac, all described in
an earlier section as they require regular fluoroscopic images to
update the correlation model. The combination of optical imaging
and kV imaging can improve this correlation with regular model
updates during monitoring of the chest motion. All of these devices
are used to monitor the patient’s abdomen or chest motion during
DIBH, free-breathing gating or tumour tracking and detect
unwanted patient movement like coughing and sneezing. It has
been shown that DIBH combined with optical imaging decreases
the dose to mediastinal structures as the inflated lung is caudally
displaced away from the heart [80,81].

3.6. Breathing control devices

Breathing control devices aim to manipulate the patient’s
breathing pattern. They directly interact with the patient’s airflow
with facial masks or restrict thoracic motion using devices to block
the motion of the abdomen. Commercialised products that interact
directly with the patient’s airflow through the mouth or nose are
the Active Breathing Coordinator (ABC) device (Elekta AB, Stock-
holm, Sweden) and the SDX (Dyn'R, Toulouse, France). The ABC is
a spirometer device dedicated to the practice of semi-voluntary
breath-hold. It is connected to a balloon valve that blocks the
patient air flow in several DIBH until the field is delivered, usually
requiring two or three breath holds for the entire delivery. The SDX
is also a spirometer device, however the patient is expected to per-
form breath-hold on their own with a pair of goggles providing
instructions as a visual aid. The volume of air intakes is recorded
from a flow sensor and converted into analogue signals. The signals
are analysed by the SDX software that triggers the linac beam
when the patient breathing curves reaches the breath-hold zone.

A large clinical trial (STIC 2003) with 403 patients demonstrated
significant dose reduction for patients that were treated with ABC or
SDX compared with free-breathing or RPM gating technique [80].
Study showed that significant increase in lung volume were found
with breathing control devices which resulted in noticeable higher
dosimetric benefits compared with RPM gating techniques [82].

Another device, the Continuous Positive Air Pressure (CPAP
device), is currently being tested for its potential clinical use in
lung radiation therapy [83,84]. The original clinical use of the CPAP
device was to avert blockage of upper airways for patients suffer-
ing from sleep apnoea. A continuous pressurised air flow is deliv-
ered to the patient’s airway by pumping air into the patient’s
mouth or nose. The hypothesis is that continuous pressurised air
results in a hyper-inflated lung which stabilises the diaphragm
and increases the distance between the tumour target and OAR
(e.g. Heart).

Other types of breathing control devices employ abdominal
compression. Abdominal compression may be applied with several
devices to mechanically restrict the motion of the abdomen during
respiration. Since forced shallow breathing reduces the respiratory
motion, dose escalation is permitted and beneficial for SBRT treat-
ment. Compared with others forms of tracking or patient monitor-
ing, the use of abdominal compression retains the advantages that
its implementation is easy and accessible on linear accelerators
and significantly reduces the cranio-caudal motion. Abdominal
compression is increasingly popular. A survey in 2013 showed that
abdominal compression was used in 51% of clinical centres in the
USA [85].

One form of abdominal compression is a paddle pressed against
the patient’s abdomen, just below the ribs, using an arch system
with screws to regulated the force of the paddle [86]. For this type
of system, commercialised products are the Stradivarius abdomi-
nal compression paddle system (Qfix Systems, Avondale, PA), or
the ONEBridge (Civco Medical Solutions, Kalona, IA) that comes
in various sizes of respiratory plates. Another type of abdominal
compression device, the pneumatic belt, applies pressure uni-
formly against the abdomen using an inflated belt controlled by
a pump and a gauge. Commercialised products are the Stradivarius
compression belt (Qfix), ONE Respiratory Belt (Civco Medical Solu-
tions, Kalona, [A) and Omni V SBRT solution system (Bionix Radia-
tion Therapy, Toledo, Ohio, US). It is worth noting that clinical
centres have also designing their own custom-built external com-
pression devices either for research purpose or to answer for their
own specific needs [87,88].

Despite abdominal compression, patients may still experience
upper body motion. Full thoracic motion restriction can be utilised
to mitigate this problem. The BodyFIX system (Elekta, Medical
Intelligence, Schwabmuenchen, Germany) is a dual-vacuum
whole-body immobilisation device in which the patient is placed
in a vacuum bag and the patient’s lower body, abdomen and tho-
rax are wrapped in clear plastic. The air between the plastic,
patient and the vacuum cushions is then evacuated [89,90]. Com-
pared with the abdominal compression paddle, both techniques
performed equivalently, although applying uniform compression
to the body of the patient with the BodyFIX system was reported
to be more comfortable [90]. Another type of body immobilisation
is used with the Orfit SBRT body mask (Orfit Industries Nv, Wij-
negem, Belgium). The body mask helps to immobilise the patient
and is attached along specifically made slots. This technique is
reported to be effective for treating patients with spinal metas-
tases [91].

Objectives and implementation differ between centres depend-
ing on the strategies in place, clinical objectives of the centres and
the type of patients treated. Forced shallow breathing with abdom-
inal compression was shown to be most effective for patients with
tumour motion exceeding 5 mm in free-breathing [92], or 13 mm
for gating [93,94], with significant reduction in the cranio-caudal
direction with the paddle compared with free-breathing [95] spe-
cially for lower lobe lesions [96]. However the reported residual
excursion with the compression belt raises concerns about the
tumour amplitude reproducibility [95].
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3.7. Respiratory belt

The use of a respiratory belt wrapped around the patient’s
abdomen for monitoring or gating has also been tested. The most
widely available systems are the Anzai belt (AZ-733V Anzai) man-
ufactured by Siemens and the Bellows belt (Philips Medical Sys-
tem, Cleveland, OH). Respiratory belts are equipped with a strain
gauge coupled with a sensor to record pressure variation induced
by the chest stretching during breathing. The two-dimensional
data is sent to the controller that triggers the beam according to
the patient’s amplitude. Small groups of patients were treated with
the respiratory belt [97,98] with evidence that gating provides a
constant treatment quality control, depth dose and beam profile
[99,100]. Respiratory gating with a belt or optical imaging remains
a popular motion management technique with approximately 31%
of centres in USA using this with lung radiotherapy treatment [85].

3.8. Audio-visual biofeedback

Coaching the patient to breathe regularly and/or showing them
their respiratory trace for active patient control is known as Audio-
visual feedback. The use of audio-visual biofeedback from monitor-
ing devices to the patient allows the patient to actively participate
in the treatment. The patient directly addresses irregular tumour
motion by remaining within a threshold during DIBH or following
a regular and predictable breathing pattern that is beneficial for
tumour tracking devices. Breathing signals can be obtained from
the RPM, belt, optical cameras or other devices providing an ana-
logue output that can be redirected back to the patient. In a sys-
tematic review, most studies reported beneficial effects of the
use of audio, visual or audio-visual biofeedback compared with
free breathing [101].

3.9. Immobilisation devices

Immobilisation of the patient is evidently paramount and can
be obtained by locking the patient in a vacuum-lock foam bag,
stereotactic frame with wingboard and alpha-cradle, and immobil-
ising their feet and knees. These steps minimise motion or wob-
bling during CBCT couch shift after the 3D/3D match.

4. Conclusion and outlook

This chapter is a review of the current use of IGRT and motion
management techniques available in radiation therapy. It explores
the various devices, commercial or still at the research stage, that
are currently available for patients treated with lung SBRT. The
use of IGRT and motion management prior to treatment are estab-
lished standardised techniques and their dissemination in clinical
practice is ongoing [85]. However, the clinical benefits of motion
management during radiation therapy are hard to interpret. Clini-
cal trials generally involve small cohorts of patients, and the treat-
ment strategies between radiotherapy centres cover a large range
of fractionations, lung staging or tumour lobe location as well as
different treatment techniques (VMAT, IMRT). Also, comparison
of motion management against the absence of motion manage-
ment is difficult because of the lack of randomised controlled trials.
For that reason, stronger clinical data for a large cohort of patients
is needed to fully claim the benefits of motion management for
lung SBRT.

The rise of MRI-guided linear accelerators may provide a para-
digm shift in the way lung SBRT is currently performed. Because
of its high tissue contrast, MRI-guided capabilities are far superior
to kV-based imaging, with better target and OAR delineations [6].

In addition, it does not require ionising radiation to image the
internal anatomy and is therefore safer for the patient.
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MLC tracking for lung SABR reduces planning target volumes
and dose to organs-at-risk

This chapter was published in Radiotherapy and Oncology and written by me.

The purpose of this chapter was to estimate the potential benefits of implementing MLC
tracking in a clinical environment for patients diagnosed with lung cancer. For that purpose, a dose
reconstruction study was used to assess the dosimetric benefits of MLC tracking and compare these
dosimetric outcomes with mid-ventilation and ITV-based planning and delivery methods.

This manuscript is the first of its kind to compare a clinically implemented MLC tracking
techniques with ITV-based planning and mid-ventilation planning using real tumour motion. In the
grand scheme of this thesis, these experiments estimate the feasibility and potential benefits of this
frontier technology and laid the foundations for understanding the clinical procedures required to

treat actual patients as part of the MLC tracking for lung SABR clinical trial.
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Purpose: Assess the dosimetric impact of multi-leaf collimator (MLC) tracking and mid-ventilation
(midV) planning compared with the internal target volume (ITV)-based planning approach for lung
Stereotactic Ablative Body Radiotherapy (SABR).

Method: Ten lung SABR patients originally treated with an ITV-based plan were re-planned according to
MLC tracking and midV planning schemes. All plans were delivered on a linac to a motion phantom in a
simulated treatment with real lung motions. Delivered dose was reconstructed in patient planning scans.
ITV-based, tracking and midV regimes were compared at the planning and delivered stages based on PTV
volume and dose metrics for the GTV and OAR.

Results: MLC tracking and midV schemes yielded favourable outcomes compared with ITV-based plans.
Average reduction in PTV volume was (MLC tracking/MidV) 33.9%/22%. GTV dose coverage performed
better with MLC tracking than the other regimes. Reduction in dose to OAR were for the lung (mean lung
dose, 0.8 Gy/0.2 Gy), oesophagus (D3 cc, 1.9 Gy/1.4 Gy), great vessels (D10 cc, 3.2 Gy/1.3 Gy), trachea
(D4 cc, 1.1 Gy/0.9 Gy), heart (D1 cc, 2.0 Gy/0.5 Gy) and spinal cord (D0.03 cc, 0.5 Gy/-0.1 Gy).
Conclusion: MLC tracking showed reduction in PTV volume, superior GTV dose coverage and organ dose

Keywords:

Lung cancer

Real time adaptive radiotherapy
MLC tracking

Radiation pneumonitis

sparing than MidV and ITV-based strategies.
© 2017 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 124 (2017) 18-24

Stereotactic Ablative Body Radiotherapy (SABR) delivering
hypofractionated doses to the tumour is increasing in use due to
the encouraging local control rates with minimal toxicity [1,2].
Lung SABR treatments require careful treatment planning and
extensive pre-treatment image guidance to ensure the high dose
is correctly placed in the lung [3]. In the presence of motion, this
task becomes challenging. The prevalent approach, recommended
by the ICRU 83, is to apply the Internal Treatment Volume (ITV)-
based motion-inclusive method that enlarges the treatment fields
to account for motion and uncertainty. Since dose to organs-at-
risk (OAR) generally shows a relationship with toxicity [4], numer-
ous strategies have been deployed to moderate unnecessary dose
spillage such as treatment beam gating [5], adaptive couch track-
ing [6], adaptive real-time tumour tracking [7-9] and passive
strategies such as the mid-ventilation (midV) planning treatment
volume (PTV)-based approach [10].

Multi-leaf collimator (MLC) tracking for lung tumours is an
active motion management technique that utilizes the MLC leaves
within the head of the linac. During tracking, the radiation beam is

* Corresponding author at: Northern Sydney Cancer Centre, Level 1 Royal North
Shore Hospital, Reserve Rd, St Leonards NSW 2065, Australia.
E-mail address: Jeremy.Booth@health.nsw.gov.au (J.T. Booth).

http://dx.doi.org/10.1016/j.radonc.2017.06.016
0167-8140/© 2017 Elsevier B.V. All rights reserved.

shifted to correct for tumour motion from respiration. This strategy
has the potential to increase the dose distribution conformity
despite fast moving tumours or baseline shifts. The midV approach
for lung SABR is a planning approach that accounts for the
population-based statistical uncertainties to define the set of mar-
gins used for the PTV [11,12].

The purpose of this study is to investigate potential clinical ben-
efits of MLC tracking compared against midV and ITV-based plan-
ning for lung SABR in end-to-end clinically realistic planning and
delivery scenarios. We performed a dosimetric comparison
between motion management strategies using real patient motion
traces to allow comparison between the three techniques. This
study supported the implementation of a current prospective clin-
ical trial (NCT02514512) to evaluate the use of MLC tracking for
lung SABR to meet requirements of practicability in a clinical envi-
ronment and its operability at meeting dosimetric constraints.

Methods and material

Treatment planning

Ten consecutive patients were previously treated with
ITV-based SABR-VMAT (Volumetric Modulated Arc Therapy) in
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the period 2014-2015 at our institution. Patients were diagnosed
with non-small cell lung carcinoma (NSCLC) stage I or oligometa-
static lung metastases. The original treatments were based on a
conventional ITV-based plan. Patients were planned based on the
dose constraints from RTOG 0813 and 0915 with 100% of the Gross
Tumour Volume (GTV) receiving no less than 100% of the dose and
at least 97% of the PTV receiving 100% of the dose [13,14]. Three
patients received 48 Gy in 4 fractions and seven patients received
50 Gy in 5 fractions. Planning was performed in the Eclipse treat-
ment planning system (v. 11.3, Varian Medical Systems, Palo Alto)
using the analytical anisotropic algorithm (AAA). The ITV was con-
toured using the maximum intensity projection from a 4D-CT data-
set. The planning treatment volume (PTVrv_pasep) Was created as a
uniform 5 mm expansion of the ITV. Collimator angles of 40°/50°
were used.

The first step was for each patient to be replanned following an
adaptive tracking protocol. The GTV was defined on the end-of-
exhale phase, namely the GTVrack, to assure a proper localization
and delineation of the tumour [7,15-17]. Collimators were angled
to have the leaf trajectory parallel to the superior-inferior motion
(85/95°) [18]. Around the GTVirack, @ 5 mm uniform margin was
applied to create the PTVirack. This PTVirack accounts for
motion-related errors from a range of sources including motion
prediction errors, Calypso positioning system uncertainties, MLC
leaf width, and beacon-to-tumour centroid surrogacy errors. The
prediction algorithm was tested on 110 lung traces from 22
patients [19] with an accuracy estimated to be +0.8 mm (95% con-
fidence interval). Calypso tracking system positioning errors were
reported to be +0.56 mm [20]. Motion along the MLC leaves trans-
lates with sub-millimetre accuracy but the perpendicular motion
can misalign the target, contributing to the maximum possible
error of +2.5 mm (i.e. + half a leaf width on a Varian Trilogy linac).
The maximum error was implemented into the margins calculation
to accommodate for the worst-case scenario. Surrogacy between
markers and tumour positions were found to be +1.0 mm [21,22].
These uncertainties add in quadrature to 2.9 mm. The decision to
keep 5 mm is therefore more conservative than needed but offered
reassurance for the start of the clinical trial.

The second step was for the original patients’ plans to be
adjusted for the mid-ventilation passive strategy. Margins were
defined based on the work of Van Herk [11]. Parameters were
obtained from Sonke et al. [12] while the method applied for
selecting the mid-ventilation phase was done following the work
of Peulen et al. [10]. The same collimator angle as the ITV-based
plans was used to respect planning consistency. For all patients,
the margins calculated for the left-right and anterior-posterior
amplitude were 6 mm. In the superior-inferior direction, the mar-
gins were also 6 mm when the motion was less than 7 mm, or the
margins were extended to 7 mm otherwise. The margin recipe cal-
culates with high accuracy the margin necessary but the TPS dis-
cretizes the margins values to the nearest millimetre.

The target structures were all contoured by a single experienced
radiation oncologist and optimized by a single senior radiation
therapist to ensure that the plans were optimized comparably
between each other. Dose to OARs was optimized to be as low as
possible following our strict in-house regulation conforming to
the RTOG guidelines.

Treatment plan delivery

For each motion management strategy, the treatment plans
were delivered to a moving phantom (Fig. 1) to generate MLC
tracking logs from which simulated delivered doses can be recon-
structed. Respiratory motion for each patient was estimated from
the 4D-CT motion extent and matched with the closest trace avail-
able in a Synchrony (Accuray Inc., Sunnyvale, CA) motion database

[13]. Each patient plan was matched with the first fraction of a
Cyberknife patient based on both the 3D Peak to Trough (PTT) dis-
tance and the most dominant tumour motion direction. The
motion in the next fraction for that same Synchrony patient was
used as the clinically realistic target trajectory input for a pro-
grammable motion phantom for simulated treatment. Table 1 pro-
vides details of the PTT distance of each patient and their
respective match in the synchrony database.

The 30 plans were delivered to a programmable motion phan-
tom as shown in Fig. 1. Three electromagnetic beacon transponders
were placed onto the HexaMotion 6D platform (Scandidos, Upp-
sala) programmed with the selected lung motion traces moving
in three dimensions. The in-house MLC tracking software is inte-
grated with the Calypso real-time position monitoring system
and a Varian linear accelerator. Real-time positions are fed to the
MLC tracking software which calculates the new leaf positions
and sends them to the MLC controller. MLC log files (Dynalog)
and target trajectory files were collected for use in dose
reconstruction.

Dose reconstruction

Two strategies were deployed for dose reconstruction to differ-
entiate organs that move with respiration and static organs, with
separate reconstructions for each summarized in Fig. 2. The GTV
and lung were considered structures moving equivalently with
breathing cycle while spinal cord, heart, oesophagus, great vessels
and trachea were simulated as static (Fig. 3).

To evaluate the dose that would have been delivered for each
motion management strategy, the MLC positions and target trajec-
tory files were inputted into the dose reconstruction software. The
software provided the dose distribution post-treatment for moving
structures by binning the treatment arc into multiple isocentre
shifts according to the detected tumour motions. The target motion
was divided into 1 mm bins so that a series of sub-arcs, each cor-
responding to motion within that 1 mm bin was created with the
isocentre at the centre of the bin. The multiple sub-arc plan was
then imported into Eclipse for dose calculation. With this method,
the sum of the arcs in the bins equal the angle spanned for the orig-
inal treatment arcs. Further details on the dose reconstruction
framework can be found in Poulsen et al. [23]. For the evaluation
of the dose distribution for static organs, tumour motion trajectory
files were not used and a single treatment isocentre was used
instead (using delivered MLC and no motion).

For dose reconstruction of the ITV-based plan, the GTV dose
coverage is simulated by the dose reconstruction method above.
However the OARs are considered static, so the dose to static
organs during ITV-based treatment therefore equated to the
planned dose (MLC and no motion).

Data analysis

The analysis to determine the potential role of each motion
management strategy was assessed based on the target dose cov-
erage and the OAR dose reductions comparatively from ITV-
based to MLC tracking or midV approaches. The statistical differ-
ences between strategies was assessed using a Wilcoxon signed-
rank non-parametric statistical test (one-tail).

Assessment of target dose coverage

To validate the delivered target doses for the motion manage-
ment strategies, the reconstructed GTVrrack, GTVmiav and GTViry-
sasep D98% (the dose received by 98% of the volume, i.e. near-
minimum dose), D95% and D2% (i.e. near-maximum dose) were
compared to their planned equivalent dose metric values.
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Fig. 1. Experimental set-up and data flow of the MLC tracking system. Motion of the phantom containing electromagnetic transponders on the HexaMotion platform was
detected by the Calypso tracking system and sent to an in-house tracking software to calculate and reshape the MLC leaves in real-time.

Table 1

Summary of patient motion evaluated at 4D-CT compared with the motion used during physical experiments. 4D-CT motion was evaluated and matched with the first fraction
obtained from a synchrony database. Fraction 2 of that same synchrony patient was used as the tumour motion input into the motion platform.

Patient  4DCT PTT Delivered PTV PTV PTVMidV Lobe PTV Characteristics Baseline shift’ PTV
# PTT Tumour Motion  ITV- Tracking Excursion
based

1 0.31cm 0.24cm 23cm®> 14 cm® 18 cm® Right  Overlaps with the bronchi; ultra-central tumour 1 mm lateral No

UL toward
periphery

2 0.67cm  0.68 cm 49cm® 32cm? 39 cm? Right  Overlaps with the heart No No
ML

3 0.05cm  0.02 cm 17 cm® 13 cm?® 11 cm?® Left Sitting right above the heart in transverse plan - No No
UL transverse plan of trachea and bronchi

4 0.18cm 0.23cm 15cm®>  10cm® 12 cm? Right  Overlaps with upper chestwall No No
UL

5 025cm 023 cm 13cm® 7 cm® 9 cm? Right  Superior to the heart - dose out of range of the  No No
ML OAR

6 0.56cm 0.16 cm 68 cm®> 62 cm’ 71 cm® Right  Tumour very large — no motion - close proximity No No
ML to the spinal cord

7 0.34cm 033 cm 19cm?®> 13 cm® 16 cm? Left Relatively distant from any OAR No No
UL

8 0.18cm 0.81 cm 116 51cm®> 52 cm? Right  Relatively distant from any OAR No No

cm® ML

9 1.10cm 0.88cm 41cm?® 28cm® 35cm? Right  Overlaps with posterior chestwall No No
LL

10 042cm 0.85cm 36cm® 23cm® 29 cm® Right  Overlaps with posterior chestwall 1 mm lateral No
LL 2 mm anterior

Abv: PTT = Peak-to-trough.

" Baseline shift detected when maximum to minimum position exceeded 0.5 mm. Taken over an averaging window of 10s.
" PTV excursion occurs during ITV-based treatment when GTV position is outside the PTV. PTV excursion was estimated using the detected tumour motion and calculating

the time the GTV within the ITV would have spent outside the PTV rv_gasep-

OAR exposure in the presence of motion

For both planned and reconstructed dose, a set of statistical
comparisons of dose-metrics was used to report the dose differ-
ence for both target and OAR structures from ITV-based plans. This
scheme provides the dose difference as positive values to reflect a
dose reduction) compared to ITV-based planning. Mean lung dose
and V20 are commonly used as a metric for dose reporting and
were shown to be correlated with pulmonary toxicities [24-27].
We report mean lung dose reduction (bilateral lung volume minus

the GTV) and V20 reduction (percentage of the bilateral lung vol-
ume minus the GTV receiving 20 Gy). Further, OAR dose-volume
metrics, as prescribed by the ICRU 83 [28], were reported for the
spinal cord (DO0.3 cc), heart (D1 cc), oesophagus (D3 cc), trachea
(D4 cc) and great vessels (D10 cc).

Uncertainties of dose reconstruction

The dose reconstruction method utilized in this study relies on
assumptions regarding relative motion and dose accumulation
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Fig. 2. Overview of the planned and reconstructed dose comparisons for ITV-based, MLC tracking and mid-ventilation. The estimation of the delivered doses during ITV-
based, MLC tracking, and midV treatments to static (spinal cord, heart, oesophagus, trachea and great vessels) and moving targets (lung and target) required different inputs
acquired through delivery of the two treatment plans: the MLC positions for static organs and both the MLC positions and the trajectory positions for the moving structures.
Dose-Volume Histogram metrics of the motion management strategies were then compared.
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Fig. 3. Reconstructed GTV dose coverage (D98%, D95% and D2%) for ITV-based (red), midV (orange) and tracking (red) delivery. Individual patient numbers are shown on the
boxplots. The box plots depict the minimum and maximum values, the upper and lower quartiles and the median (line).

across moving/deforming organs that lead to uncertainty in the
reported dose metrics. Specifically, the MLC tracking and midV
plans were set on one specific reference phase. A sensitivity anal-
ysis method was developed to provide the range in dose metric
values as an uncertainty estimate across the full 4D-CT phases
for each OAR. The first step in this sensitivity analysis was to trans-
fer the reference plan to the other phases of the 4D-CT. The isocen-
tre was shifted according to the GTV position for each phase, and
each OAR was re-contoured. The second step was to calculate the
dose on each phase and calculate the dose metrics (i.e. mean lung
dose, D3 cc etc.) associated with each OAR. The standard deviation
of each dose metric across phases then constitutes the sensitivity
to motion and the uncertainty in dose reconstruction. The average

of standard deviations was calculated for each organ to indicate the
magnitude of error and estimate the errors during the dose recon-
struction of both static and moving organs.

Results

PTV reduction

The mean PTV of the ITV-based plans (39.6 cm?), was reduced
with MLC tracking (24.8 cm®) representing a mean percentage
reduction of 37.3% (range 9-56%). The mean PTV was also reduced
with the midV plans (29.3 cm?) compared to the ITV-based plans
with a mean percentage reduction of 26% (range —5-33%).
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As expected, the magnitude of the PTV percentage reduction for
midV plans was smaller than MLC tracking. The margins for MLC
tracking are set to 5 mm for all patients, whereas with midV plans
the PTV margins start at ~6 mm for GTV without motion and
increase with motion. In one instance, the PTV;qv Was larger than
its PTV rv.gasep comparator due to small motion and artefacts in
the mid-ventilation phase planned (See Table 1, patient 6).

Assessment of target dose coverage

For each motion management strategy, the reconstructed dose
to the target is consistently higher or closer to planned dose using
MLC tracking than the other motion management strategies. The
GTV1rack dose coverage across patients were all superior and sta-
tistically different (p <0.01, one sided) than the midV and ITV-
based dose coverage.

Comparing MLC tracking planned against delivered, the GTV
dose metrics D95%, D98% and D2% obtained during treatment were
larger than the equivalent planned dose metrics with the percent-
age changes of 1.8% (+2.0%, p<0.01), 2.1% (+1.8%, p<0.01) and
2.8% (+2.8%, p < 0.01) respectively. The increase in dose metric val-
ues is thought to be contributed to by errors in prediction algo-
rithm and MLC tracking errors.

For the midV regime, the delivered GTV D95%, D98% and D2% is
different from midV planned by —0.5% (+1.6%, p>0.2), —0.6%
(£1.6%, p>0.2), and —0.2% (£3.1%, p > 0.2) respectively. The aver-
age delivered dose to the target is close to zero, whereas variation
between patients (i.e. standard deviation) is larger than without
tracking.

For the ITV-based regime, the GTV dose metrics of D95%, D98%
and D2% being —0.4% (+2.1%, p = 0.3), —0.65% (+1.6%, p=0.3) and
—0.4% (£3.2%, p = 0.3) compared with their planned values. No sig-
nificant differences were seen between planned and delivered in
these cases.

OAR exposure in the presence of motion

Using MLC tracking and midV, dose reductions to the OAR for
both planned and dose reconstruction dose metrics suggest benefit
over the ITV-based planning method. Differences in dose metrics
are shown in Fig. 4. Every organ shows a positive average dose
reduction implying that, for this cohort of patients, midV and
MLC tracking regimes both improve the treatment quality over
the ITV-based planning method. For the delivered treatment,
reduction in dose to OAR were (MLC Tracking/MidV) for the lung
(mean lung dose, 0.8 Gy/0.2 Gy and V20 Gy, 1.6/0.3%), oesophagus
(D3 cc, 1.9 Gy/1.4 Gy), great vessels (D10 cc, 3.2 Gy/1.3 Gy), trachea
(D4 cc, 1.1 Gy/0.9 Gy), heart (D1 cc, 2.0 Gy/0.5 Gy) and spinal cord
(D0.03 cc, 0.5 Gy/—0.1 Gy). Using MLC tracking, the dose distribu-
tion was shown to be significantly different from the ITV-based
plan for the lung, oesophagus, heart and trachea (only the deliv-
ered data for trachea). However, no statistical differences were
found for the mean lung dose, V20 and spinal cord. Similarly, the
mid-ventilation approach demonstrated that on average the dose
was reduced using mid-ventilation planning, however the dose
distributions were not significantly different than the ITV-based
plan.

The accuracy of the dose reconstruction is reported as the range
in dose metrics across all phases for each patient. Using the 4D-CT,
the mean lung dose exported for each 10 phases of each patient
showed a mean lung dose range of +0.2 Gy across all phases. Sim-
ilarly, it was calculated a range of +0.2% for the V20, +0.3 Gy for the
oesophagus, +0.2 Gy for the great vessels, +0.6 Gy for the trachea,
+0.4 Gy for the heart and +0.2 Gy for the spinal cord.

For both MLC tracking and midV strategies, individual large
dose reductions were shown. Heart D1 cc shows reduction up to

17.6 Gy for Patient 2 (See Supplementary Fig. 1 for an example of
dose distribution) where the original PTViry_.gasep overlaps with
the heart, while the reduction in target defined by the PTVirack
avoids this overlap. Similar dose reductions for other OAR
(expressed as delivered dose metrics reduction for Tracking/MidV)
were observed for oesophagus (Patient 3, 6.5/4.8 Gy for D3 cc),
great vessels (Patient 3, 10.8/8.4 Gy for D10 cc), trachea (Patient
1, 6.0/4.0 Gy for D4 cc), heart (Patient 2, 17.6 Gy/5.5 Gy) and spinal
cord (Patient 10, 3.2/2.0 Gy for D0.3 cc). These individual cases all
had in common the position of the OAR either close to the target
or at the same superior-inferior level as the treatment field.

Discussion

MLC tracking dosimetric performance

Potential dosimetric benefits for lung SABR with MLC tracking
and midV have been shown by quantifying a reduction in dose
delivered to the OAR while maintaining the target dose coverage.
For tracking, the 30% reduction in PTV found in this study is consis-
tent in magnitude with the PTV reduction of 30.2% and 36%
reported with the Cyberknife experience [29] and the Vero gimbal
linac [7], respectively. This study was conducted in a clinically real-
istic scenario, in that the treatment workflow was followed and
real patient motion trajectories applied, supporting clinical trans-
lation from benchtop to bedside of a prospective clinical trial for
MLC tracking with implanted electromagnetic transponders
(NCT02514512).

This study underlines and refocuses on the purposes of MLC
tracking for lung. For this cohort of patients, the use of motion
management mildly influenced the delivered target dose coverage,
showing for all 10 patients acceptable doses even without using
MLC tracking or mid-ventilation. The strength of MLC tracking
was found in its ability to significantly reduce the dose spillage
to the OAR. This study also showed that MLC tracking in this con-
text offers greater benefits not only for tumours with large motion,
but also tumours located in close vicinity with OARs.

Mid-ventilation planning was tested along with MLC tracking to
investigate any potential differences between passive and active
motion management strategies. Although the dose reductions
were not statistically different from the ITV-based plan in this
study, other studies evaluating mid-ventilation have found signif-
icant differences [30] based on film dosimetry.

This study illustrated that MLC tracking reduces doses to sur-
rounding organs in Radiotherapy treatments specifically for stage
I or oligometastatic metastases. It is hypothesized that a similar
effect will be seen in other lung tumour sites such as node-
negative large tumours (>5cm) or tumours adjacent to critical
structures [31]. These sites pose a challenge due to the difficulty
of sparing adjacent structures with ablative doses which lead to
the formulation of a more conservative dose escalation and lower
biological equivalent dose (RTOG 0813). While this prescription
spares surrounding structures, it could also reduce local control
and overall survival. Motion management techniques, like MLC
tracking, can help maximize the clinical outcomes of these patients
by reducing the margins and delivering a most accurate treatment.
This could allow increased dose escalation to the tumour while still
sparing surrounding structures and thereby improve the clinical
outcomes of these patients.

Dose reconstruction limitations

The dose reconstruction method relies on the assumption that
the patient is subjected to no OAR motion and deformation, with
the exception of the lung assumed to move rigidly with the
tumour. The impact of this assumption is estimated with our sen-
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Fig. 4. OAR dose differences for midV and tracking strategies compared with ITV-based planning for the given dose metrics. The doses planned or delivered with the midV or
tracking strategies were subtracted from the ITV-planned doses to obtain the OAR dose difference. Positive values signify a dose reduction during tracking or mid-ventilation
based on specific dose metric. The horizontal boxplots show the minimum and maximum values, the upper and lower quartiles and the mean. Average values from the
tracking plan at end-of-inhale to show the range of dose seen from the 4D-CT plan. OAR dose differences that were significantly different to the ITV-planned doses are

denoted by p < 0.05.

sitivity analysis that showed errors in the range of +0.2 Gy for most
organs and up to +0.6 Gy for small organs. Fig. 4 shows that given
the magnitude of some dose reductions during tracking and midV,
errors for not accounting for 4D motion is mostly outweighed for
the majority of organs. A fully developed dose reconstruction algo-
rithm would account for deformation (organs stretching and/or
organ rotation). However, deformation, even at the best of times
is not a guaranteed technology, and would also require its own
quality assurance which is beyond the scope of this paper, as seen
in the AAPM TG132.

Relationship between mean lung dose and pulmonary toxicity

SABR techniques are increasingly used in the oligometastatic
setting where local recurrence and retreatment to nearby lesions
within the lung is not uncommon. Application of compact dose dis-
tributions with accurate targeting will be advantageous in this set-
ting to keep lung dose, and potential toxicity, as low as reasonably
achievable. Mean lung dose has been correlated with the risk of
radiation induced pneumonitis; a study of 251 patients [32]
showed a cut-off point for toxicity with grade 2 to grade 4 toxici-
ties reported in 4.3% of patients with MLD <4 Gy and 17.6% of
patients with MLD > 4 Gy. For our cohort, the average MLD pre-
sented was estimated to be above this 4 Gy cut-off value with
ITV-based planning, and was lowered below 4 Gy with MLC

tracking (3.5 Gy). A recent study simulated the effect of MLC track-
ing during MR-LINAC treatment and showed a mean lung dose
reduction of 0.3 Gy, against our study with 0.8 Gy [33].

Conclusion

MLC tracking and mid-ventilation have the potential to provide
dosimetric benefits compared to conventional lung treatments by
reducing the PTV and subsequent normal lung dose. Delivered
MLC tracking plans showed PTV reduction of more than 30%, full
GTV dose coverage and reduction in the OAR dose spillage, sup-
porting full clinical implementation of the technology.
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Geometric uncertainty analysis of MLC tracking for lung
SABR

This chapter was published in Physics in Medicine and Biology and written by me.

While the previous chapter estimates the feasibility and potential benefits of MLC tracking,
this chapter reports on the actual clinical performances of the technology following the LIGHT SABR
clinical trial.

The novelty of this work is that it relies on real patients’ data to inform on the
geometric accuracy of MLC tracking and therefore helps putting into context the range of
uncertainties that may be expected during treatment.

To compute the geometric uncertainty, we relied on a convolution method that
combines the multiple probability density function of individual uncertainty into a total
uncertainty for each patient, and for the entire cohort of patients. This convolution method allowed
to utilize the entirety of the probability density functions without making any assumptions about its

shape.
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Abstract
Purpose

The purpose of this work was to report on the geometric uncertainty for patients treated with
multi-leaf collimator (MLC) tracking for lung SABR to verify the accuracy of the system.

Methods

Seventeen patients were treated as part of the MLC tracking for lung SABR clinical trial using
electromagnetic beacons implanted around the tumor acting as a surrogate for target motion.
Sources of uncertainties evaluated in the study included the surrogate-target positional uncertainty,
the beam-surrogate tracking uncertainty, the surrogate localization uncertainty, and the target
delineation uncertainty. Probability density functions (PDFs) for each source of uncertainty were
constructed for the cohort and each patient. The total PDFs was computed using a convolution
approach. The 95% confidence interval (CI) was used to quantify these uncertainties.

Results

For the cohort, the surrogate-target positional uncertainty 95% Cls were +2.5 mm
(—2.0/3.0 mm) in left-right (LR), £3.0 mm (—1.6/4.5 mm) in superior—inferior (SI) and £2.0 mm
(—1.8/2.1 mm) in anterior—posterior (AP). The beam-surrogate tracking uncertainty 95% Cls
were +2.1 mm (—2.1/2.1 mm) in LR, 2.8 mm (—2.8/2.7 mm) in SI and +2.1 mm (—2.1/2.0 mm)
in AP directions. The surrogate localization uncertainty minimally impacted the total PDF with a
width of £0.6 mm. The target delineation uncertainty distribution 95% Cls were 5.4 mm. For
the total PDF, the 95% ClIs were +5.9 mm (—5.8/6.0 mm) in LR, 6.7 mm (—5.8/7.5 mm) in SI
and £6.0 mm (—5.5/6.5 mm) in AP.

Conclusion

This work reports the geometric uncertainty of MLC tracking for lung SABR by accounting for
the main sources of uncertainties that occurred during treatment. The overall geometric
uncertainty is within 6.0 mm in LR and AP directions and £6.7 mm in SI. The dominant
uncertainty was the target delineation uncertainty. This geometric analysis helps put into context
the range of uncertainties that may be expected during MLC tracking for lung SABR
(ClinicalTrials.gov registration number: NCT02514512).

1. Introduction

The goal of radiation therapy is to provide adequate target coverage while limiting dose to adjacent critical
organs. Tumors however are subject to motion from physiological processes such as respiration, which
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necessitates motion management strategies to ensure the goal of treatment is achieved (Brandner et al 2017,
Molitoris et al 2018).

Dedicated radiation therapy linear accelerators that allow to track the tumor motion in real time have
been used to treat patients. Among those, the CyberKnife system (Accuray Inc., Sunnyvale, USA), the
Accuray Radixact (Accuray, Sunnyvale, CA), the Vero system (BrainLab AG, Feldkirchen, Germany) and
multi-leaf collimator (MLC) tracking enable the treatment delivery to adapt to the target position and
patient’s internal dynamics in real time while the treatment is delivered.

The detailed geometric information recorded during MLC tracking treatment creates the opportunity to
quantify the various sources of geometric uncertainties for the patient cohort, and each patient. The
framework proposed by Stroom et al (1999) and Sawkey et al (2012) was adopted to quantify the geometric
uncertainty, whereby individual and independent sources of uncertainties were computed as probability
density functions (PDFs) and then convolved to obtain the total PDE The key sources of uncertainties
pertinent in MLC tracking for lung SABR include the surrogate-target positional uncertainty, the
beam-surrogate tracking uncertainty, the surrogate localization uncertainty, and the target delineation
uncertainty.

The purpose of this work is to report on the geometric uncertainties of MLC tracking for lung SABR
patients to verify the accuracy of the system and inform margin requirements for future applications of MLC
tracking in thoracic targets.

2. Methods

2.1. Patients, beacon insertion, planning and treatment

Seventeen patients diagnosed with stage I non-small cell lung cancer or lung metastases were recruited as
part of the phase I/II clinical trial (LIGHTSABR, NCT02514512) and treated using SABR with MLC tracking
between November 2015 and November 2018.

Three electromagnetic transponders (Varian Medical Systems, Palo Alto, USA) were bronchoscopically
implanted for each patient in the airways surrounding the tumor using C-arm fluoroscopic image guidance.

Each patient received a 4D-CT simulation one week following the bronchoscopic implantation. For the
4D-CT simulation and the subsequent treatment, patients were lying supine (N = 11), prone (N = 5) or
lateral decubitus (N = 1). The prone and lateral positions were used to meet the limitations imposed by the
Calypso system (Varian Medical Systems, Palo Alto, USA) that electromagnetic beacons must be within
19 cm of the detector panel. Phase binning for 4D-CT imaging was performed for supine patients using the
real-time position management infrared camera (Varian Medical Systems, Palo Alto, USA) and the
pneumatic belt (bellows, Philips Medical Systems, Cleveland, USA) for prone and lateral decubitus patients.
Ten phases were reconstructed with a slice thickness of 1.5 mm. Six patients out of seventeen were simulated
with visual biofeedback using in-house software (Venkat et al 2008).

MLC tracking treatment planning was performed on the end-exhale phase to provide reliable tumor
delineation (Thomas et al 2018), unless other phases were considered of higher quality. The gross tumor
volume (GTV) was drawn by the treating oncologist. The clinical tumor volume (CTV) was assumed to equal
the GTV. Isotropic margins of 5 mm were added to the CTV to define the planning target volume (PTV).

Patients were planned with volumetric modulated arc therapy (VMAT) using prescribed doses of
4 x 12 Gy or 5 x 10 Gy depending on the tumor location. The planning protocol prescribed 100% of the
CTV to get more than 100% of the prescribed dose and at least 98% of the PTV to get 100% of the prescribed
dose. There was no criteria specified for the maximum dose in the protocol. From a review of the treatment
plans, the maximum dose to the GTV did not exceed 130% of the prescribed dose. The collimator angle was
aligned along the most dominant tumor motion direction observed at 4D-CT, either in the superior—inferior
(SI) direction (N = 16) or in the left-right (LR)/anterior—posterior (AP) direction (N = 1).

As shown in figure 1, treatments were delivered with a Varian Trilogy linear accelerator equipped with the
Millennium MLC. The patient was placed on the table such that the Calypso-measured tumor position
matched with the planned position. Cone beam computed tomography was then acquired to verify the tumor
position at the end-of-exhale relative to the surrounding organs. The in-house MLC tracking software was
initiated to take control of the leaves and the MLC tracking treatment was delivered similarly to a standard
treatment. Further details about the software can be found in Keall et al (2014). A prediction algorithm
(Ruan and Keall 2010) was used to account for the measured 230 ms system latency. The average beam-on
time for two-arc VMAT was 5.03 min (4 0.5 min) using 600 MU min~! with an average of 1415 MU
(£210 MU) per arc. Output logs from the MLC tracking software recorded the positions of the MLC, gantry
angle and surrogate position. These were exported for analysis using MATLAB 2019 (MathWorks, USA).
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Figure 1. Schematic of the MLC tracking beam adaptation method using the Calypso tracking system. The output logs generated
allowed a post-treatment analysis to quantify each source of uncertainty.

2.2. Methods for quantifying the geometric uncertainty

Using the output logs, the geometric uncertainty was computed for both the cohort and each patient. The
geometric uncertainty refers to any geometric deviations at a given time that contributed to a misalignment
between the centroid of the MLC aperture and the centroid of the target.

As shown in figure 1, following an MLC tracking treatment, four sources of uncertainty were quantified
to construct four individual PDFs. Those four PDFs were then combined with a convolution method
described in Stroom et al (1999) and Sawkey et al (2012) to obtain the total probability of geometric
deviation. The method for building each PDF is described in the following sections. Using this total PDF, the
geometric uncertainty for each patient was reported as being the 95% CI (2.5th and 97.5th percentile)
(Cervino et al 2009, Sawkey et al 2012). The 2.5th and the 97.5th percentile values were read directly from the
PDE

Each uncertainty was evaluated in the frame of reference of a static point located at the centroid of the
GTV contoured in the planned 4D-CT phase. The LR, SI and AP directions correspond to a patient in the
supine position. For prone and lateral patients, the uncertainties were transformed to match the same frame
of reference.

2.2.1. Surrogate-target positional uncertainty.
The use of a surrogate to infer the target position introduces a geometric offset that needed to be accounted
for. On each phase (10 phases per patient) of the 4D-CT, both the transponders and the target (GTV) were
manually contoured and the position of the centroids in each phase computed. The differential motion
relative to the end-of-exhale phase between the surrogate and the target constituted the surrogate-target
position uncertainty.

The PDF for the surrogate-target positional uncertainties was built based on the aggregated uncertainties
obtained from all 4D-CT while each patient-specific PDF was built using their individual 4D-CT.

2.2.2. Beam-surrogate tracking uncertainty.

In the context of MLC tracking, geometric deviations due to the system’s latency, finite leaf width and leaf
speed are known to introduce an offset between the position of the beam and the position of the surrogate.
This differential position corresponds to the beam-surrogate tracking uncertainty.

The output logs were directly read from the linac in real-time using the MLC tracking software. Agnew
et al (2012) assessed the accuracy of the logs in terms of MLC positions and found that the errors obtained
from the linac were expected to range between 0.12 mm and 0.28 m.

To compute the beam-surrogate tracking uncertainty, the actual beam position relative to the planned
beam position was obtained using the output logs containing both the actual and the planned leaf positions.
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Table 1. List of uncertainties with their respective PDF functional form, uncertainty type and data source.

Surrogate-target posi-

Beam-surrogate

Surrogate localization

Target delineation

tional uncertainty tracking uncertainty uncertainty uncertainty
PDF functional form
Cohort PDF built from PDF built from Step function PDF built from
entire cohort entire cohort from the literat- two publica-
data data ure tions
Patient-specific ~ PDF built from PDF built from Step function PDF built from
patient-specific patient-specific from the literat- two publica-
4D-CT data ure tions
Uncertainty 3Da Beam’s eye view 3D 3D
type

Data source

4D-CT manual
segmentation

Position of sur-
rogate and leaf
positions in
beam’s-eye-view

Literature (Bal-
ter et al 2005,
Murphy et al
2008)

Literature (Peu-
len et al 2015,
Mercieca et al
2017)

transformed to
3D

23D refers to the static coordinate system in the planned 4D-CT phase.

The leaf positions were used to draw two binary images (set to zero outside the treatment field and one
within the aperture) within the beam’s-eye-view corresponding respectively to the actual aperture and the
planned aperture. Using an image registration algorithm based on cross-correlation (Guizar-Sicairos et al
2008), the two-dimensional offset between the actual and planned aperture was computed for each data
entry (25 Hz) to obtain the actual aperture shift relative to its planned position.

The surrogate position (centroid of the 2-3 beacons) relative to its planned position at the end-of-exhale
was obtained directly from the output logs at the same frequency (25 Hz).

Transformation of the beam-surrogate tracking uncertainties from the two-dimensional beam’s-eye-view
into the three-dimensional reference coordinate system was calculated assuming that the dosimetric
uncertainty directly along the therapeutic path was negligible as for photon beams the dose generally varies
less with depth than laterally (Kry et al 2017).

The beam-surrogate tracking uncertainty was computed for each data entry at 25 Hz. The total PDF was
built using the uncertainties from the 17 patients concatenated into one single matrix while the
patient-specific PDF were built using their individual uncertainties.

2.2.3. Surrogate localization uncertainty.

The surrogate localization uncertainty relates to the accuracy and precision of the electromagnetic
transponders’ reported positions using the Calypso tracking system. This uncertainty was obtained based on
published data that reported a standard deviation in the range of 0.2—0.6 mm for stationary (Balter et al 2005)
and moving targets (Murphy et al 2008), respectively. For this analysis, the surrogate localization uncertainty
PDF was modeled as a step function, with a mean of zero and width of 0.6 mm in each dimension.

2.2.4. Target delineation uncertainty.

Delineation of the tumor within the treatment planning system remains an important source of geometrical
uncertainty. The delineation uncertainty was taken from measurements by Peulen et al (2015) and Mercieca
et al (2017) who reported on the target delineation uncertainty for a cohort of lung cancer patients. GTVs
obtained from 4D-CTs were contoured by several lung radiation oncologists onto the MIP (Peulen et al,
Mercieca et al.), mid-ventilation phase (Mercieca ef al) and the mid-position phase (Mercieca et al).

For Peulen et al, the collated data (in figure 2(a) of their manuscript) was chosen as it represents the
distribution of standard deviation for the entire group of lung radiation oncologists. In Mercieca et al, the
Mid-V data (figure 2, top left) was chosen as this most closely aligns with the current study of contouring on
a single phase. We used these distributions to derive a PDF that was implemented in our model.

2.3. Quantifying the total uncertainty

For both the cohort and the patient-specific model, the total PDF was computed as the convolution of all
PDFs. Kolmogorov—Smirnoff (KS) normality tests were ran for each cohort PDF. Table 1 summarizes the key
points for each PDE
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Figure 2. PDFs for the cohort in LR, SI and AP directions. PDFs for individual source of uncertainties are shown as curves and the
total PDF as the shaded distribution. The uncertainties are represented as the 95% Cls (vertical lines). KS test showed that all PDF
were significantly different than a normal distribution (p < 0.01).

2.3.1. Relationship between the beam-surrogate tracking uncertainties and the average surrogate peak-to-trough
distance

Since the primary objective of MLC tracking is to compensate for the surrogate peak-to-trough distance, the
relationship between the surrogate peak-to-trough distance and the beam-surrogate tracking uncertainty
was investigated for each fraction (N = 70). The Pearson correlation was used to compute the degree of
linearity between the two variables.

3. Results

Seventeen patients were treated with MLC tracking for lung SABR, totaling 70 fractions of treatment with
dual-arc VMAT.

3.1. Uncertainties for the cohort
As seen in figure 2 with values summarized in table 2, the total PDF for the cohort (shaded distributions)
shows that the uncertainties, the 95% CI (2.5th and 97.5th percentile, lie within £5.9 mm (—5.8/6.0 mm) in
LR, 6.7 mm (—5.8/7.5 mm) in SI and £6.0 mm (—5.5/6.5 mm) in AP directions.

The average surrogate peak-to-trough distance (+ standard deviation) for the entire cohort is
3.2+ 1.7mminLR, 8.6 & 5.4 mm in SI and 4.8 4 2.6 mm in AP directions.

The surrogate-target positional uncertainty computed from the 4D-CT shows that the uncertainties
(2.5th/97.5th) are approximately £2.5 mm (—2.0/3.0 mm) in LR, +3.0 mm (—1.6/4.5 mm) in SI and
£2.0 mm (—1.8/2.1 mm) in AP directions. The asymmetric distribution in the SI direction showing the
near-maximum uncertainty of 4.5 mm is likely due to one patient (table 3, Patient 10) with considerable
visual 4D-CT artefacts.

The beam-surrogate uncertainty attributed to the MLC tracking technology contributed less or equal
than 2.8 mm in all directions, with uncertainties of £2.1 mm (—2.1/2.1 mm) in LR, 2.8 mm
(—2.8/2.7 mm) in SI and £2.1 mm (—2.1/2.0 mm) in AP directions.

The surrogate localization uncertainty minimally impacted the total PDF with width of £0.6 mm.

The PDF from Peulen et al provided 95% confidence intervals (Cls) of 4.2 mm and Mercieca et al
£6.5 mm. The target delineation uncertainty, being the average PDF of Peulen et al and Mercieca et al, had a
CI of £5.4 mm. The target delineation uncertainty dominated the overall shape of the total PDFE.
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Figure 3. Beam-surrogate tracking uncertainty (95% CI) plotted against the average surrogate peak-to-trough distance for 17
patients (70 fractions). Line of best fit and the correlation factor r are shown in bold.

3.2. Uncertainties for each patient

Table 3 summarizes the magnitude of each source of uncertainty per patient. The first three columns show
the average surrogate centroid peak-to-trough distance. Patients 2, 6, 10, 11 and 12 exhibited large (>10 mm)
surrogate peak-to-trough distance in the SI direction, the largest being patient 6 with 18.3 mm. The
dominant direction of motion was SI for all patients, excluding patients 5, 13 and 15 who had AP dominant
motion. Largest AP motion was patient 15 with 10.4 mm. No patient exhibited LR dominant motion.

The surrogate-target positional uncertainty demonstrated that the average (+ standard deviation)
patient’s CIs were 1.3 mm £ 0.7 mm in LR, 1.9 mm =+ 1.0 mm in SI and 1.7 mm = 0.8 mm in AP directions.
Large uncertainties from patient 10 (7.3 mm in SI) are believed to be due to 4D-CT under-sampling
artefacts. For LR and AP, the largest uncertainty was traced to patient 2 (+3.2 mm in LR) and patient 6
(£4.0 mm in AP), both patients with large surrogate peak-to-trough distances.

For the beam-surrogate uncertainty, noticeable large uncertainties were observed for patient 2 (£5.6 mm
in SI) that were mostly attributed to large and erratic surrogate motion that, due to the system’s latency of
230 ms, impaired the accurate prediction of the surrogate position ahead of time. During their first fraction,
patient 11 also exhibited erratic surrogate motion with large beam-surrogate tracking uncertainties.

3.3. Relationship between the beam-surrogate tracking uncertainties and the average surrogate
peak-to-trough distance

Beam-surrogate tracking uncertainties during treatment were plotted against the average surrogate
peak-to-trough distance, as shown in figure 3. Correlation using the Pearson coefficient  was found to be the
lowest LR (r = 0.53) and AP (r = 0.65) directions and the highest in SI (r = 0.74) directions.

In the LR and AP directions, the line of best fit shows a slope of 0.46 and 0.35 respectively, meaning that
the beam-surrogate tracking uncertainty represents 54% and 65% of the average surrogate peak-to-trough
motion. It is worth noting that most of the error for the surrogate-target positional uncertainty in AP are
plateauing at ~2.5 mm which corresponds to half a leaf width. This implies that the major contributor to the
beam-surrogate tracking uncertainty is probably the leaf width, and this also explains the low Pearson
correlation factor. This pattern is not as noticeable in the LR direction probably because most patient’s
average surrogate peak-to-trough distances were less than 2.5 mm.

In the SI direction, MLC tracking reduced by 76% the average surrogates’ peak-to-trough distance. In the
SI direction for patients with SI dominant motion, the magnitude of uncertainties is due to a combination of
system’s latency and leaf speed uncertainties, detailed further in the following section.

Previous work published by Steiner et al (2019) in our group compared the delivered and planned
average surrogates’ peak-to-trough and found that motion during 4D-CT consistently underestimates the
true tumor motion during treatment.
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4. Discussion

The purpose of this work was to compute the total geometric uncertainty for a cohort of patients treated
with MLC tracking for lung SABR. Using the data collected from the clinical trial, the convolution approach
developed by Stroom et al (1999) and Sawkey et al (2012) enabled the quantification of a set of uncertainties
for the cohort and each patient. The overall geometric uncertainty is within 6.0 mm in LR and AP
directions and 6.7 mm in SI. Individual analysis of uncertainties shows that the surrogate-target positional
uncertainty was less than £3.0 mm and the beam-surrogate tracking uncertainty was accountable for
uncertainties equal to or less than +2.8 mm. The largest uncertainty stemmed from the target delineation
uncertainty (£5.4 mm) and the smallest from surrogate target localization uncertainty (0.6 mm).

By treating the surrogate-target uncertainty and the beam-surrogate uncertainty without splitting the
random and systematic error means that the random errors are potentially over-estimated. This means that
the overall final margin is computed conservatively. However, we would like to emphasize that this study was
designed to provide geometric uncertainty information for the GTV and does not deal with dosimetric
margins. A finding from this study, which has been discussed in other studies (van Herk et al 2003, Sawkey
et al 2012, Zhang et al 2012), is that the errors are not normally distributed as seen in figure 2 with the
reported KS p-value. In these cases, to compute the dosimetric margins either an approximation needs to be
made to assume normality, or the convolution approach used here would need to be used to incorporate
other sources of uncertainty in order to create a margin, such as microscopic spread and beam penumbra
required for GTV to CTV and CTV to PTV margins. With a convolution approach, the conventional
concepts of a group mean, systematic error and random error do not apply.

Various studies have reported on the performance of other radiation therapy tracking devices comparable
to the MLC tracking technology for lung treatment. (Floriano et al 2014) combined the uncertainties using
summation in quadrature and found that 95% of the CTV is geometrically covered with +5.0 mm. It is
worth noting that substantial differences can be found in this work compared with ours. Floriano et al
accounted for the deformation of the tumor in their analysis (margins ranging from 1.5 to 2.5 mm) but did
not include the target delineation uncertainty that is responsible for the largest uncertainty in our model.

Similarly for the MHI Vero 4DRT (Depuydt et al 2014) calculated the 95% CI for the equivalent of the
beam-surrogate tracking in the beam’s-eye-view to be 3.9 mm on average. These uncertainties were larger
than those from this study with calculated 95% CIs to be £2.7 mm in the direction parallel to the MLC leaves
and £2.1 mm perpendicular to the leaves.

The uncertainties evaluated in this study were from an in-house developed version of MLC tracking that
was an adaptation of existing technology and not a commercially designed system. Therefore, some of the
geometric uncertainties measured here should be considered as upper bounds of those expected from a
dedicated MLC tracking system.

The surrogate-target positional uncertainty could be reduced by tracking the target without implanted
markers. Markerless tracking for lung treatment has been tested on fluoroscopic images on patients by Yang
et al (2017) with the CyberKnife Xsight lung tracking software segmentation with reported segmentation
errors of 0.38 £0.54 mm, noticeably smaller than the surrogate-target positional uncertainty described in
this paper (~2.5 mm). Mueller ez al (2019) tested online real-time markerless tracking software on a Varian
TrueBeam linear accelerator with a moving phantom and reported errors of 0.4-3.2 mm (LR), 0.7-1.6 mm
(SI) and 0.8-1.5 mm (AP). A common issue described by both Yang et al and Mueller et al is that for patients
with a tumor located adjacent to other organs, the lack of tumor contrast with fluoroscopic images increases
the segmentation uncertainty and, in some cases, may restrict the patient selection for treatment. However,
with the emergence of integrated MRI-linear accelerators (Raaymakers et al 2017) capable of MLC tracking
as shown in a proof-of-concept in (Glitzner et al 2019), high-contrast images that could be used to track and
adapt to the target position in real-time.

Improvement in the beam-surrogate uncertainty is achievable by reducing the latency of the system or
using thinner leaves. Reduction in the system’s latency would facilitate predicting the surrogate position
ahead of time and in return reduce the beam-surrogate uncertainties. Faster leaf-fitting algorithms have been
tested by Caillet ef al (2019) and it was found that the speed of the calculation of the new leaf pattern has no
effect on the overall system’s latency. Reducing the system’s latency could be achieved, similarly to the
CyberKnife and Vero, by coupling the Calypso motion detection system with a faster input (e.g. thoracic belt,
vest) and building a correlation model to help reduce the overall system’s latency. Despite using fluoroscopic
images for beacon segmentations sporadically (Yang et al reported on fluoroscopic images obtained every
40 s), CyberKnife studies (Pepin et al 2011) report latencies of 115 ms. The impact of system latencies may be
reduced with improved motion prediction algorithms or biofeedback technology. The latter has been shown
to reduce irregular motion with the ability to stabilize the patient’s internal motion (Lee et al 2018). The



10P Publishing

Phys. Med. Biol. 0 (2020) Xxxxxxx V Caillet et al

impact of latency may also be reduced with compression belt and CPAP devices (Goldstein et al 2015, Eade
et al 2015) that dampen the magnitude of the target motion.

Previous work published by Steiner et al (2019) relied on ten patients from this cohort to compare the
delivered and planned average surrogates’ peak-to-trough and found that motion during 4D-CT consistently
underestimates the true tumor motion during treatment.

Thinner leaves have been explored by Pommer et al (2013) showing that for prostate motion (i.e. small
motion) the most limiting factor was the leaf width with consistently better dose distributions for treatments
with thinner leaves. Pommer et al conclusion corroborate the data shown in figure 3 where the AP graphs
show a cluster of errors plateauing at approximately 2.5 mm, corresponding to half of a leaf width. As an
alternative to implementing thinner leaves, couch tracking (Johl et al 2019) could also help reduce residual
uncertainties due to leaf width. Ehrbar et al (2017) showed that couch tracking alleviates the impact of the
leaf width on the beam-surrogate tracking uncertainty.

The target delineation represents the largest uncertainty in this geometrical model. Studies have shown
that this variability between observers can be reduced with adherence to contouring guidelines to harmonize
the application of target delineation (Oar et al 2019). The use of multimodality imaging, such as PET/CT or
PET/MRI (Pommer et al 2013), has been shown to improve delineation accuracy. The emergence of
automatic or semi-automatic target segmentation (Pommer et al 2013, Ehrbar et al 2017, J6hl et al 2019) is
also showing promise to reduce the inter-observer variability while also potentially saving time for the
clinician (Oar et al 2019).

5. Conclusion

This work reports on the geometric uncertainty of MLC tracking for lung SABR to be on average within
+6.0 mm in LR and AP directions and £6.7 mm in SI and demonstrates the accuracy of the overall system
by accounting for the main sources of uncertainties that occurred during treatment. This geometric analysis
helps putting into context the range of uncertainties that may be expected during MLC tracking for lung
SABR.
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CHAPTER 06

Technical Note: In silico and experimental evaluation of two
leaf-fitting algorithms for MLC tracking based on exposure
error and plan complexity

This chapter is a technical note published in Medical Physics and written by me.

While the previous chapter computed the uncertainty of MLC tracking for patients treated
with lung SABR, it also estimated the geometric impact of the MLC tracking technology alone to
be less than 3 mm in all direction. It therefore raised the question of whether a faster MLC
tracking leaf-fitting algorithm than the one use for the LIGHT SABR clinical trial would be more
effective in a clinical situation.

This chapter answers this question by comparing two MLC tracking algorithms for thoracic
and pelvic motion during radiotherapy. In silico and phantom experiments were performed for
the clinically implemented MLC leaf-fitting algorithm and a novel, faster performing algorithm.
The performances of the algorithms were compared based on the speed of calculation,

and the quantification of fitted exposure errors attributed by the optimization algorithm.
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Purpose: Multileaf collimator (MLC) tracking is being clinically pioneered to continuously compen-
sate for thoracic and pelvic motion during radiotherapy. The purpose of this work was to characterize
the performance of two MLC leaf-fitting algorithms, direct optimization and piecewise optimization,
for real-time motion compensation with different plan complexity and tumor trajectories.

Methods: To test the algorithms, both in silico and phantom experiments were performed. The phan-
tom experiments were performed on a Trilogy Varian linac and a HexaMotion programmable motion
platform. High and low modulation VMAT plans for lung and prostate cancer cases were used along
with eight patient-measured organ-specific trajectories. For both MLC leaf-fitting algorithms, the
plans were run with their corresponding patient trajectories. To compare algorithms, the average
exposure errors, i.e., the difference in shape between ideal and fitted MLC leaves by the algorithm,
plan complexity and system latency of each experiment were calculated.

Results: Comparison of exposure errors for the in silico and phantom experiments showed minor
differences between the two algorithms. The average exposure errors for in silico experiments with
low/high plan complexity were 0.66/0.88 cm? for direct optimization and 0.66/0.88 cm? for piece-
wise optimization, respectively. The average exposure errors for the phantom experiments with low/
high plan complexity were 0.73/1.02 cm? for direct and 0.73/1.02 cm?” for piecewise optimization,
respectively. The measured latency for the direct optimization was 226 4+ 10 ms and for the piece-
wise algorithm was 228 £ 10 ms. In silico and phantom exposure errors quantified for each treat-
ment plan demonstrated that the exposure errors from the high plan complexity (0.96 cm” mean,
2.88 cm® 95% percentile) were all significantly different from the low plan complexity (0.70 cm?
mean, 2.18 cm? 95% percentile) (P < 0.001, two-tailed, Mann—Whitney statistical test).
Conclusions: The comparison between the two leaf-fitting algorithms demonstrated no significant dif-
ferences in exposure errors, neither in silico nor with phantom experiments. This study revealed that plan
complexity impacts the overall exposure errors significantly more than the difference between the algo-
rithms. © 2019 American Association of Physicists in Medicine [https://doi.org/10.1002/mp.13425]

Key words: fitting algorithm, MLC tracking, radiotherapy, real-time
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1. INTRODUCTION

One of the main advantages of radiation therapy as
opposed to other types of cancer treatment is that the treat-
ment is noninvasive and highly targeted to the tumor.
Despite strong evidence that the ITV-based planning tech-
nique (Internal Target Volume planning, ICRU 62') pro-
vides safe radical treatment for stage I nonsmall cell lung
carcinoma, there are no guarantees that the tumor will
remain within the planned aperture throughout the entire
treatment.””

New delivery approaches have been introduced to improve
the targeting of the tumor during treatment. These techniques
come in various forms, either by shifting the therapeutic beam
to the tumor using a robotic arm CyberKnife,*> a gimballed
linear accelerator (Vero),’ or the multileaf collimator
(MLC)* ' or by adjusting the patient couch (couch track-
ing)."

Real-time MLC tracking is a novel technique that opti-
mizes the leaf positions within the head of the linear accelera-
tor to shift the radiation beam multileaf collimator leaves
according to tumor motion. It has been implemented preclini-
cally in several institutions on commercial linear accelera-
tors'> ' or developed into in-house control software and
leaf-fitting algorithms.®'*'*>""7 Real-time MLC tracking
has been clinically pioneered with three clinical trials leading
to the first MLC tracking treatment for prostate'™ ?° and
stereotactic lung®' with results reported in previous publica-
tions.'"*!

The current clinically used version of MLC tracking
relies on a leaf-fitting optimization algorithm (also known
as “MLC tracking algorithm™) named “direct optimization”
algorithm.”> A recent publication by Moore et al.'” intro-
duced an alternative MLC tracking algorithm named
“piecewise optimization algorithm”. With the current
design of the piecewise algorithm, Moore et al. investigated
its performances in silico using standard tumor motion
(three patients) and intensity-modulated radiation therapy
(IMRT) plans. However, in silico tests do not always reflect
the real-life clinical situation. For that reason, their respec-
tive performances should be tested utilizing a linear accel-
erator with a broad range of tumor motions and MLC plan
complexity.

To allow a thorough performance comparison between
both algorithms in a clinical setting, the piecewise algo-
rithm was implemented in the clinical version of the MLC
tracking software. The aim of this work was to characterize
the performance of two MLC leaf-fitting algorithms used
in real-time motion compensation. This will be done both
in silico and experimentally, spanning a range of tumor
motions and treatment plans with varying degree of MLC
modulation.

The significance of this paper is that it is the first
to investigate and experimentally compare two MLC track-
ing algorithms in the identical clinical setting on a linear
accelerator.
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2. METHOD

2.A. Principle of multileaf collimator tracking
algorithms

Multileaf collimator tracking is operated via an optimiza-
tion algorithm tasked with finding the best-fitted leaf posi-
tions given a set of various constraints (finite leaf width and
speed), or constraints setup by the user prior to treatment
delivery, such as prescribing various tolerances or radiobio-
logical properties to the organs-at-risk to avoid excessive
overdosing.

The mechanism for managing these setup constraints dif-
fers between the direct and piecewise optimization algorithm.
The different components of the direct optimization algo-
rithm can be found in Ruan et al.zz, while more extensive
explanations on the piecewise algorithm can be found in
Moore et al.'” Although both algorithms allow the MLC leaf
positions to be optimized according to the radio-sensitivity
factor attributed to different OAR (connoted as 4 and ¢ con-
straints in the respective papers'’*?), each algorithm deals
with spatial variance differently. The optimization process is
operated for the direct optimization on a pixel basis within
the beam’s eye view, therefore relying on a two-dimensional
map of the organs.

The main difference between the two algorithms is that the
piecewise algorithm deals with spatial variance by having an
arbitrary number of volumetric ROI (Regions of Interest),
hence accounting for the radio-sensitivity in three dimen-
sions. In both cases, this implies that an a priori knowledge
of the position and volume of OAR is available prior to treat-
ment, or that each OAR is being localized in real-time during
the treatment delivery.

The second difference is the way each algorithm deals
with the quantification of exposure area that is sought to be
minimized. For the direct optimization, the cost function is
integrated both along and perpendicular to the leaf motion, as
opposed to the piecewise algorithm where the algorithm
resolves the integration linearly in one direction, solely along
the leaf motion direction. Linear integral implicates that the
algorithm is expected to converge faster toward a solution
with the piecewise algorithm given equivalent set of con-
straints.

2.B. Experiments to assess and compare the
algorithm performances

To characterize the performances of the algorithms, a
series of in silico simulations and phantom experiments
were performed. Both algorithms were tested under identi-
cal conditions assuming homogenous dose conditions: the
target is considered as a rigid, nondeformable body and the
underdose and overdose weights are set to be equal. Vari-
ables included the tumor motion, treatment site, and plan
complexity. Comparison of algorithm performance was
based on exposure errors, plan complexity, and the system
latency. Figure 1 provides an overview of the method to
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assess the performance of each algorithm both in silico and
experimentally on a linear accelerator. Further details are
provided below.

2.B.1. In silico and phantom experiments

The in silico experiments were performed on a Latitude
E7450 17 2.60 GHz Dell 16 Gb RAM using an MLC simula-
tor.>* The tumor motion traces were imported into the simula-
tor as text files. The DICOM plan was read by the software
and the treatment delivery was simulated. The simulator leaf
speed was limited to 3.6 cm/s being the leaf speed of the
actual linear accelerator.

The phantom experiments were performed on a Trilogy
(Varian, Palo Alto, CA, USA) linear accelerator. Tumor
motion traces were loaded into the HexaMotion pro-
grammable motion platform (Scandidos, Uppsala, Sweden)
and triggered to start 10 s before the beginning of the beam
delivery to allow training of the prediction algorithm.
Calypso electromagnetic transponders (Varian Medical Sys-
tem, Palo Alto, CA, USA) were embedded into the HexaMo-
tion platform, with a research version of the Calypso system
sending the target position to the MLC tracking system. The
kernel density estimation algorithm?* currently used was clin-
ically used for the lung trajectories.

2.B.2. Tumor motion

To span the type of tumor motion observed during radiation
therapy, thoracic and pelvic tumor motion traces were selected
from published databases to be characteristic three-dimensional
(3D) motion patterns for those sites. Four types of motion were
chosen for the lung® from a CyberKnife study, and four
motion patterns for the prostate®® obtained from a study with
patients implanted with Calypso electromagnetic transponders.

Caillet et al.: Comparison of two MLC tracking algorithms
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These tumor motion traces were categorized and named
according to their characteristic pattern in previous study. Tho-
racic motion patterns were categorized as typical tumor motion,
high-frequency breathing, a predominantly lateral motion, and
characterized baseline shift. The represented prostate motion
patterns were continuous drift, high-frequency excursions, erra-
tic tumor motion, and stable tumor position.

2.B.3. Treatment plans

For each clinical site (lung and prostate), a selection of treat-
ment plans used for previous MLC tracking experiments®’ were
delivered that differed in MLC modulation to span the plan
complexity expected during clinical practice. Two plans, low
and highly modulated VMAT plan, were selected for each site,
by varying the set of competitive objectives on the target and
OARs. All arcs spanned a 358° revolution with the collimator
set at 90° (i.e., with the leaves parallel to longitudinal target
motion). All plans were prescribed to deliver 2 Gy to 95% of
the Planning Target Volume.

2.B.4. Evaluation of plan complexity

With MLC tracking, the plan complexity is known to
complicate the task of the algorithm for the leaves to reach
the desired positions.zg’29 Therefore, for each of the four
plans lung/prostate and modulation high/low modulations,
their complexity needed to be quantified. The plan complex-
ity was evaluated based on four parameters:

1. MU weighted Average adjacent Leaf Distance (ALDw>?),

previously shown to correlate with MLC tracking perfor-

mance”®
2. The average leaf travel for each plan, considering solely
the leaves that contribute to the open leaves aperture.”®

IN SILICO AND PHANTOM EXPERIMENTS

+

SPECIFIC ORGAN PLAN

MODULATION COMPLEXITY

TRAJECTORIES ACQUIRE DATA

) e BASELINE SHIFT
HIGH FREQUENCY
LUNG —> a —>
TYPICAL TUMOUR MOTION RECORD EXPOSURE
» LoW PREDOMINANTLY LATERAL
ERRORS FOR EACH
CONTINUQUS
HiGH HIGH FREQUENCY SCENARIO
PROSTATE — —>
ow ERRATIC
' STABLE

Fic. 1. Performance of each algorithm was characterized by two sets of experiments, in silico and phantom, conducted for two specific target scenarios (lung and
prostate) combining different sets of plan complexities (high and low) and trajectories (baseline shift, high frequency, etc.). The exposure errors were calculated

for each scenario. [Color figure can be viewed at wileyonlinelibrary.com]
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3. The average area over circumference AoC>® with for-

__ AreaofMLCaperture
mula AoC = Circumference

4. The VMAT modulation score (MCs) by Masi et al.>’

2.B.5. Measuring the system latency

Multileaf collimator tracking latency represents the
inherent time delay between the tumor motion and the fin-
ished movement of the leaves to align the beam and the
tumor. While execution of both MLC tracking algorithms
possesses some inherent amount of latency, it is expected
that a faster algorithm will be able to reduce the overall
system latency.

The latency was evaluated using the setup described in
Sawant et al.*! A ball bearing was moving in a superior—infe-
rior direction along the parallel motion of a circular shape
radiation field during which EPID images were acquired at
15 Hz operated on the computer console equipped with a
2.27 GHz Intel Xeon E5520 processor and 4 GB RAM. The
ball bearing was placed onto the HexaMotion platform embed-
ded with the Calypso electromagnetic beacons. For each
optimization algorithm, EPID projections were obtained over
10 periods. Since both the ball bearing and the leaves move in
a sinusoidal motion, the two structures were segmented from
the EPID and a sinusoidal fit was used to calculate the tempo-
ral offset between the centroid of the ball and the MLC aper-
ture. The latency was then calculated as the time delay
between the ball position and the segmented MLC aperture.

2.C. Comparing MLC tracking algorithm
performances based on leaf-fitting exposure errors

To compare both performances, the exposure errors (over-
dose + underdose) were quantified in the beam’s eye view
using a framework developed by Poulsen et al.*?

The mismatched area between the actual and planned
MLC aperture represents the total amount of exposure errors
which can be separated into individual sources of errors,
namely the exposure errors due to width of the leaves, their
speed and prediction algorithm errors when in use.
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For each experiment, the exposure errors were computed
using the fitted MLC positions obtained from the MLC track-
ing software. The fitted MLC positions corresponded to the
given MLC positions fitted by the algorithm, thereby
accounting for the width of the leaves but regardless of their
physical speed. Focusing solely on the fitted MLC position
dismisses any potential source of uncertainties allowing for a
more direct comparison between the algorithms.

For each paired experiment, the exposure errors through-
out the treatment arc were compared between each other
using the Pearson correlation coefficient and root-mean-
square error to evaluate the differences in exposure errors for
each control point. Figure 2 provides an example of the expo-
sure errors for a “paired experiment”, representing identical
experimental conditions (same plan and tumor). For each
experiment, these exposure errors were computed using the
resulting tumor tracking logs and fitted MLC position
updated at 30 Hz into text files. Exposure error computation
was achieved using MATLAB (R2017a, Math Works).

3. RESULTS

3.A. Quantification of exposure errors for each
optimization algorithm

The average exposure errors for in silico low/high modula-
tion were 0.66/0.88 cm?” for direct optimization and 0.66/
0.88 cm? for piecewise optimization. For the phantom exper-
iment, it was 0.73/1.02 c¢m? for direct and 0.73/1.02 c¢m? for
piecewise optimization. The side-by-side exposure errors dis-
played in Fig. 3 suggests that both algorithms performed
equivalently spanning a large range of tumor motion, plan
complexity, and treatment site.

The analysis of the in silico experiments demonstrated that
the Pearson correlation coefficient for both algorithms is
higher than r = 0.96 for all sets of organs and trajectories.
The similar data obtained during linac experiments also
showed strong correlation (r > 0.9) in most cases. The mean
root-mean-square errors (RMSE) between paired algorithms
were 0.10 cm? for the in silico and 0.18 cm? for the phantom
experiments. High correlation and small RMSE error suggest

FOR EACH SCENARIO, QUANTIFY EXPOSURE ERRORS (A0+Au)

AutAo [em?]
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== Direct algorithm

o
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T T 1
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FiG. 2. For each scenario, the exposure errors were compared for each set of paired experiments to compare the piecewise algorithm against the direct

optimization.
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FiG. 3. Leaf-fitting exposure errors for the direct (gray) and piecewise (red) optimization for both in silico and phantom experiment (delivered). The Pearson cor-
relation coefficient (r) and the root-mean-square error are provided for each paired experiment showing that the sum of exposure errors is equivalent given any

tumor motion, organ, and plan complexity.

strong relationship between paired experiment results for all
types of trajectory and plan complexity, indicating that both
algorithms performed equivalently.

3.B. Relationship between plan complexity and
exposure errors

The quantified simulated and phantom experiment expo-
sure errors for each treatment plan established that the expo-
sure errors from the high modulation plan (0.96 cm?,
2.88 cm® 95% percentile) were all significantly different
from the low modulation (0.70 cmz, 2.18 cm?® 95% per-
centile) (P < 0.001, two-tailed, Mann—Whitney statistical
test). The descriptive metrics used to quantify the plan com-
plexity are summarized in Table I.

The average distance to adjacent leaves and leaf travel dis-
tance was shown to increase with plan complexity while the
modulation score (MCs) and relative area over circumference
decreases with plan complexity. These results provide further
evidence of the impact of treatment complexity on the expo-
sure errors.

3.C. Latency

The latency for the direct optimization was 226 + 10 ms
and for the piecewise algorithm 228 £ 10 ms. These physi-
cal latencies can be compared with the fitting latency within
the software. Across all the plans and tumor motion, the in
silico fitting latency for the direct optimization algorithm was
12.2 £ 5 ms, compared with the piecewise algorithm com-
puted as 3.1 & 1 ms. Despite these differences, the fitting

Medical Physics, 46 (4), April 2019

TaBLE I. Summary of the plan metric to assess the plan complexity of each
of the four plans.

Lung Prostate
High Low High Low
modulation modulation modulation modulation

Field MU 596 342 737 422

ALD,, 0.71 cm 0.20 cm 1.40 cm 0.70 cm
Leaf travel 0.19 cm 0.04 cm 0.30 cm 0.22 cm
AoC 0.34 0.75 0.49 0.92
MCS 0.07 0.17 0.15 0.28

AoC, Area over Circumference; ALD,,, Average adjacent Leaf Distance; MCs,
modulation score; MU weighted.

time between algorithms did not impact the overall latency of
the experimental setup, only capable of detecting uncertain-
ties within +10 ms.

4. DISCUSSION

The goal of this study was to characterize the performance
of two MLC tracking algorithms for radiotherapy in a realis-
tic simulated and clinical environment. Both algorithms were
tested alternatively in silico and experimentally on a linear
accelerator for the range of organ motion and plan complexity
that may be expected during clinical practice.

This is the first time that two MLC tracking algorithms
were experimentally compared in the identical clinical set-
ting on a linear accelerator. Moore et al.' tested the
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performances of the piecewise algorithm in silico with
IMRT plans as a proof of concept. However, leaf-fitting is
one part of the larger MLC tracking framework, and while
in silico validation is a valuable tool to demonstrate proof
of concept, the ultimate test is experimental investigation.
Experimental investigation captures the impact of the leaf-
fitting algorithm with other software and hardware subsys-
tems (e.g., compatibility issues with the Calypso tracking
system, error catching, beam-hold assertion, or constant
rotating gantry during VMAT). For these reasons, this
paper presents the first empirical comparison between the
two algorithms.

We found that the plan complexity and tumor motion pat-
terns have a much larger impact on dosimetric fidelity than
the leaf-fitting algorithms. The implication is that there are
bigger gains to be made by improved planning than develop-
ing more complex or faster algorithms.

The implementation and development of faster MLC
tracking algorithms is therefore potentially marginalized by
the prerequisite to reduce plan complexity or improve the
hardware capabilities. Hardware enhancement has been
investigated under diverse forms. Pommer et al.*® investi-
gated the dosimetric impact of finer leaves by testing alterna-
tively a Varian Novalis Tx with Millennium MLC (5 mm leaf
with) and High-Definition MLC (2.5 mm leaf width). Using
reflective markers and the ExacTrac (Brainlab, Germany) to
provide positional input to the tracking system, they found
that finer leaves improved the tracking accuracy compared
with 5 mm leaf width. The Varian TrueBeam system
equipped with High-Definition MLC also provides MLC
tracking capabilities in developer mode, but no performance
analysis or dosimetric comparisons with other systems have
been published to date.

Falk et al.”’ found that leaf position constraints can be
setup within the treatment planning system during planning
optimization to limit the movement of the leaves during plan-
ning. Other hardware enhancement, such as dynamic align-
ment of the collimator angle,* hybrid couch-MLC tracking
strategies”* improves MLC tracking accuracy by reducing the
exposure errors for both prostate and lung.

Using a 2D time-resolved framework for performance
analysis provides a fast and reliable comparison of exposure
errors. This method offers a point-by-point analysis that con-
ceptually facilitates the search of exposure errors and allows a
straightforward comparison between multiple plan parameters
within a single fixed analysis framework. Also, the analysis
of exposure errors for MLC tracking has been shown to be
correlated with dosimetric errors for lung and prostate**
using gamma failure and root-mean-square errors.

An application where MLC tracking is uniquely capable
of motion compensation is tracking deforming targets and
deforming systems, e.g., a primary tumor and regional nodes
for locally advanced lung and prostate cancer radiotherapy.
Preliminary studies using the direct optimization algorithm
have investigated experimental target deformation and
multitarget tracking.’® These experiments have been carried
out on a linear accelerator using phantoms by mapping the
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deformation field in the linear accelerator beam’s eye view
and optimizing the fitting process accordingly.

The treatment plans and the tumor motion traces are
included as supplementary materials (Data S1) to allow other
groups to benchmark their algorithms against the results
shown here.

5. CONCLUSION

The performance of two MLC tracking algorithms was
characterized and compared using a 2D time-resolved frame-
work in a clinical realistic scenario. The comparison was
based on the quantification of fitted exposure errors attribu-
ted by the optimization algorithm solely, regardless of the
speed of the leaves. Our results showed that the two algo-
rithms performed similarly and provide equivalent quality-of-
fit for the scenarios evaluated. The main source of error can
be attributed to the complexity of the plan, quantified prior to
plan delivery, which was shown to greatly impact on the
MLC tracking accuracy.
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Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Data S1: All the treatment plans and tumor motion traces
used in this manuscript can be downloaded from the follow-

ing

link:  https://cloudstor.aarnet.edu.au/plus/s/cC7JyOLrf

H2SiAz
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Conclusion and Future work

This thesis presents the first-in-world implementation of the MLC tracking technology to correct for
tumour motion during lung SABR.

This thesis initially focused on the feasibility of this novel technique by simulating
patients’ tumour motion in a real clinical scenario that provided confidence in the technology before
moving to clinical trial. As this trial concluded, the geometric accuracy of the system was
assessed for all seventeen patients. The results from this study showed that MLC tracking
accuracy fell within clinically acceptable limits but suffered from both hardware and software
limitations. Two MLC tracking algorithms were therefore comprehensively compared to
understand the impact of leaf-fitting speed and exposure errors. It was determined that plan
complexity and tumour prediction were large sources of error while algorithm speed was
found to have little effect on MLC tracking performances. As such, the former two areas of
research should be the focus of future MLC tracking development.

As a result of this thesis, MLC tracking has been shown to be able to deliver a safe
and confident radiation treatment to the patient. The LIGHT SABR clinical trial provides the
confidence that a tumour tracking technique can be implemented on a “standard” linear

accelerator, enhancing its ability to account for tumour motion.

Future Directions

The current state of the art of MLC tracking still requires some developments to be clinically and
widely available to ensure that the technology provides a safer and higher standard of treatment than
current standard of care.

A very interesting and promising area of research is markerless tumour tracking that would
not require any physical insertions of beacons and would rely solely on external devices to track the
internal position of the tumour or surrogate. Markerless tracking has been used with the CyberKnife
Xsight lung tracking software or the carbon-ion pencil beam system [1, 2], but the combination of
markerless tracking with MLC tracking remains yet to be implemented in a clinical setting.

There is increasing evidence that correcting for tumour motion during radiotherapy should
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account for both tumour translation and tumour rotation. Much of the clinical focus has been on
tumour translation, but the implementation of tumour tracking to account for rotation is on its way
as such rotations have shown to be significant for both prostate and lung tumours [3, 4]. Kim et al. [5]
use the KIM technology to successfully estimate, in real-time, the 6 degrees-of-freedom motion
during prostate treatment. This method could be further enhanced using external respiratory
sensors, as investigated by Nguyen et al. [6]. An exciting study from Wu et al. [7] investigated
MLC tracking adaptation of rotational target motion limited for rotation perpendicular to the
beam direction. The author, however, mentioned that adaptation of rotation parallel to the beam
direction would require further investigation.

Along with tumour rotation, the deformation of the surrounding internal anatomy is being
investigated. The feasibility of MLC tracking to account for deforming systems has been
investigated in silico by Ge et al. [8], a study that gave confidence to set up the very exciting
KOALA clinical trial. The purpose of the KOALA (NCT02588846) clinical trial is to offer the first
multi-target tracking in prostate radiotherapy using MLC and KIM to account for the relative
motion of the moving prostate tumour target and the static pelvic nodal target for high-risk
prostate cancer patients.

As stated in Chapter 2, hardware could be improved to provide thinner and faster leaves,
as well as minimizing the leakage between the leaves. Additional software improvements to
provide a faster response time between the detection of tumour position and the dynamic re-
alignment of the MLC leaves would potentially help reduce the latency of the system.

And last, but not least, is the advent of MRI-linac that has garnered enormous interest over
the last few years. Hybrid on-line magnetic resonance imaging (MRI)-guidance have enabled intra-
fraction imaging for real-time tumour tracking with incomparable image quality. Recently, Glitzner
et al. [9] demonstrated the feasibility of implementing MLC tracking on a commercially available
MRI-linac system. MRI-linac potentially hold the key toward fast, safe and markerless MLC
tracking that may elevate the standard of care to a widely available tumour tracking for all moving

organs during radiotherapy.
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The first patient treatment of electromagnetic-guided real
time adaptive radiotherapy using MLC tracking for lung
SABR

This chapter was published in Radiotherapy and Oncology and written by Jeremy Booth. I, Vincent
Caillet, contributed to software and interface development and performed the quality
assurance procedures, data collection and analysis for the clinical trial detailed in the
manuscript.

This chapter details the clinical process and quality assurance procedures put into place
during the LIGHT SABR clinical trial for the first in-world patient to be treated with this
technique. The manuscript reports on the tumour motion and the dosimetric results using a
dose reconstruction algorithm that compares the planned and delivered treatment dose to the

patient.
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Background and purpose: Real time adaptive radiotherapy that enables smaller irradiated volumes may
reduce pulmonary toxicity. We report on the first patient treatment of electromagnetic-guided real time
adaptive radiotherapy delivered with MLC tracking for lung stereotactic ablative body radiotherapy.
Materials and methods: A clinical trial was developed to investigate the safety and feasibility of MLC track-
ing in lung. The first patient was an 80-year old man with a single left lower lobe lung metastasis to be
treated with SABR to 48 Gy in 4 fractions. In-house software was integrated with a standard linear accel-
erator to adapt the treatment beam shape and position based on electromagnetic transponders implanted
in the lung. MLC tracking plans were compared against standard ITV-based treatment planning. MLC
tracking plan delivery was reconstructed in the patient to confirm safe delivery.

Results: Real time adaptive radiotherapy delivered with MLC tracking compared to standard ITV-based
planning reduced the PTV by 41% (18.7-11 cm?) and the mean lung dose by 30% (202-140 cGy), V20
by 35% (2.6-1.5%) and V5 by 9% (8.9-8%).

Conclusion: An emerging technology, MLC tracking, has been translated into the clinic and used to treat
lung SABR patients for the first time. This milestone represents an important first step for clinical real-

Keywords:

Lung cancer

Real time adaptive radiotherapy
MLC tracking

Radiation pneumonitis

time adaptive radiotherapy that could reduce pulmonary toxicity in lung radiotherapy.
© 2016 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 121 (2016) 19-25

Stereotactic Ablative Body Radiotherapy (SABR) for lesions in
the lung has shown substantially improved 5 year survival com-
pared to conventionally fractionated treatments [1-3]. Comparison
with surgery outcomes is favourable in weighted cohorts [4]. How-
ever, further application of lung SABR based on lesion size, proxim-
ity to central structures and dose level/fractionation has been
limited by toxicity [5,6]. Legitimate reduction of margins with util-
isation of more accurate, real-time motion adaptive, treatment
delivery will directly reduce the irradiated volume and potentially
toxicity.

For lung lesions, treatment delivery ideally needs to localise and
adapt in real-time to account for variable inter- and intra-fraction
tumour motion, to remove interplay for dynamic treatment, and to
permit high efficiency. Critically, lung SABR planning is typically
generated from 4DCT; growing evidence suggests motion at this

* Corresponding author at: Northern Sydney Cancer Centre, Level 1 Royal North
Shore Hospital, Reserve Rd, St Leonards, NSW 2065, Australia.
E-mail address: Jeremy.Booth@health.nsw.gov.au (J.T. Booth).

http://dx.doi.org/10.1016/j.radonc.2016.08.025
0167-8140/© 2016 Elsevier Ireland Ltd. All rights reserved.

single time point may not be representative of motion experienced
during the short course treatment [7,8].

Real time guidance and adaptation has been clinically applied
on specialised robotic and gimballed linear accelerators for lung
SABR and both techniques have demonstrated significant reduc-
tions in treated volumes [9,10]. Another real-time image guidance
and adaption technique, electromagnetic (EM) guided MLC track-
ing, is expected to match reductions in treated volumes to robotic
and gimbal modalities [11,12]. MLC tracking began treating pros-
tate cancer patients in 2013 [13] and demonstrated high fidelity
of delivered dose, including dose painting, to moving targets.
[14] However, to date MLC tracking has only been used clinically
to treat prostate cancer, which exhibits occasional slow motion.
In this work we apply MLC tracking to lung cancer, which exhibits
constant and complex motion.

We present the first-in-human study to clinically realise the
benefits of real time adaptation on a standard linac for lung SABR.
We describe our experience with the first patient.
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Materials and methods

Clinical trial protocol and patients

The Lung Intensity Guided Hypofractionated Tumour tracking
SABR (LIGHT SABR) study is a single institution investigator-led
Phase I/II clinical trial with full local ethics approval and registra-
tion (NCT02514512). The primary endpoint is that 90% of treat-
ments are delivered without MLC tracking related software
failures, isolated as failure to deliver treatment with MLC tracking
treatment caused directly by malfunction of the MLC tracking soft-
ware. The trial will recruit 20 patients with stage I NSCLC or 1-3
oligometastases. Patients will be treated with electromagnetic-
guided real-time adaptation with MLC tracking utilising Calypso
lung transponders (Varian Medical Systems, Palo Alto) to provide
the real-time motion signal. The workflow is shown in Fig. 1. The
use of in-house MLC tracking software was registered with the
Therapeutic Goods Administration in Australia utilising the Clinical
Trial Notification system.

MLC tracking with electromagnetic-guidance

Three Calypso lung transponders were implanted one week
prior to simulation using standard fiberoptic bronchoscopy with
radial endobronchial ultrasound and X-ray image guidance.
Transponders were placed as close as possible to the target lesion.
Beacon migration and accuracy as a surrogate of lesion position
were evaluated prior to treatment in 4DCT and during treatment
with CBCT and fluoroscopic imaging. Beacon centroid to lesion cen-
troid in each phase of the 4DCT was measured to describe the rel-
ative motion normalised to end of exhale. Surrogacy error was
defined as the difference in beacon centroid and tumour centroid
position in each phase. Prior to treatment, planning contours for
PTV and transponders were overlayed on the CBCT to assess poten-
tial migration and alignment. Additionally, fluoroscopic imaging
with a field encompassing lesion and transponders was acquired
over three breathing cycles at two orthogonal angles prior to treat-
ment for retrospective assessment of tumour/beacon motion with
respiration; and fluoroscopic imaging was acquired during treat-
ment for retrospective assessment of tumour motion during
treatment.

The planning 4DCT scan was performed using an external surro-
gate for respiratory motion, Philips bellows (Philips Medical Sys-
tems, Cleveland) for 4DCT, with the patient free-breathing and
positioned in a BodyFix™ device with arms above head.

Treatment plans were created in the Eclipse planning system (v.
11, Varian Medical Systems, Palo Alto) for a 6 MV dual RapidArc
delivery utilising the AAA algorithm. The collimator was angled
to align with the major motion axis of the lesion (superior-inferior)
and the arcs rotated between 90 and 270 degrees (Varian IEC). Plan
complexity was recorded using the modulation complexity score
(MCS) which has been shown to correlate with delivery accuracy
and can affect tracking performance above a 0.8 threshold
[15,16]. Treatment planning was performed for MLC tracking,
and for comparison (and back-up in case of MLC tracking failure)
a ‘conventional’ ITV-based plan was also created. MLC tracking
plans utilised the end-of-exhale phase as a reference phase to
define the GTVrracking: With the CTV defined as being equal to the
GTV and a 5mm CTV to PTV margin. The end-of-exhale phase
assures a proper localisation and delineation of the tumour [17-
19] while the 5 mm margin has been described in the literature
to be sufficient to account for tracking system latency up to
500 ms [20] and differences in tumour sizes and shape during res-
piration [21]. The exhale phase CT scan is likely to have the fewest
imaging artefacts, and having the smallest lung volume, is likely to
over- rather than under-estimate the actual lung dose. The conven-
tional plan was established for an ITV derived from the 4DCT which
included the GTV in each breathing phase. The ITV was expanded
by 5 mm to create the PTV. The conventional plan was calculated
on a mean CT image from 4DCT. Both plans met the dose volume
criteria of RTOG 0915 [22]. The fractionation scheme was 48 Gy
in four fractions delivered to greater than 95% of the PTV.

At treatment sessions the patient was aligned to lasers in the
BodyFix device and Philips bellows were attached to record the
breathing signal during treatment. For each fraction, CBCT was
acquired and a best-fit alignment to the transponders was per-
formed. The PTV structure was then overlaid to confirm tumour
coverage based on beacon localisation. The patient was treated
with Calypso-guided MLC tracking [23]. We utilise the kernel den-
sity estimation prediction algorithm [24] to account for the sys-
tem’s 220 ms latency [13].
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Fig. 1. Schematic of the MLC tracking control system used for the clinical trial. Electromagnetic transponders send real-time localisation to the MLC tracking system which
updates the MLC pattern and sends these new leaf positions to the MLC controller for treatment at the linac.
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Quality assurance (QA) regime

Quality assurance before, during and after treatment is essen-
tial, particularly with research software controlling the treatment
unit. Standard quality assurance measures for SABR treatment
were utilised including secondary monitor units check and fluence
delivery [25]. Further quality measures, based on Failure Mode and
Effects Analysis [26] and broad discussion with international
thought leaders on MLC tracking safety, were implemented. These
extra measures included:

e MLC tracking patient-specific QA incorporating review of over-
and under-dose areas of patient plan with patient-specific
motion [27],

e Checklist applied to additional MLC tracking-specific workflow
steps,

e Pre-treatment delivery to a Delta4 phantom (ScandiDos, Swe-
den) with and without motion (patient-specific with HexaMo-
tion (Scandidos, Sweden)),

e Pre-treatment fluoroscopy to interrogate Calypso beacon
motion migration and surrogacy to tumour, and post-
treatment dose reconstruction [28,29].

MLC tracking errors were reported using the areas of under- and
over-dose (A, and A, respectively) between the plan and delivery,
as developed by Poulsen[29]. The under- and over-dose areas have
been shown to correlate with dose delivery errors and clearly artic-
ulate the contribution of leaf adjustment error, leaf fitting, and tar-
get localisation to the MLC tracking performance. Treatment log
files including MLC motion, Calypso trajectories, kV and MV images
and Philips bellows motion were recorded.

Dose reconstruction is a critical step as delivered dose for real-
time adaptation will ultimately depend on the motion encoun-
tered. An isocentre shift method was utilised for volumes assumed
to move with transponders (GTV and lung). The isocentre shift
method considers each arc as many sub arcs each with isocentre
shifted (in 2 mm bins) to mimic the motion. Treatment log files

and the transponder trajectories were utilised to create a motion
encoded treatment plan that was calculated in the planning sys-
tem. Dose reconstruction was performed for spine and heart vol-
umes assuming they were static. Reconstruction of the delivered
conventional plan was performed for comparison. Delivery of the
conventional plan assumed pre-treatment patient alignment and
utilised treatment log files acquired in a dummy delivery and
transponder motion from treatment sessions. The tracking plan
was reconstructed on the end exhale phase CT while the conven-
tional plan was reconstructed on the average CT. End-exhale GTV
is used for both cases. For the reconstruction of the conventional
plan, use of an average CT had <1% difference to calculation on
the end exhale scan for this plan, which agrees with previous
reports justifying dose calculation on average CT from 4DCT [30].

Results

We present data from the first patient treatment on 30th Octo-
ber 2015; an 80 y/o male with a single metastasis in the left lower
lobe. He was positioned on his right side in a BodyFix bag due to
the posterior distance to transponders from anterior chest wall
preventing supine treatment (our normal setup) and patient per-
formance preventing prone treatment. The internal peak to peak
motion of the lesion at 4DCT was 10.8 mm, 4.8 mm, and 3.2 mm
in the superior-inferior (SI), left-right (LR) and anterior-posterior
(AP) directions, respectively. The surrogate accuracy of the
transponder centroid to the GTV centre determined in each phase
of the 4DCT showed mean discrepancies of 1.2 mm, 0.6 mm and
0.94 mm in the superior-inferior, lateral and anterior-posterior
directions, respectively. Image artefacts in the 4DCT contributed
to uncertainty in the determination of the surrogacy error; the bea-
con and GTV shape and size varied across the 10 breathing phases.

The plan complexity for each plan was within acceptable range
(<0.8) with MCS of 0.06 for the MLC tracking plan and 0.21-0.28 for
the conventional ITV-based plan. The MLC tracking errors were
minimal for delivery of the MLC tracking plan with mean A,A, of

A MLC tracking

Standard SABR

Fig. 2. Comparison of Planning Target Volumes shows a significant reduction (41%) in the volume with MLC tracking delivery (A) compared to standard ITV-based planning
(B). The red contour indicates the PTV on end exhale phase of 4DCT used for MLC tracking and the blue contour indicates the PTV on mean of 4DCT used for the ITV-based

plan. Coronal view.
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2.26 cm? attributed to leaf adjustment (2.09cm?), leaf-fitting
(0.43cm? for arc 1 and 0.62cm? for arc2) and target localisation
error (0.62cm? for arc 1 and 0.93cm? for arc2).

The PTV1racking Was 18.7 cc, 41% smaller than the PTV for stan-
dard planning (29.8 cc) (Fig. 2). Targeting a smaller PTV translated
to lower normal lung doses for this patient, with mean lung dose
reduced by 31% or 0.6 Gy, V20 reduced by 35% or 48 cm® and V5
reduced by 9% or 50 cm?. Dose maximum (D2%) reported to the
spine was reduced from 5.1 to 3.8 Gy (33%). Plans had equivalent
dose coverage for their respective PTV volumes.

Treatments had an average appointment time of 90 min. A sig-
nificant proportion of time was allocated to ensuring correct
patient rotation due to the beacon centroid being offset from
tumour and patient being positioned in the lateral decubitus posi-
tion. Transponders were located 2.5, 2.1 and 2.5 cm from the lesion
edge, all anterior and lateral. Through the four treatment fractions,
the internal motion of the transponders ranged between 15.0-
16.5 mm, 3.4-3.7 mm, and 3.1-3.3 mm, in the SI, LR, and AP direc-
tions respectively, demonstrating substantially larger superior-in-
ferior motion extent compared to simulation (Fig. 3). Fig. 3 shows
motion of the transponders during treatment to be larger than the
ITV (motion observed during 4DCT) 22%, 32% and 31% of the time,
in the SI, LR and AP directions respectively. Motion extending out-
side the PTV, a 5 mm expansion of the ITV, occurred during treat-
ment 2%, 1% and 2% of the time, in the CC, LR and AP directions
respectively. Critically, this infers that a geometric miss would
have occurred if ITV-based treatment would have been delivered
with only pre-treatment imaging. Furthermore, the components
of the PTV margin expansion to account for inter-observer contour-
ing variability, surrogacy accuracy and sub-clinical tumour growth,
were utilised in full to account for tumour motion variation. Con-
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ventionally, SABR delivery does not deploy intra-treatment tumour
monitoring so any geometric miss would have been undiscovered.

The motion of the lesion and transponders with respiration cap-
tured in kV and MV images is shown in Fig. 4. A video of the kV and
MV images acquired during treatment is provided as Supplemen-
tary material.

Fig. 5 shows the delivered dose reconstructed onto the respec-
tive planning CT datasets over the four days of treatment for
MLC tracking delivery and the conventional ITV-based plan. The
planned dose to the GTV is equivalent between MLC tracking and
no tracking. However the delivered doses for no tracking are lower
than that planned: the mean GTV D95 across fractions is 106 + 2%
(range 103-108%) compared to 110% planned. This difference
occurred due to the systematically larger motion experienced with
this patient during treatment compared to simulation. The MLC
tracking delivery provided mean GTV D95 doses of 110 +0.5%
(range 109-110%) compared to 111% planned. Fig. 5 demonstrates
modest decreases in lung and heart doses and improved target cov-
erage relative to the conventional plan. The MLC tracking delivery
was also more reproducible (lower range of mean GTV D95 values)
than the standard SABR delivery across fractions.

Discussion

This paper reports on the first patient treatment with real-time
adaptive treatment for lung cancer with MLC tracking. MLC track-
ing radiotherapy has previously been delivered to 28 prostate
patients with 858 successful treatment fractions. MLC tracking
for lung SABR is more complicated than prostate MLC tracking: res-
piratory motion is larger, more frequent and faster than prostate
motion, SABR delivering larger dose per fraction, and there is an
increased importance of system latency mitigation with the use
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Fig. 3. Superior-inferior motion of the lung tumour (positive values represent motion in superior direction) for each of the four treatment fractions. The motion during 4DCT
used to create the ITV of 10.8 mm is shown as a grey band in each plot. The tumour motion for all fractions was larger than that than expected from planning.
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FLUOROSCOPIC IMAGE

MV — EXHALE MV — INHALE

BEACON

Fig. 4. Fluoroscopic image (left) showing three electromagnetic transponders and the tumour contour, and corresponding MV treatment images at inhale and exhale (right).
A movie of the kV and MV images acquired during the treatment delivery is attached as supplementary material.
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Fig. 5. Reconstructed delivered dose for the all fractions of the MLC tracking lung SABR patient showing delivered dose to target is maintained from planning and OAR dose is
reduced for this patient. Dashed lines = dose for individual fractions; solid lines = planned dose for the treatment course.

of a prediction algorithm. The clinical issues are also different for
lung SABR compared to prostate radiotherapy, with use of ITV
based planning, baseline shifts of tumour position during respira-
tion, irregular internal motion and inhomogeneity.

The patient in this study benefited from real-time adaptive
treatment with a 41% smaller target volume, which is comparable
to that reported for adaptive delivery with robotic and gimbal
devices [11,12]. The extent of motion was significantly larger at
treatment compared to that seen during 4DCT acquisition. For
the conventional ITV-based plan, motion exceeded the ITV ~30%

of the time. For this case the PTV expansion of 5 mm has ensured
coverage of the target is retained ~98% of the time. However, the
PTV expansion of 5 mm is derived to account for up to 5 mm
inter-observer contouring variability, sub-clinical tumour exten-
sion and the measured 1-3 mm of surrogacy uncertainty with the
beacon transponders.

Internal peak to peak transponder motion for this patient was
significantly larger than the motion amplitude determined from
simulation 4DCT. We believe that this is due to the sampling that
occurs with standard 4DCT reconstruction, which score peak
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exhale and inhale minimally based on the short time in these posi-
tions, compared to the transponder locations during treatment
which are reported 20 times per second.

The impact of MLC tracking will depend on the extent of tumour
motion and patients with larger tumour motion will benefit from
larger reductions in target volume and subsequent reductions in
organ at risk doses. Even modest reduction of lung dose in absolute
terms will benefit planning to isotoxic tolerances in the oligometa-
static setting or for subsequent lesions. Furthermore, all patients
potentially benefit if a baseline shift occurs from the gating
enacted when the tumour moves outside the motion limits
obtained from simulation. A similar level of dose coverage would
have been achieved with a pure gating strategy; however, the effi-
ciency of MLC tracking delivery is superior to gating strategies
where a duty cycle of 30% is not uncommon. It should be noted
however that introduction of flattening filter free delivery has
reduced irradiation times, potentially improving the efficiency of
gated treatments.

MLC tracking is highly accessible as it requires only two key
components; real-time target guidance and a multi-leaf collimator.
The great majority of linear accelerators currently sold now have
the MLC. This study utilised real time target guidance from electro-
magnetic transponders as they are a proven robust position signal,
but localisation could equally be derived from other methods such
as X-ray fluoroscopy, real-time magnetic resonance imaging, or
external surrogates. The electromagnetic transponders provide an
internal surrogate of the tumour and their location will affect the
accuracy of their surrogate motion. Further research is directed
towards markerless MLC tracking that would not require implanta-
tion of transponders, a potential source of toxicity, replaced with
direct (image-based) tracking [31-34].

Reporting delivered dose poses some challenges to classical
application of the ICRU volumes for MLC tracking. In real-time
adaptive radiotherapy, the PTVqyrcking Can be considered time-
resolved with its components defined in each respiratory phase
to account for treatment uncertainty; in our implementation the
PTV is equivalent across respiratory phases. This is contrasted to
the PTV for conventional ITV-based planning, which should be
defined in the classical way and is difficult to compare directly to
PTV1racking: The more important metric is GTV coverage, which is
maintained in this case. The PTV is a geometric tool to ensure
GTV coverage, and for meaningful application with real-time adap-
tive treatment will require further data to development tolerances.

Clinical translational relevance

An emerging treatment delivery technology, MLC tracking has
been translated in the clinic and used for real time adaptive radio-
therapy with lung SABR for the first time. MLC tracking for real
time adaptation with a standard linear accelerator improves target
dose coverage, reduces organ at risk doses and is potentially highly
accessible requiring only software change to be implemented on a
modern linear accelerator.
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