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Glossary

AAD Anti-Arrythmic Drug.

AP Anterior-Posterior (anatomical direction).

AV Atrioventricular.

CBCT Cone-Beam CT.

CoD Centre of Displacement.

cpm cycles per minute.

CT Computed Tomography.

DIBH Deep Inspiration Breath Hold.

DICOM Digital Imaging and COmmunications in Medicine.

EAM Electroanatomical Mapping.

ECG Electrocardiogram.

ECGI Electrocardiographic Imaging.

EM Electromagnetic.

EP Electrophysiology.

ES Electrical Storm.

FFT Fast Fourier Transform.

GTV Gross Tumour (or Target) Volume.

ICD Implantable Cardioverter Device.

IDE Investigations Device Exemption.

ITV Internal Target Volume.

LAD Left Anterior Descending (artery).

LR Left-Right (anatomical direction).

LV Left Ventricle.

LVEF Left Ventricular Ejection Fraction.

MDT Multi-Disciplinary Team.

MI Myocardial Infarction.
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MLC Multi-Leaf Collimator.

MRI Magnetic Resonance Imaging.

OAR Organ At Risk.

PET Positron Emission Tomography.

PORV Planning Organ at Risk Volume.

PTV Planning Target Volume.

RF Radio-Frequency.

SABR Stereotactic Ablative Radiotherapy.

SAE Serious Adverse Event.

SBRT Stereotactic Body Radiotherapy.

SCD Sudden Cardiac Death.

SGRT Surface Guided Radiotherapy.

SI Superior-Inferior (anatomical direction).

SPECT Single Photon Emission CT.

STAR STereotactic Arrhythmia Radioablation.

US Ultrasound.

VA Ventricular Arrhythmia.

VT Ventricular Tachycardia.

5



Abstract

A novel use of radiotherapy to treat ventricular tachycardia (VT) delivers large doses

of high energy x-rays to the VT substrate: STereotactic Arrhythmia Radioablation

(STAR). This treatment has only recently been developed for the clinic and character-

isation of cardiac and respiratory motion in radiotherapy is of interest but is not yet

generally achieved.

This thesis examines the feasibility and utility of tracking both the distal electrode

(pacing lead tip) of implantable cardioverter defibrillators (ICD) and the diaphragm in

STAR patients. Lead tip and diaphragm positions are identified in kV planar images

of the patient, acquired on a linear accelerator before radiotherapy treatment planning

and immediately prior to treatment, and tracked across the image sequence. A coding

toolkit was constructed for this purpose and was shown to track both objects to within

0.5 mm. The toolkit was able to identify the pacing lead tip and diaphragm in 84.9%

and 94.4% of tested frames respectively. Data from 3 patients treated at South Tees

NHS Hospitals Foundation Trust showed full amplitude lead tip displacements of 7.7

± 1.4, 9.7 ± 1.9 and 11.8 ± 2.3 mm in left-right, ant-post and sup-inf directions

respectively. Average diaphragm displacement amplitudes were reported between 8.5

and 22.3 mm.

The utility of the data was shown to be twofold: (1) providing quantitative in-

formation useful for informing target volume dimensions, and (2) providing quality

assurance at the point of delivery; ensuring that cardiac and respiratory cycles are

the same when delivering radiotherapy as when it was planned. This work provides a

method for assessing cardiac and respiratory motion in STAR patients, and discusses

the implications of those measured data. This methodology may be applicable to other

treatment sites such as lung tumours.
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Rationale for journal format

This thesis is submitted in journal format. The papers included in this thesis have been

prepared for publication but, at the time of thesis submission, they have not yet been

sent to journals for acceptance. Some aspects of the journal articles have been removed

for the thesis such as the acknowledgements specific to the papers (now included in

the ‘Dedication and acknowledgements’ section of this thesis) and references have been

combined for the whole thesis in one section. Referencing has been made consistent

throughout the thesis.

Journal format was approved by the thesis supervisors on the basis that the research

was suited to being separated into publishable sections focused on firstly the technical

elements of the work and subsequently their application to clinical work. This thesis

was prepared as part of the Higher Specialist Scientist Training (HSST) scheme, run by

the National School for Healthcare Science (NSHCS), which aimed for clinical scientists

to participate actively in research and publish data. Journal format is therefore also

appropriate from the perspective of making the research ready for publication.

A section is included at the end of the thesis to provide space outside of publication

for critical analysis of the work; to comment on the success or otherwise of the methods

used and what research opportunities might follow from this work.
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Thesis overview

Over the last decade, an entirely new approach to treating ventricular tachycardia has

been developed using high energy x-rays delivered by the same treatment platforms

commonly used to treat cancers. The heart is rarely targeted for radiotherapy: little

work has so far been done to control for its motion during treatment. Image guidance

is frequently used to ensure that patients are positioned correctly for treatment and

often to ensure that internal motion is consistent and accounted for in radiotherapy

treatment plans. As yet, x-ray image guidance, used to create cone beam CT images of

the patient on c-arm linear accelerators, has not been exploited to observe the motion

of the metal components of pacemaker devices as a surrogate for cardiac motion. This

thesis explores the possibility of such an approach and reports the experience of a three

patient group, treated at South Tees Hospitals NHS Foundation Trust.

The first section of the thesis describes the disease and the development of the

novel use of radiotherapy to treat it. The research in this thesis is contextualised

through discussion of the technical elements of delivering radiotherapy to the heart.

Subsequently, comparison is given of this work with other publications which have

used imaging technology to extract motion data in the heart and other organs for

radiotherapy treatment. The research aims are stated at the conclusion of the first

chapter.

Two papers prepared for journal submission are then presented. The first describes

the work done to create a methodology for extracting cardiac and respiratory motion

data from linear accelerator image guidance data. The second analyses the data from

three patients and discusses the implications of these data for radiotherapy treatment.

Finally, the work is critically analysed with discussion on what other research oppor-

tunities are created through this work.

Two appendices are included. The first provides an overview of the code written

by the author of this thesis to facilitate its methodology. The second lists the modules

which are combined with this thesis for the completion of the DClinSci.
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1 Literature review and research context

1.1 Introduction

1.1.1 Ventricular tachycardia

Ventricular arrhythmias (VA) contribute to between 30 - 75% of all sudden cardiac

deaths1 which total more than 100,000 per year in the UK, according to the British

Heart Foundation2. Ventricular tachycardia (VT) is one such VA and can be caused by

cardiomyopathy, structural or ischaemic heart disease, heart failure and some genetic

conditions. VT is most commonly produced by electrical signals being misdirected

through diseased tissue (re-entrant circuits), as well as by triggered activity and au-

tomatic activation of the muscle3. Its symptoms include dizziness, fainting and chest

pain and the condition frequently leads to cardiac arrest and death. Management

options include pharmacotherapies (such as beta-blockers, anti-arrhythmia drugs and

electrolytes), device therapy including implantable cardioverter defibrillators (ICDs),

catheter ablation (normally of cardiac scar tissue) or less frequently, anti-arrhythmic

surgery4.

Patients who suffer from VT are at risk of death and are likely to encounter mobility

issues and some socially restrictive impacts of having the disease5. They will typically

experience a number of approaches to treating and managing the condition and, in

general, do not have multiple decades of life expectancy remaining. However, if the

condition can be effectively treated with the patients less reliant on drugs and ICD

shocks, quality of life can be improved6.

Current standards of care for VT include catheter ablation procedures. Numbers

of these procedures are increasing but have poor rates of completely eradicating the

condition (around 50 to 60%)7 8. Importantly, VT episodes and the number of ICD

shocks needed by the patients are associated with progression of heart failure and

increased mortality9. Whether these events cause mortality or just degrade quality of

life, treatment options are important to these patients.
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1.1.2 Heart function and VT pathology

The heart is the organ responsible for pumping blood through the circulatory system.

It comprises 4 chambers: the left and right atria, and the left and right ventricles (see

figure 1). Blood is taken from the body and directed into the lungs for re-oxygenation.

The re-oxygenated blood is then returned to the body via the left ventricle which is

the largest and most muscular of the 4 chambers.

Figure 1: Basic anatomy of the heart. Image taken
from https://commons.wikimedia.org/wiki/File:Heart diagram blood
flow en.svg with additional annotation by the author of this work

The walls of the ventricles consist of a series of layers: the epicardium (outer wall),

myocardium (muscle) and endocardium (inner wall). The myocardium is the muscle

which provides the action by which blood is moved through the heart and body and

contains the conduction pathways for the electrical signals to create the correct order of

contractions for cardiac function. Electrical signals, generated in the sino-atrial (SA)
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node in the wall of the right atrium pass through the atria and into the ventricles via

the bundle of His. Signals then proceed to the heart’s apex and round to the remainder

of the ventricular walls.

In patients with ventricular tachycardia, the myocardial conduction pathways are

altered in some way, via previous myocardial infarction or some other damage. For

example, scarred tissue can create errant electrical pathways in which the signals ‘re-

enter’ causing the tissues to contract too quickly; electrical signals no longer proceed

along the correct paths and the ventricle does not effectively push blood out of the

heart.

Figure 2: two examples of VT originating from scar tissue. Back-
ground blue represents healthy myocardium. Pink is scar tissue with
conducting channels running through it. Turqoise arrows show conduc-
tion around the scar and yellow arrows show conduction in the scar. In
the first case (A) the signal exiting the scar loops back to the entrance
point creating a re-entrant circuit. In the second (B), the electrical
signal processes through the central isthmus of the scar, arriving later
than the signal processing around the scar and causing late activation
which is seen as late potentials in the ECG. Image based on personal
communication with Matthew Bates and Geoff Lee10.

VT circuits are complicated and contain multiple entrance and exit points and dead

ends11. Figure 2 shows 2 examples of VT caused by scar tissue in the myocardium. The

application of energy via heat, radiation or chemical methods can alter these errant
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pathways sufficiently to disrupt these circuits, allowing for the correct conduction of

electrical pathways.

1.1.3 Radiotherapy as a treatment option

A recent clinical development in this field is to use high energy x-rays delivered by lin-

ear accelerators, commonly used to treat cancers, in order to modify tissues in which

re-entrant circuits occur as an alternative to catheter ablation: STereotactic Arrhyth-

mia Radioablation (STAR)12. This concept, sometimes referred to as cardiac SABRi

(stereotactic ablative radiotherapy), was endorsed to the cardiology and oncology global

communities in 2017 with a publication in which 5 patients were treated with STAR

and followed up for 12 months13. The advantages of using radiotherapy to treat car-

diac arrhythmias are that it is both non-invasive and able to treat more deeply than

catheter ablation; it has the potential to achieve superior control of the condition.

Radiotherapy is used to treat other, non-oncological indications, for example: “trigem-

inal neuralgia, arteriovenous malformations, seizures and psychiatric disorders in the

brain ... renal artery hypertension [and] back pain”14. Radiotherapy delivered via ra-

dioactive sources is also used in treating coronary arteries to prevent recurrent resteno-

sis following stenting procedures for heart disease15. However, for radiotherapy de-

livered using high energy x-rays at a distance, the heart is generally regarded as an

avoidance structure16, except in the case of cardiac sarcomas which are relatively rare.

The range of toxicities encountered with using radiation to treat disease could possibly

make STAR, on balance, an unsuitable approach to improve quality of life in certain

patient groups. On that basis, the global community has approached the idea of using

STAR tentatively and with great deliberation. At the time of writing, approximately

100 patients have been reported to have received treatment worldwide.

In general, STAR is currently only used for patients who have not responded to

iSABR refers to radiotherapy treatments which are generally to small volumes and constructed
of fewer fractions with a larger dose per fraction than conventional radiotherapy. STAR has begun
development at a time when single fraction lung SABR has also begun to develop general interest in
the radiotherapy community.
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pharmacotherapies and are limited in their treatment options17 or are experiencing

significant and potentially life-threatening impact from their VT7 18. As it is not yet a

commissioned part of healthcare services, where it is used it is seen as an experimental

treatment with the aim of improving quality of life. Clinical trial data is needed to

demonstrate short- and long-term clinical benefit and risk to patients before STAR

would be a feasible tool for general use in the population of those patients with VT.

1.1.4 Purpose of this literature review

This review contextualises and rationalises the research presented in this thesis. As the

field of STAR is relatively nascent, it was possible to include a majority of publications

on the subject in an historical timeline of the field (section 1.2) which sets out the

context in which this research has been undertaken. Section 1.3 includes technical

aspects of treatment planning for STAR and section 1.4 includes previous research on

relevant topics and highlights the novel elements of this thesis.

1.2 Technique development

1.2.1 Technique origins

In 2010, the results of a novel study were reported by a research group in California who

had hypothesised that mapping cardiac anatomy could lead to new approaches to treat-

ing arrythmias using radiotherapy19. Sharma et al. used Harford-Sinclair mini-swine

without arrythmias in that study in order to determine whether precisely delivered

radiotherapy could generate lesions in the pigs’ myocardia. The study was able to

demonstrate electrical blockii produced near the cavotriscuspid isthmus and AV node

leading the authors to conclude that radiotherapy delivery might open up avenues of

treatment for various arrythmias including ventricular tachycardia. The study was

performed using CyberKnife (Accuray, CA) and made reference to the Synchrony res-

ii‘Block’ in this context refers to prevention of the electrical signal being carried through that part
of the tissue
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piratory gating system which was used to compensate for the breathing cycle of the

test animals. Cardiac motion was identified as an issue; an ‘integrated target volume’

(ITV) was used based on a cardiac gated computed tomography (CT) image acquired

prior to planning which ensured that all the specified heart tissue would be treated

even while it moved.

Among others, this study helped set up an entirely new paradigm for creating an

effect in the heart; an original idea which has lead to much interest globally and phase

II trials being set up within a decade. Themes were identified in this work which have

propagated to the rest of the literature on the subject of radiotherapy to electrically

modify the heart: motion tracking, treatment dose and planning techniques. These

topics are covered through the remainder of this review.

Further work has been carried out in swine models. Blanck et al. 20 demonstrated

in 9 mini-pigs that radiation doses above 32.5 Gy can induce transmural scarring in

cardiac muscle; analogous with catheter ablation techniques. More recently, Refaat

et al. 21 demonstrated feasibility for CT guided AV radioablation. They used doses of

35 Gy in 3 pigs and 40 Gy in 2 pigs. Each pig eventually developed complete AV block

with timings of between 55 and 235 days following treatment but no effect was seen in

any pig immediately after ablation. They found no evidence of any toxicity in any of

the pigs prior to euthanasia.

Relevant questions which this research raises are:

1. Do human hearts scar at the same radiation levels found in pigs?

2. At what dose level is the desired effect generated? What dose is required to

create electrical block and prevent VT from occuring?

These questions have yet to be fully answered.
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1.2.2 Initial experiences in humans

Just 2 years after the publication of Sharma et al. 19 , the first reported in-man use

of STAR was performed at Stanford, CA with the CyberKnife delivery platform12 22.

A 71 year old man who had had various interventions since cardiac bypass grafting

in 2000 was consented for treatment with radiotherapy under a ‘compassionate-use’

agreement from the FDA and was treated in October 2012. A temporary pacing wire

was placed in his right ventricular apex as an imaging marker for tracking of the target

with respiratory and cardiac motion. The prescribed dose was 25 Gy to the 75% isodose

line, resulting in a maximal dose of 33 Gy to parts of the scar. After treatment, the

patient experienced a ten-fold reduction in the number of VT events (as reported by

the patient’s ICD). A reduction in adjacent medication was attempted but failed.

In addition to the study by Loo et al. 12 , another centre also produced single-patient

case studies for STAR but in the Czech Republic. Cvek et al. 23 published a case study

of a 72 year old female patient who was treated with 25 Gy, again using CyberKnife

(Accuray, CA). The patient had exhausted all other forms of treatment and catheter

ablations had failed because of the thickness of her myocardial wall. The patient was

diagnosed with ventricular tachycardia and the treatment volume was on the base of the

left ventricular wall. After 120 days of follow-up, the patient had no recorded episodes

of arrhythmia on their ICD and no toxicities were recorded except for a slightly elevated

troponin T serum level (an indicator of cardiac damage) after 10 days.

1.2.3 CyberHeart

An early development was the creation of CyberHeart Inc. which owns the intellectual

property for a piece of planning software (CardioPlan) and was initially concerned with

facilitating STAR treatment using CyberKnife. CyberHeart contributed to a number

of early studies noted here and has recently (in 2019) been purchased by Varian, one of

the 2 main global linac providers24. It is not yet clear how the purchase of CyberHeart

by Varian will impact STAR treatments globally, but a large scale trial is currently
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being set up with Varian sponsorship.

The first-in-man reported use of radiotherapy for an arrhythmia in the atria (atrial

fibrillation (AF)) was reported in 2016 in the form of a poster at ASTRO (American

Society for Radiation Oncology) by a group which included members affiliated with

CyberHeart Inc., Christus Muguerza (Mexico) and Stanford University (CA, USA)25.

Using a process similar to that reported in Loo et al. 12 , the 59 year old male patient

had fiducial-guided motion tracked (Synchrony) CyberKnife treatment with 25 Gy

prescribed to the 75% isodose. The patient was discharged a day after treatment and

was said to experience no complications of treatment alongside an improved quality of

life. In an abstract for the CARDIOSTIM conference in 2017, the same patient was

reported to have recurred for AF between 6 and 12 months following treatment and

“elected to continue a medical rhythm control strategy”26.

This later abstract26 described the CyberHeart group’s experience with 5 patients

receiving treatment under investigational device exemption (IDE) rules from the FDA

and with ethical approval (4 with VT and the previously described AF patient). One

patient could not have a tracking fiducial implanted and so could not be treated. While

this abstract represents the work by CyberHeart who were affiliated with Accuray and

made sole use of Accuray’s CyberKnife system, they make a point of saying “A variety

of radiosurgery platforms can be used” in the introduction. In earlier publications,

CyberKnife was more frequently cited as the tool of choice12 23 27 largely because of its

respiratory motion tracking system. More recently, the field has included CyberKnife

and c-arm linear accelerator (linac) approaches alike13 28. Data is being gathered by

several phase II trials at the time of writing (see section 1.2.8 for details), one specifically

set up by the CyberHeart group, and it will be of interest to see whether there are

differences between them in terms of patient outcomes.
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1.2.4 New England Journal of Medicine article

Initial positive experiences with STAR contributed to the first multi-patient study

published in the New England Journal of Medicine 13 which presented the first data

from a non-CyberKnife centre delivering radiation to treat (only) VT and also included

the largest follow up of any published data at that time (12 months). Patients were

treated between April and November 2015 and were included in the study if they had

experienced at least 3 episodes of ICD-treated VT in the previous 3 months, were on

antiarrhythmia medication and had had at least one previous ablation attempt with a

catheter. Patients that had undergone placement of a left ventricular assist device were

excluded. Treatment was delivered on TrueBeam (Varian) linacs: the first study not

to use respiratory tracking and so the treatment volumes were based on a combination

of cardiac and respiratory motion.

Results from the 5 patient study showed a 99.9% reduction in VT burden across

the patient group considering the number of events experienced by all patients in the

3 months prior to ablation and the number of events recorded during the next year.

The year long follow up excluded an initial 6-week ‘blanking period’ determined to be

sufficient to allow the treatment impact of the radiation to be developed in patients’

hearts. These figures can be represented as events per patient week and then taken

as a ratio of each other to get the reported figures. The reported 99.9% figure might

be reconsidered as one patient died 3 weeks after treatment and was the greatest

contributor of VT events prior to treatment (>4000 in the 3 months before treatment)

and potentially could have been excluded from the results. Also included is the patient

who experienced the second greatest number of VT events before ablation (>2000 in

the 3 months before treatment) who required re-ablation with a catheter only 4 weeks

post radioablation. If both of these patients are removed from the figures, the reduction

in VT burden is 98.6% after the blanking period for the 3 patient group. This figure

perhaps better reflects the fact that VT events do continue to occur in some patients

following STAR. The paper concludes that the treatment was not yet suitable for
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clinical use at the time of publication due to its novelty and potential for harm and

that a phase I / II trial is being set up (ENCORE-VT) (see later discussion on trials,

including updated results from ENCORE-VT) in order to develop the evidence base.

The global impact of the 2017 Cuculich et al. 13 paper was significant. The authors

brought together the global community in 2018 at the SNORAD conference (Sym-

posium for Noninvansive Radioablation) at which the details of an upcoming phase

II/III trial for STAR were discussed. The paper was also translated into German29

and was highlighted in Nature30. As the technique had now been demonstrated to be

feasible with treatment technology more commonly available than CyberKnife, many

more centres started to take an interest in this novel approach to treating arrhythmias,

including three in the UK at which at least nine patients have now been treated.

1.2.5 Published reviews

Prior to the NEJM article’s publication, a review of the use of radiotherapy to treat

cardiac arrythmias was published14. The paper opens by specifying “a robotic arm

mounted delivery system” while later referring to any number of potential radiosurgery

platforms. The review was not comprehensive and gave more space to describing ra-

diotherapy to a cardiology audience than the specifics of arrhythmia ablation. The

review refers to the small number of patients treated to the date of writing (8 patients

by late 2017) and they comment that no radiation-induced complication had yet been

observed in the treated patients. In describing the potential for harm, they say that

“intracardiac injury may include valvular injury, premature coronary disease, pericar-

dial disease, and rarely intramyocardial injury. Phrenic nerve injury, esophageal injury,

and pulmonary injury are also possible”14.

A subsequent review of the field provides a more comprehensive discussion of the

technical approaches and challenges in the field of cardiac radioablation31. Published

prior to the ENCORE-VT trial result, Sharp et al. 31 describe the results of ten globally

treated patients and provide advice on treatment:
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• A multi-disciplinary team (MDT) approach should be adopted with care of the

patient passing between cardiology and oncology departments

• Electroanatomic mapping (EAM) should be used as a gold standard for targeting

• Non-invasive mapping techniques can be useful as complimentary to other imag-

ing tools for targeting, particularly where single-beat arrhythmias occur

In a review of the year 2018 for cardiology, the NEJM paper was highlighted as

opening new doors for therapy and the ENCORE-VT study was also picked out32.

1.2.6 Further experiences

Following the 2017 publication of Cuculich et al. 13 , more clinical and theoretical work

has been carried out including:

• A case report on a patient treated for electrical storm (ES)7

• MLC tracking for linac based STAR33

• In-depth reviews of radioablation sites34

• Reported results from trials5

• Proof of principle for c-arm linac delivery of radiation gated for cardiac phases35

The STAR technique has also started to be mentioned in the wider context of VT

treatment. A review on the treatment of VT was presented in Trends in Cardiovascular

Medicine 36 with a short mention of the potential for VT radioablation and a reference

to the Cuculich et al. 13 paper. However, the mention demonstrates the difficulties in

communication between EP and oncology: as an example, STAR is referred to as “low

dose”36. Even in the context of lung SABR doses being ∼50 to 60 Gy, it is a somewhat

distorted view to suggest that a 25 Gy single exposure to the heart is “low dose”; the

wider cardiology audience is not yet familiar with radiotherapy terminology, something
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the SNORAD conference aimed to address. The review references both the Cuculich

et al. 13 paper and the ENCORE-VT trial.

The ES case report by Jumeau et al. 7 is built on the success of the NEJM pub-

lication13, citing the 99.9% result previously discussed. Jumeau et al. 7 report that 3

patients were treated at their centre with radioablation to the heart since 2017 treated

with a procedure similar to that of Cuculich et al. 13 but focus on the detail of just the

first: a patient admitted following ES. The patient was receiving multiple shocks daily

and had a catheter ablation procedure which needed to be abandoned due to hypoten-

sion. Following the catheter ablation attempt the patient’s left ventricular ejection

fraction (LVEF), a measure of the percentage of the blood in the left ventricle which

is pushed out during one contraction, dropped to 15%. Following radioablation, the

patient stopped requiring ICD shocks completely (4 months of follow up reported) and

was discharged 2 months after ablation. Extubation was only possible 3 days after

ablation and the authors comment that the rapid response of the treatment and the

data from Cuculich et al. 13 have contributed towards determining that the mechanisms

for STAR are not simply late-induced radiation fibrosis but have a more significant in-

stant component of response. They note that “Some hints might be provided by in

vivo data by [Fajardo and Stewart 37 ] that showed in experimental models the presence

of inflammatory cells in heart tissues within hours after heart irradiation.”7.

An expert opinion piece was published just prior to the Jumeau et al. 7 report in

which the statement was made that “the delayed effect of SBRT makes it unsuitable for

rapid control of ventricular arrhythmias, such as VT storms.”9. It is a demonstration of

the as-yet unpredictable and nascent characteristics of the field that such a statement

was immediately proved incorrect by the first-in-man case of STAR for ES7 and soon

after in a German report18. The opinion piece brought the topic to a widely-read and

highly rated journal for arrhythmia: Arrhythmia and electrophysiology review.
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1.2.7 Global efforts

Three hospitals in the UK (Middlesbrough, Sheffield and Newcastle)38 39 have collec-

tively initiated treatment of patients under compassionate use grounds as the evidence

for such treatments to be commissioned by NICE (National Institute for Clinical Ex-

cellence) is lacking. In collaboration with each other, they have presented at SNORAD

2019 and the UK SABR consortium 2019.

German groups have recently published their first case studies of patients treated

with STAR. The first publication represents the first use of STAR for ventricular fibril-

lation (VF) storm and one of the youngest patients to receive STAR at 53 year old18.

The patient needed deep sedation and was refractory to all other treatments but re-

sponded well to STAR and was able to be revived, hence the somewhat dramatic title

of the paper: “Risen from the dead: Cardiac stereotactic ablative radiotherapy as last

rescue in a patient with refractory ventricular fibrillation storm”. Another patient, a

78-year old male patient with recurrent episodes of VT who was receiving shocks and

anti-tachycardia pacing despite medication, also received 25 Gy in a single fraction to

a PTV of 42 cc 28. While the patient responded to STAR well, he unfortunately died

due to complications from a clostridium difficile (c-diff) infection which led to cardiac

failure.

An unusual case study was presented by a Chinese group in 2019 of a young (29 year

old) patient experiencing VT secondary to a “massive cardiac lipoma (3.5 x 4.0 x 6.5

cm) in the left ventricular wall”40. Resection, catheter ablation and medication were

attempted but without long term success. A PTV of approximately 71 cc was treated

with 24 Gy in 3 fractions with CyberKnife. The authors cite their ‘more cautious’ dose

regime as due to this being the first treatment of its kind (VT secondary to lipoma) and

to preserve the function of the left anterior descending artery (LAD). After 4 months

of follow up, the patient had been VT free and without complication.

The Princess Margaret hospital in Toronto have treated a case of right ventricular

tachycardia34 and found that 6 days after SABR a reduction of VT burden from 600
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events per hour to 0 using a prescription of 25 Gy in a single fraction to a volume of

52 cm3.

1.2.8 Trials

There have been several trials developed for STAR to date:

• CyberHeart’s Cardiac Arrhythmia Ablation Treatment: Patients With Refrac-

tory Ventricular Tachycardia41.

◦ Single arm, prospective trial looking at the safety and efficacy of the Cyber-

Heart CardioPlan software in 10 patients. Patient selection includes ages

over 60 and with refractory VT. Primary endpoint is safety: measures of

SAEs over 30 days and between 31 days and 1 year post treatment. Sec-

ondary endpoints include number of shocks and episodes of VT. The esti-

mated primary completion date was December 2018 and the follow up period

is 12 months. Results are not yet published.

• ENCORE-VT (Electrophysiology-Guided Noninvasive Cardiac Radioablation for

Ventricular Tachycardia)42

◦ Single arm, phase I/II trial of electrophysiologic guided SABR ablation of

the heart in 19 patients. Patient selection includes minimum VT burden

requirements and at least one failed catheter ablation. Primary endpoints

are safety (number of grade 3 CTCAE v4 (Common terminology criteria for

adverse events) or higher SAEs in the first 90 days) and number of partici-

pants who experience a reduction in VT burden during the 6 months after

treatment. Secondary endpoints include overall survival and a reduction in

ICD shocks.

• UCLA’s trial43
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◦ Single arm, phase I/II trial to determine the maximal tolerated dose to

SABR in the heart in 30 patients. Patient selection includes refractory

VT. Primary endpoints are shock free survival time and number of patients

needing cardiac transplant.

• Germany (RAVENTA, NCT03867747)44

◦ Single arm trial aiming to show that STAR can be performed safely with no

intervention during the first 30 days after treatment in 20 patients. Patients

must have myocardial scar and require ICD intervention. Primary endpoint

is 30 day adverse event and SAE reports. Secondary endpoints include 12

month SAEs, reduction of VT over 12 months, overall survival and quality

of life questionnaires.

• Italy (STRA-MI-VT, NCT04066517)

◦ Single arm study looking at 12 month safety and efficacy of STAR in 15

patients. Secondary endpoints include total mortality, quality of life ques-

tionnaires and cardiac functional changes. Patients must have refractory

VT.

• Canada (STAR VTM, NCT04065802)

◦ Single arm study looking at safety and efficacy of STAR in 20 patients,

specifically without the use of a multi-electrode vest. Primary endpoints

of reduction in VT burden over 6 months and safety endpoint of 90 days

after treatment including pericarditis, radiation pneumonitis and changes in

cardiac function.

This list is not exhaustive but indicates the level of global interest in this technique.

Initial results of ENCORE-VT were published with a median follow-up time of

13 months for 19 patients5. One patient died shortly after ablation but due to an
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unrelated accident and was recorded as an ‘unlikely’ (in terms of the likelihood that

it was caused by the treatment) grade 5 SAE. Of the other 18 patients, 4 patients

experienced grade 1 or 2 adverse events (nausea, fatigue, hypotension and pneumonitis

as examples) which were generally resolved with medication or without intervention.

Only one grade 3 SAE was recorded as ‘probable’ (pericarditis). One other grade 3

SAE was recorded as ‘possibly’ linked to the treatment (heart failure). 1 year survival

was 72% which the authors claim to be similar to the life-expectancy of the patient

group without intervention although this was not tested in this single-arm trial.

From the efficacy end-point perspective, a reduction in VT burden was observed in

17 of the 18 patients who survived more than 6 months. The secondary end-points were

for a reduction of >50% and >95% in VT episodes and these end-points were achieved

by 17 (94%) and 11 (61%) patients respectively. Quality of life was reported by patients

to have improved during the 6 months follow up in both “social functioning” and

“health change”. In the “general health” category, there was no significant difference

between baseline and 6 months following treatment5.

Longer term follow up with the patients in the ENCORE-VT study was published

in late 201945. Median follow-up for surviving patients was 24.1 months with 2-year

survival reported as 58%. There were no deaths definitively linked to the treatment; 4

deaths were listed as possibly related. It was shown that the effect of treatment per-

sisted in 78% of patients at 2 years post ablation46. 2 specific SAEs were noted beyond

2 years post-ablation: a grade 3 pericardial effusion and a grade 4 gastropericardial

fistula.

The ENCORE-VT trial has demonstrated that non-invasive radioablation for pa-

tients suffering VT who are treatment refractory and have exhausted other treatment

options is a potentially safe and effective method to reduce the number of VT events

experienced which is known to improve quality of life for these patients. It is now pos-

sible to aim for larger, multi-centre trials to grow the body of evidence to potentially

demonstrate to regulatory bodies and clinical guidance and commissioning councils
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that STAR may be an effective tool for inclusion in the VT treatment toolkit.

A response to the ENCORE-VT trial was included in the same journal issue in

which the results were published47. This editorial piece describes the success and

questions opened up by the study and is cautiously optimistic about the result although

the authors comment that “As with any novel therapy, a case report, a small case

series, and now a small prospective study are certainly not enough to demonstrate

with confidence the safety and efficacy of this novel therapy.”47. In particular, the

editorial is sceptical about the use of the non-invasive mapping procedure used by

Robinson et al. 5 for providing targeting of the VT substrate. The authors make the

point that the technology is quite untested, as well as the fact that targeting the VT

substrate (even when done precisely) may not be the optimal treatment strategy. In

previous correspondence, the authors had somewhat presumed CyberKnife technology

to be the only viable method of delivery14 while in the editorial piece in 2019 the focus

had shifted to target delineation rather than technical delivery. This gives the sense of

how the broadening field was impacting on the cardiology community who were, and

still are, learning an entirely new paradigm for treatment.

Finally, the editorial indicates the need for dose-finding studies noting that 25 Gy

has been adopted almost universally for this purposeiii. Future research should focus on

exactly where the dose is being delivered and ask whether there is a required minimum

dose level in parts of the tissue that needs to be met in order to generate the treatment

effect.

1.2.9 Discussion and conclusions

The field of radioablation for various cardiac arrhythmias has been extant for ten years.

Theoretical work has been done in swine, several small scale case reports have been

published and now trials are starting to deliver results. It is as yet unclear whether

there is a long term future for this technique for several reasons:

iiiBetter reporting of dose-volume data would help as it is not always clear what the minimum and
maximum doses received by the target volume are
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• Technical challenges and the difficulty in translating good practice between cen-

tres with different equipment profiles

• Long term efficacy

• Long term side effects

However, interest in the field is starting to increase with articles seen in the highest

level journals such as the New England Journal of Medicine and Nature. Much more

work is likely to be done in the field before conclusions are drawn.

From a technical perspective, it is clear that there is difficulty in removing the

common radiotherapy (oncology) language from what is a non-oncological field: for

example, unlike in oncology, it is not necessarily a problem to miss part of the target

as the desired treatment impact may still be achieved. This is an opportunity for

research questions:

• Should the whole scar (or indicated treatment region) be treated or can partial

volumes which ‘cut’ through part of the volume be used to the same effect?

• Covering the whole treatment region is being done according to best radiother-

apy practice: adding margins to ensure that a certain percentage of the volume

receives a certain percentage of the dose. If partial volumes produce positive

results, could margins be reduced to produce the same treatment effect?

• As dose distribution ranges are high with parts of the treatment volume receiving

doses in excess of 130% of that prescribed, is 25 Gy enough to have an effect or is

it the 30 Gy and above dose that are impacting on the disease? Dose escalation

or fractionation studies might be productive in demonstrating the potential for

achieving similar outcomes with a reduced risk of negative side-effects.

• Safety is clearly an important issue. As shown by ENCORE-VT, some patients

are surviving beyond the 2 year point and can, albeit rarely, experience serious
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negative side effects of treatment. How can organs at risk be best protected given

the lack of certainty around the geography of treatment volumes?

Significant work in the form of phase II and above trials is required to answer

these questions. Various locations around the world are putting such trials together.

Speaking a common language between cardiology, oncology and the technical teams

(physicists and radiographers) delivering these treatments will be critical to achieve

useful results. The team at Washington University at St Louis have begun developing

that language at the SNORAD conferences and continual communication will be needed

to ensure the field continues to develop.

1.3 Technical elements of STAR

Several authors of case reports and trials have described the techniques used to deliver

STAR and there have been a number of specific planning studies published as well.

In this section, the techniques are described and details supplied with regard to the

following planning parameters:

• Delivery platform and motion management approaches

• Planning technique and target volumes

• Organs at risk and toxicity

1.3.1 Delivery platform

Delivery platforms that have been used to deliver STAR to actual patients are: Cy-

berKnife (Accuray, CA), Elekta Versa linear accelerators (Elekta, SE) and Varian

linear accelerators (Truebeam and Edge) (Varian, CA). Other platforms have been

proposed for the use but not yet employed, such as the MRI linac48 and carbon-ion

therapy units49. No published literature yet exists for proton beam therapies except

for a recent study in swine50. Planning systems that have been used to develop plans
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for cardiac SABR include Eclipse (Varian, CA), Pinnacle (Philips, NL), MultiPlan

(Accuray, CA) and TRiP4D (GSI, DL). As yet, no published data is known to exist

for Elekta treatment planning systems (OMP, Monaco) (Elekta, SE), Tomotherapy

(Hi-Art, Precision) (Accuray, CA) or RayStation (RaySearch, SE).

The CyberKnife platform operates as a linear accelerator mounted on a robotic

arm and has the option of either multi-leaf collimators (MLC) (M6 model) or irises

of varying diameter (G4 model). Individual beamlets are planned and the beam is

directed from a wide range of angles towards the target. The Synchrony tracking

system has been used for CyberKnife deliveries of radioablation to the heart12 19 23. It

works by internally tracking a fiducial marker with x-ray images while simultaneously

tracking the patient’s surface as a marker for respiratory motion. While of clear benefit,

Synchrony, or indeed any motion tracking system is not capable of reducing margins

to zero although it has been used to do so in at least one case7.

A comparison of the abilities of CyberKnife with other treatment units and plan-

ning systems is given by Weidlich et al. 51 who conclude that the CyberKnife system

presented the best opportunity to spare nearby critical structures and had the advan-

tage of online tracking. The authors, whose conflicts of interest include working for

CyberHeart, also used a zero margin for respiratory motion for CyberKnife which is

likely to be too small given the work of Fahimian et al. 52 (see section 1.4).

The Varian Truebeam and Edge linear accelerators are not equipped to perform

motion tracking in the same way as CyberKnifeiv, although respiratory gating solutions

exist which would shut the beam off when the target moves out of field. In general, this

leads to wider margins being applied to targets when CyberKnife is not being used13.

The problem of motion management is far from resolved in STAR and a detailed

look at this problem is presented in section 1.4: Motion modelling and tracking.

ivHowever, a group in Australia have been working on MLC tracking of targets and have applied
their research to the topic of cardiac arrhythmias33.
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1.3.2 Planning technique and target volumes

In this section, the approaches used for treating the target in the ENCORE-VT trial

are noted and the volumes of tissue treated in ENCORE-VT and other publications

are compared.

It should be noted that drawing clear conclusions about planning and treatment

techniques is not yet possible given the low numbers of patients that have been treated

globally. A range of planning and treatment approaches for 4 groups, each of which

has recorded 10 or more patient treatments, have been reported53. While there appear

to be a range of outcomes, the difference in reported timescales and the associated

range of different side effects, combined with the small patient numbers, make such an

assertion impossible at this early stage in human trials of STAR.

Cuculich et al. 13 used both static field planning approaches and non-coplanar vol-

umetric modulated arc therapy (VMAT) in the Pinnacle planning system; the same

approaches were used during the ENCORE-VT trial which has been the only trial yet

to report results5. Oesophagus, lungs, stomach and spinal cord were included as organs

at risk with tolerances set as maximum and near maximum dose limits42. Patients were

immobilised with BODYFIX ‘VacBags’ (Elekta, SE) which ensure the patient can be

located on the treatment unit in the same position that they were imaged in for treat-

ment planning. The target, identified as the VT exit site and the scar using a number of

different imaging modalities, was constructed as a ‘Gross Target Volume’ (GTV) which

was outlined on a free-breathe CT scan and then grown to an ‘Internal Target Volume’

(ITV) using combined cardiac and respiratory motion from a 4D CT scan. Finally the

ITV was grown by 5mm in all directions to create a ‘Planning Target Volume’ or PTV.

Note that the use of ‘GTV’ is a term adopted from the oncology world and needs some

translation into the STAR setting. In cancer treatment, the complete treatment of the

GTV is usually associated with intended treatment outcomes. In STAR, however, the

entire GTV does not need to be irradiated in order to achieve the desired treatment

effect. A STAR GTV will usually include some region of tissue that, if irradiated, will
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result in a change to the VT pathology. Due to the inherent uncertainty in defining

the VT exit site, the GTV will commonly also include a volume of tissue that does not

need to be irradiated to achieve the treatment goal.

Cuculich et al. refer to the ‘ablation volume’13 which has caused some confusion

with other authors. Jumeau et al. 7 for example compare ablation volumes from their

3 patient study (19, 21, 35 cc) with the range of ablation volumes from Cuculich et al.

(17 to 81 cc) and note that theirs are smaller. However, the difference from a planning

perspective is even more significant. It appears that Jumeau et al. 7 are presenting PTV

data: they outline the VT substrate and add “no additional margin ... for planning”7.

Conversely, Cuculich et al. 13 have presented GTV data and this point is clarified in

the ENCORE-VT trial report as “median planning target volume was 98.9 cc (range,

60.9 - 298.8).”5. These are large differences: volumes are almost 5 times larger and

the equivalent ratio of sphere diameters is approximately 1.7. It is assumed that this

difference is due in part because CyberKnife was used with target tracking7, but also

must demonstrate a difference in the volume of tissue identified for treatment in each

case.

At SNORAD 2019, there was discussion regarding future trials. An exclusionary

point was suggested that planning target volumes in excess of 200 cc should be rejected

from trials as the evidence suggests that larger treatment volumes might be associated

with lower survival rates54.

There have been significant efforts to apply non-invasive mapping technologies for

detecting VTs in patients; invasive cardiac catheter mapping techniques carry inherent

risk55 and it can be a challenge to capture certain arrhythmias which are transient

or infrequent56. The difficulty with non-invasive methods is in solving the “inverse

problem of electrocardiography”57 as regularisation of the signals can fundamentally

change the interpretation of the ECG data58.

There are at least 2 commercial solutions to implementing multiple-lead ECG tech-

nology for non-invasive arrhythmia mapping: the BioSemi 256 lead vest, now owned
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by Medtronic and referred to as the CardioInsight vest and the ‘View into Ventricular

Offset’ (VIVO) system which uses 12-lead ECGs. Results of using the CardioInsight

vest in-vivo have been published55; ‘high spatial resolution’ is referred to but not quan-

tified59. In brief, the technology has been shown to reproduce the in-vivo findings of

electrocardiogram (EGMs) that were low voltage and fractionated meaning that scar

could be identified and correlated with scars seen on MRI or SPECT images.

From the cardiology perspective, these technologies appear to be useful to localise

arrhythmias59 60 and for risk stratification in ischaemic cardiomyopathy (ICM) pa-

tients61. From a radiotherapy perspective, the spatial accuracy of the technology may

not yet be sufficiently high to contribute to delineation: one source quotes 10 to 43

mm57, another reports median localisation errors of 10.6 vs 27.3 mm for epicardial

mapping and 7.7 vs 17.1 mm for endocardial mapping62 (comparing 12 lead ECG with

a new statistical approach against the BioSemi 120 lead vest).

However, the applicability of surface ECGI for, at least, ischaemic VT has been

called into question by a Canadian study34. By application of an endocardial balloon

with an epicardial sock simultaneously, 9 VTs from 8 patients were measured in-situ

to locate the epi-cardial exit sites and mid-diastolic isthmus which would typically be

the ablation site during ‘conventional’ catheter ablation procedures. The study found

a median difference of 32 mm between the sites, leading them to conclude that surface

ECGI can only be of limited value for locating ablation sites and the authors caution

the continued use of the completely non-invasive pathways being established on the

basis of multi-lead vest devices.

Clinical trial protocols have left the decision about where to treat in the hands of the

clinicians. STRA-MIT-VT recommends the use of electro-anatomical mapping (EAM),

CT, cardiac CT and other information to determine the treatment region63. ENCORE-

VT includes MRI, PET, EAM and other methods to target any scar, inflammation and

regions of VT origin42. The prescription of 25 Gy in a single fraction has been almost

universally applied for STAR except in a small number of cases where 24 Gy in 3#40
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and 20 Gy in 1#53 have been used. It has been shown that 32.5 Gy generates electrical

block in pigs’ hearts20 but in humans a target dose of 25 Gy to 95% of the target has

produced the desired effect44. Current trials prescribe 25 Gy in a single fraction to

either cover the 95% isodose around the target44 or for 95% of the target to receive a

minimum of 95% of the prescription42.

On the basis of limited understanding of STAR treatment mechanisms, coverage

of the whole delineated substrate should be aimed for; more evidence is needed before

volume reduction should be attempted. However, because of the noted uncertainty

around localisation of entrance and exit sites, it appears that delivering sufficient energy

to any part of the scar or circuit might be capable of disturbing the substrate sufficiently

to prevent or reduce the arrhythmia. The relevant question then becomes whether

treatment volumes are large enough, given the motion of the heart and lungs, to actually

deliver specific doses (25 Gy, 35 Gy) or whether the motion of the tissue will result in a

lower received dose. Non-invasive targeting methods can be used to report the region

of the heart for targeting, but are not yet sufficiently precise to use to create targets

on their own.

1.3.3 Organs at risk

Organ at risk definitions and tolerances have been drawn from a number of sources for

planning studies in STAR.

• RTOG 0915 lung SABR guidance, prescribed 30 Gy in 1# (Ipsen et al. 48)

• AAPM (American Association of Physicists in Medicine) TG101 guidance, pre-

scribed 25 Gy in 1# (Jumeau et al. 7 , Wang et al. 64)

• Combination of sources65 66, prescribed 25 Gy in 1# (Blanck et al. 27)

• RTOG 0813 lung SABR guidance, prescribed 50 Gy in 5# (Xia et al. 67 , Lydiard

et al. 33)
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There is no clear consensus on what values to use for planning these patients which

is a consequence of the short term follow up experienced by the patients who have yet

been treated and the relatively little single-fraction data available in all thorax and

abdominal radiotherapy settings. OAR tolerances are usually defined to reduce the

chance of a certain side effect to a particular likelihood and will depend on a number

of factors including the general health of the patient group and the treatment effect

being aimed for. There are too many unknowns at this stage in the development of this

treatment to be definitive about what dose limits are appropriate. For the stomach, a

structure found to be difficult to keep in tolerance in the UK experience, dose limits

are found in trial protocols in 2 places: 22 Gy max (17.4 Gy < 5 cc) (ENCORE)42 and

12.4 Gy (11.2 Gy < 10 cc)68. The latter reference is a 34 Gy single fraction lung trial

and perhaps limits the stomach to a lower dose as it may be more achievable when

planning to lung volumes which will typically be further from the stomach than the

heart.

In addition to healthy organs near the target, low dose to the heart itself (1 to 3

Gy mean dose) is known to cause future heart disease at a time scale of typically years

if not decades later. The lifetime excess relative risk is reported to be 7.4% per Gy

mean heart dose69 70.

From the small amount of clinical data now being reported, it is apparent that

injury from STAR is possible but uncommon. Jumeau et al. 53 summarise the most

recently reported data and show that where injury does occur, radiation pericarditis

and pneumonitis are the most frequent side effects; both can be managed and are not

likely to cause long-term damage. They cite one group’s data of 10 patients including

4 cases of nausea. To date, only one case of a grade 4 toxicity to the stomach has been

reported45.
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1.3.4 Discussion and conclusions

Several studies have reported that clinically acceptable plans from a target coverage and

organ at risk sparing point of view are not difficult to construct5 12 64, but the challenge

might come both when it is better understood which cardiac structures suffer in the

short term most from high or low dose radiation exposure (Blanck et al. 27 considered it

necessary to include a departmental limit to coronary arteries as no guidance could be

found). There is general concern for gastro-intestinal structures (oesophagus, stomach,

bowel) and keeping dose as low as possible, even at the expense of target coverage,

may be a sensible approach. Future trials must aim at better reporting of a wide

range of structures which could link to SAEs. Both CyberKnife and c-arm linacs have

been demonstrated to capably deliver high doses while sparing organs at risk for this

purpose.

The differences in single fraction stomach doses found in trial protocols indicates

the lack of certainty around organ at risk effects at high doses in single fractions.

The impact of aiming to treat to 12.4 Gy max instead of 22 Gy max might be a

loss of 5 mm or more of the PTV near the stomach. It is also unclear exactly how

to report the maximum doses where trials specify different methods of outlining the

organ itself. ENCORE-VT specifies planning on a free-breathe CT, but RTOG-0915

does not, leaving the planning team to decide whether to outline the full motion of the

stomach or just during one phase of breathing. This is a point where reporting can be

improved and this thesis aims to contribute to that goal.

Target volumes are not uniformly produced among centres performing STAR and

should be a product of the regions of heart being targeted, the degree of motion (car-

diac and respiratory) seen and the equipment used to deliver the radiation (dose rates,

whether tracking is performed and what set up devices and tolerances are used). The

current working assumption is that total target coverage is required to produce the

desired clinical effect, rather than being able to target only a portion of the scar for

example. However, as noted, it might not be overly important where in the VT sub-
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strate the radiation is delivered, but simply that some part of the tissue is sufficiently

modified to redirect the electrical signal. Crucially, wherever radiation is used to treat

any disease, risk is incurred and so it must be well established that the treatment will

be effective: ensuring precise targeting methods must therefore continue to be an av-

enue of research and trials should aim to be as prescriptive as possible in this regard.

The limit on PTV volumes (200 cc) is a point of interest54 and should be taken into

consideration when planning STAR treatments.

There are a large range of approaches being adopted for STAR with treated volumes

ranging from 3 to nearly 300 cc (although, as noted, larger volumes should be avoided).

Detailed recording of target definition and dose distributions will significantly improve

the understanding of how these treatments are being effective. In acknowledgement

of all of these uncertainties, the issue of patient selection continues to be important:

only those most in need of STAR should receive it, others should continue with more

conventional treatments.

1.4 Motion modelling and tracking

All external radiotherapy approaches, whether robotic arm mounted or c-arm style,

rely on the idea of the patient being fixed in space with some compensatory method

of ensuring that displacement from the point of origin (isocentre) is accounted for. To

acknowledge and compensate for known displacements during the radiotherapy process,

the relevant question is: “How much variation in the position of an object (tumour)

would be expected over a timeframe relevant to treatment?”. This is a well researched

question with general guidance to its solution provided by several references including

ICRU (International Commission on Radiation Units and Measurement) report 6271

which recommends the use of different rind volumes to compensate for positional errors

due to motion. Analytical approaches to calculating appropriate dimensions of these

volumes have also been studied72.

Two broad aspects of motion need to be considered:
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• Internal motion of the target - e.g. respiratory motion, organ filling, cardiac

motion

• Patient external motion - voluntary or involuntary movement during treatment

In brief, the relevant volumes which are considered here are the gross target volume

(GTV), internal target volume (ITV) and the planning target volume (PTV). The ITV

builds on the the GTV by observing the range of positions that the GTV occupies and

growing the target volume accordingly. The PTV acknowledges the errors in matching

the patient position at treatment to the position they were in at planning. Use of

tracking or patient control methods during treatment can be used to reduce the rind

volumes: for STAR, respiratory motion might be removed or significantly reduced in

the ITV leaving just cardiac motion as a factor to consider.

In this section, cardiac motion is first described and the literature is subsequently

presented to provide baseline data on the degree of motion expected in patients’ hearts.

Finally, methods used for measuring and controlling motion in STAR and other relevant

forms of radiotherapy are considered. Unfortunately, from a cardiology perspective,

the question of the degree of motion at a single part of the heart relative to some

fixed point in space is not one of routine interest and the sparsity of references with

numerical values indicating cardiac motion reflects this.

1.4.1 Cardiac motion

Cardiac wall motion is far from simplistic, but is a complex interaction of 2 sets of fibres

(endo- and epi-cardial): the base and apex rotate in opposite directions to each other,

creating motion which minimises transmural stress on the LV muscle73. “Cardiac

motion itself does not result in significant translational movement, ... contraction

occurs in a “wringing” motion”14. From the perspective of the radiotherapy planning

problem, total translation in 3 axes (sup-inf (SI), left-right (LR), ant-post (AP)) are

the desirable data points for understanding how best to compensate for motion: such
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data can inform ITV generation. Simplification of ‘true’ motion of the heart wall is

therefore needed for use in radiotherapy planning.

Importantly, different regions of the myocardium move in different directions at

different velocities51. As well, it is acknowledged that most patients who might be ap-

propriate for STAR would have reduced heart motion in line with reduced LVEF7 23 13:

“Larger regions of existing scar reduce the contractility of the heart”51.

1.4.2 Motion reported in the literature

The results from a literature search investigating reported motion in segments of the

LV are reported here.

Cardiac motion has been studied for hundreds of years, with some early publications

even referencing notes by Leonardo Da Vinci74. A fundamental point is made by

this reference that is picked up in various other publications who had the benefit of

more modern imaging techniques: the apex hardly moves at all75 76. Between end-

diastole and end-systole, the plane between the atria and ventricle (atrioventricular

(AV)) moves towards the apex which is relatively stable. Some published data is noted

here, included primarily in order to provide some baseline data for comparison with

measurement made in this thesis.

Slager et al. 75 aimed to determine endocardial wall motion from anatomic land-

marks which they demonstrated in pig hearts. Hearts of 23 patients, included because

of suspected heart disease, were then imaged for these landmarks with the patients

asked to suspend breathing during imaging to remove respiratory consideration. Hearts

were imaged using “left ventricular cine-angiography” which, this author assumes, is

performed using an ant-post arrangement of x-ray source and imager. Detected motion

is reported using a coordinate system that relates to the heart at end-diastole and, due

to the imaging orientation, does not include any ant-post motion. The y-axis is aligned

with the long-axis of the heart (essentially LR), with the x-axis (SI) perpendicular to

it. Results showed progressively less motion towards the apex with around 10 mm
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of motion between end-systole and end-diastole near the mitral valve. On the x-axis,

motion between cardiac phases was between 5 mm (mitral valve end) and 13 mm (near

the centre).

Slager et al.’s results were reinforced by an MRI study76 in which it was shown that

long-axis shortening at end-systole compared with end-diastole was around 13 mm at

the base, 7 mm at the mid-point and 1.6 mm at the apex.

Another study which aimed to highlight changes in motion due to myocardial in-

farction (MI) was performed around the same time but used ultrasound (US)77. The

study looked at the displacement of the AV plane for 40 patients and 19 healthy vol-

unteers using US. They compared septal, anterior, lateral and posterior positions and

demonstrated significance in the difference between motion with and without MI in

each location. For patients with an anterior MI, the difference in displacement was

greatest at the septum (8 mm MI vs 15 mm normal) while the posterior edge was least

impacted (12 mm MI vs 15 mm normal). For patients with posterior MI, the posterior

position was most different (8 mm MI vs 15 mm normal).

1.4.3 Cardiac and respiratory motion during radiotherapy delivery

Publications relating to the application of motion data in STAR and related radiother-

apy processes are presented here.

Fahimian et al. 52 considered the accuracy of the CyberKnife tracking system based

on stereoscopic image pairs of a fiducial implanted in the ventricular apex (VA). Their

results showed that 90% of the delivered radiation had radial deviations of less than

5.5 mm and they concluded that a minimum of a 5 mm margin should always be used

for planning. Note that this is in the CyberKnife setting with tracking enabled; for

non-tracked deliveries, one would expect that this margin may need to be even greater.

Lydiard et al. 33 aimed to demonstrate feasibility of MLC tracking for motion com-

pensation of AF treatments. Using 4D US, they measured motion in 3 healthy male

subjects’ hearts near the pulmonary vein antra. Using Fourier analysis, cardiac mo-
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tion was separated from respiratory motion and was found to be “1.8 ± 1 mm in the

left-right direction, 3.6 ± 3 mm in the superior–inferior direction, and 3 ± 2 mm in the

anterior-posterior direction”. Total motion with respiratory motion included was 7.7

± 3 mm, 15.6 ± 3 mm and 11.7 ± 2 mm respectively. This data was used to inform an

MLC tracking algorithm that was then tested against 5 AF treatment plans. Results

showed improvements in delivered dose distributions according to gamma analysis (for

2 mm, 2% gamma, the percentage of failed points were 13.1% without tracking and

5.9% with tracking). It is unclear as to whether these differences would be clinically

significant but the principle of MLC tracking for STAR has been demonstrated to

quantitatively improve delivered dose distributions.

A master’s thesis from 201878 and a subsequent technical note35 demonstrated

the feasibility of cardiac synchronised VMAT delivery by splitting up a treatment

plan into 3 ‘interleaved’ plans which are all synchronised with the same part of the

heart’s rhythm when the heart is moving least: diastole. Plans therefore take much

longer to deliver but are focused on treating a practically static target. This technique

potentially allows for target volume reduction and reduces uncertainties in the planning

process as the target motion is significantly reduced although breathing motion is not

yet compensated for. The authors comment that a next step would be to compare

dose distributions with their technique against ‘conventional’ approaches which would

certainly allow for a more detailed analysis of the benefits of cardiac phased delivery of

treatment. As a proof of principle, cardiac synchronised treatment delivery has been

shown to be possible. There are many steps before such a technique could work for a

patient; motion based phantom deliveries and accounting for breathing motion would

be important next steps in that process. Consideration also needs to be given for

the linac on which treatment is being delivered. Elekta units typically have beam on

latency times of around 300 ms79 which is a considerable portion of the cardiac cycle

(750 ms for an 80 bpm rhythm), making this approach less achievable.

Another interesting piece of work has demonstrated the potential for acquiring
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images from the Elekta XVI system which are both cardiac and respiratory gated80.

By using the electrocardiogram (ECG) and breathing trace for the patient, the linac

gantry was controlled to move at a rate that ensured image capture during specified

parts of the breathing and cardiac cycles, resulting in a sharper image, primarily aimed

at reducing noise for imaging thoracic tumours. While not directly a solution for

managing cardiac motion in the STAR setting, the concept of a linac gantry being

controlled for both cardiac and respiratory motion is certainly of interest in this field.

1.4.4 Diaphragm motion alone

A simpler question than motion in specific points in the myocardium is that of di-

aphragm motion which is often directly related to lung tumour motion (depending on

the position of the tumour) and may similarly be useful for predicting motion of cardiac

targets. As noted in several references in this section, respiratory motion is named as

the largest contributor to intra-fraction motion in the cardiac SABR literature and is

largest in the SI direction14.

Edmunds et al. 81 used a neural-net approach to detecting the diaphragm position in

cone-beam CT (CBCT) images on an Elekta linac using the XVI system with the aim

of predicting diaphragm position during radiation delivery. They had good success

rates with diaphragm positions tracked in 87.3% of images and a mean diaphragm

apex prediction error of 4.4 mm when compared to a manually identified “ground

truth”. The authors comment that with coding improvements for speed and some

extrapolation to ‘fill in’ frames where prediction failed, their process could be used to

determine diaphragm position during treatment for lung tumour tracking.

In another study aiming to track tumour motion in lung radiotherapy, Wei and

Chao 82 demonstrated the use of a parabolic curve fitting algorithm to track diaphragm

motion in cone-beam CT images. They had a similar degree of tracking success (be-

tween 81 and 96% of projections across 6 patients had the diaphragm successfully

detected) but a lower error of 0.8 mm mean positional error and 0.6 mm standard
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deviation.

Hindley et al. 83 propose a potential method for real time diaphragm tracking with

a methodology including the building of a model based on 4D images before it is

applied to the planar images, in this case from the Varian kV imager. They reported

95th percentile errors of 0.5-3.1 mm in LR, 1.6-6.7 mm in SI and 1.2-4.0 mm in AP

directions.

For c-arm linacs, delivery times are typically greater than 5 minutes: too long for

a patient to hold their breath. However, some centres are able to deliver STAR in a

sequence of short ‘deep inspiration’ breath holds (DIBH) in order to reduce respiratory

motion44 and planning studies have been carried out with DIBH in mind67. DIBH is

often achieved by monitoring the patient with a surface guidance radiotherapy (SGRT)

system such as AlignRT (VisionRT, UK) or Catalyst (C-RAD, Sweden)84.

Controlling respiratory motion is also possible with abdominal compression: a de-

vice that pushes down on the patient’s abdomen to restrict motion of the diaphragm.

This approach was used in the original 5-man series13 and the ENCORE-VT trial42.

1.4.5 External patient motion

As well as respiratory and cardiac motion, the whole patient may move during treat-

ment. Various studies on the degree of motion during treatment have been performed

with CBCT verification imaging used at the start and end of treatment to compare dif-

ferences in patient positioning. Case et al. 85 showed that for 29 patients each receiving

6 fractions of radiotherapy to the liver, the mean intrafraction positional differences

were 1.3 mm, 1.6 mm and 1.5 mm in LR, AP and SI respectively. 90th percentile

values were reported closer to 3 mm in each direction. A study of a new plastic shell to

restrict patient motion in the lung SABR setting reported mean intrafraction motion

of 0.05 mm, 0.44 mm and 1.44 mm in LR, AP and SI.

In the single fraction setting, STAR for example, external motion should be appre-

ciated as the entire delivery will be offset by the average motion during the delivery.
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Fiducial tracking, as per the CyberKnife system, promotes itself as an important tool

in this context. SGRT systems are also a useful tool for monitoring patient position

and can be set to restrict radiation delivery in the event that the patient moves more

than by a pre-set amount.

1.4.6 Motion tracking and research aims

Motion tracking approaches for radiotherapy include fluoroscopy with implanted gold

seeds86, implantable electro-magnetic (EM) devices tracked using RF fields87, ultra-

sound88 and kilovoltage intrafraction monitoring (KIM)89. These approaches have

been reported for use in prostate, lung and liver, among others. The KIM approach

in particular suggests itself as widely accessible; it operates by detecting the location

of an implantable fiducial in the patient’s tumour and uses precalculated probability

densities to predict the position of the object in 3D space. Other publications have also

exploited kV planar images to track objects in the pancreas90 and gastro-oesophageal

junction and lung91. However, other than with the CyberKnife platform, fiducials have

not been reportedly used for tracking areas of the heart.

At the time of writing, the field of STAR is such that it is being used only as a

‘last resort’ for patients: all other avenues of treatment have typically already been

attempted. In the large majority, if not every patient, an ICD will be present with

a lead running into the heart, with a distal electrode, or ‘lead tip’, embedded in or

near the septal wall. This research hypothesises that the lead tip might be a relevant

and accessible fiducial which could be tracked using kV planar images, as in KIM and

other systems. The approach taken here is to extract the fiducial data off-line (when

the patient is not present) to provide measurements of the motion in the heart which

could inform planning and possibly provide quality assurance at the point of delivery.

As in other publications89 91, this concept may prove itself to be applicable during

treatment, but this research study is a feasibility study only and does not attempt to

be used in a ‘live’ environment.
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The position of the lead tip is a better surrogate for the target in some cases

than in others, depending on the area of the ventricle in which the VT is generated.

Each patient undergoing STAR has different ventricular function depending on the

damaged region and the extent of the damage. In the ‘worst case’ where the targeted

myocardium is on the anterior wall, the motion and position of the lead tip may not

be representative of target motion, but may still be able to act as a trackable point

which can be used to quality assure patient set up and cardiac motion at different time

points in their treatment pathway. Other surrogates, such as calcifications or sensing

leads may also be present in some patients and might present other potential surrogates

which could be used in the same way. No literature was found to show how the lead

tip moves with regard to the tissue in which it is embedded. An extension to this work

would be the use of ultrasound imaging to quantify lead tip motion against the tissue

in which it resides.

An advantage of using the kV planar images to acquire measurement of cardiac

motion is that the patient is in the treatment room and the correct position: mea-

surements are directly relatable to planning considerations. Additionally, it carries no

equipment costs as kV panels are standard on c-arm linear accelerators. Finally, as

noted, other points in the images such as the diaphragm can also be tracked, meaning

that organs at risk, such as the stomach, can also be considered using the same data

sets.

1.4.7 Discussion and conclusions

Cardiac motion is complex and should not be underestimated for radiotherapy delivery

with reported motion of up to 15 mm in parts of the myocardium. There are some

references to baseline values for healthy hearts presented here, but the data presented

by Höglund et al. 77 backs up the intuitive fact that diseased regions of the heart move

differently to healthy regions. As STAR typically targets areas of scarred tissue and

nearby circuit entrance or exit points, it is likely that in many cases, observed cardiac
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motion will be less than or equal to those values presented here. In addition, each

patient is physiologically unique and, in the modern era, it is appropriate to aim for

personalised medicine: motion from the individual’s heart should be used to prepare

their own treatment plan.

Respiratory motion is an important factor for both targets and organs at risk,

particularly the stomach, in the STAR setting. Various methods of controlling it have

been used (DIBH, abdominal compression) in treating STAR and it is known to make

a significant difference to the amount of motion in the target33. Various methods

for accounting for respiratory motion during treatment are also used: CyberKnife’s

synchrony system, MLC tracking, and respiratory gating. Respiratory motion is well

assessed and controlled in the radiotherapy setting: cardiac motion is a relatively new

aspect of radiotherapy treatment with many avenues of research open to it.

Motion data is captured for patients receiving STAR with ultrasound, MRI, CT

and other modalities potentially giving the users the ability to observe displacement

ranges of the myocardium across the full treatment volume. No cardiac motion data

has yet been presented for the patient in the treatment position or assessed changes

in cardiac motion data at different points in the STAR process (assessment, planning,

treatment delivery). The ability to capture motion data on-set has been demonstrated

by a number of authors focusing on the motion of the diaphragm. Fiducials have

been previously mentioned (sections 1.2 & 1.3) and are used to track points in the

myocardium for CyberKnife deliveries. A convenient traceable point in the hearts of

many STAR patients is the tip of the pacing lead. In this work, the use of x-ray imaging

tools on-board the Elekta Versa linac is proposed to capture motion in the hearts of

STAR patients at the position of the pacing lead tip. The reported data from this

work should contribute to the growing body of data relating to cardiac motion and

help improve the planning and reporting of STAR treatments.
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1.5 Conclusions and research aims

Over the last decade, an entirely new paradigm in treating arrhythmias in the heart has

been proposed and investigated by a number of authors. The Washington University

in St. Louis group has been instrumental in informing the community, initiating trials

and bringing oncology and cardiology teams together at SNORAD conferences. There

has been significant global interest in the technique which may have the ability to

open up new avenues of treatment for patients who have exhausted all other treatment

options and suffer from significant physiological and social problems in their daily lives.

Target definition is quite different to general oncology practice in which tumours are

usually visible or defined according to best practice. Tools being investigated for use

in targeting such as non-invasive cardiac mapping ‘vests’ or similar tend to have large

positional uncertainties which do not map well with the high precision techniques in

modern radiotherapy practice. However, it has been shown that where the treatment

goes might matter less than the fact that it is delivered at all. The previous statement

must be followed by acknowledging that the data is too sparse and too early to make

any definitive points along those lines. A natural consequence of the modernity of

the field is that the effectiveness of the different approaches are not yet known: there

is a general trend towards smaller target volumes which better spare organs at risk

but which also, non-intuitively, appear to be delivering treatments just as effectively

as larger targets. Indeed, larger targets have been associated with poorer patient

outcomes and potentially should be avoided.

Different treatment platforms and techniques are being used to optimise treatments:

maximising dose to the target and reducing dose to organs at risk. There is interest in,

and a focus on controlling the motion both from the diaphragm and the myocardium.

Several authors have published data on methods to measure organ displacements, but

as yet none with the patient in the treatment position on a c-arm linac. Optimal

methods for target and organ at risk definition have not been agreed on. Clinically,

organ at risk tolerances have yet to be developed with much certainty and there are
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technical aspects to how organs should be defined under the impact of respiratory

and cardiac motion which have yet to be resolved. As trials continue into the next

decade, dose reporting should be improved to enable high quality data comparison and

guidance on the technical aspects of STAR to emerge.

1.5.1 Aims of this work

This project primarily aims to create and validate a method for characterising cardiac

and respiratory motion in patients undergoing STAR treatment. The data acquisi-

tion and analysis methods are directed at modern radiotherapy centres with standard

equipment: linear accelerators fitted with kV imaging panels. This approach is taken

because the observation of cardiac motion on a linear accelerator is practical and po-

tentially widely applicable, as well as novel. Using the linear accelerator to determine

motion also ensures the patient is in the treatment position making measured data

directly applicable to radiotherapy plans. The project also aims to apply the measured

data from a small patient sample to treatment planning considerations: target sizes

and control of dose to organs at risk.

This thesis presents two papers. The first describes the methodology for character-

ising motion at the point of the pacing lead tip and diaphragm using a novel geometric

approach which includes manual selection of the pacing lead tip and section of the

diaphragm. This methodology required the development of a novel data processing

toolkit to identify the object of interest in each frame of an imaging sequence and

return a displacement offset in physical distance units. It was validated by imaging a

ball bearing in motion on a controllable platform and motorised arm. The first paper

concludes that it is feasible to characterise cardiac motion at a point using the pro-

posed methodology. It also contributes to the extant literature with a novel method

for identifying diaphragm position in planar kV images from a linear accelerator.

The second paper aims to apply the methodology developed above to patient data

at multiple time points in the patient journey. It discusses the implications of having
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access to this information and how it could be applied in the clinic. The paper also ad-

dresses the topics of applying the data to target definition and organ at risk positioning,

and concludes that this work opens up multiple avenues of research. While the small

patient sample prohibits making broad statements about how to treat STAR patients,

the measured data serves to illustrate the benefits of having access to such information

throughout the treatment planning and delivery processes. This work aims to progress

the discussion about targeting and dose restriction in STAR and does so from the cur-

rent standard practice position in which STAR targets are treated in a similar way to

oncological targets in radiotherapy. It is hoped that extensions of this research may

contribute to the discussion on whether that is a clinically useful approach.
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2.1 Abstract

Purpose: STereotactic Arrhythmia Radioablation (STAR) is a novel indication for

radiotherapy in treating ventricular tachycardia (VT). Planning and delivering radio-

therapy to a target displaced by both cardiac and respiratory motion is challenging

and is being addressed in a number of different ways. We propose a method to capture

both elements of motion using the kV imaging panel found on most linear accelerators

(linac).

Methods: Rotational planar images, used to create 3D and 4D images for positional

verification, were captured on an Elekta Versa HD linac. The pacing lead tip embedded

in the septal wall was tracked using an algorithm written in Python which also tracks

the position of the left diaphragm. Novel geometric methods were used to translate

image positions in the 2D images into distance from a fixed centre of displacement

(CoD) for each object and Fourier transforms were used to separate cardiac and respi-

ratory motion. Validation of this approach was carried out by imaging a ball bearing in

motion about a point in space at various frequencies and amplitudes. Image sequences
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from patients treated at our centre were analysed using this technique and their cardiac

and respiratory displacement data are reported.

Results: Validation showed that the process produced accurate results to within 0.5

mm for frequencies up to 120 cycles per minute (cpm) and amplitudes up to 17.5

mm covering all likely cardiac and respiratory motion. Lead tip displacement was on

average (± standard deviation) 9.5 ± 2.1 mm (left-right), 9.7 ± 1.8 mm (ant-post)

and 12.9 ± 2.7 mm (sup-inf) for the 3 patients; cardiac displacement alone was lower.

Diaphragm displacement was between 11 and 19 mm measured as average peak-to-

trough values across the image sequences. Accurate tracking of the lead tip was found

in 84.9%, 82.9% and 92.6% of frames and of the diaphragm in 99.7%, 96.9% and 94.4%

of frames, for each patient respectively.

Conclusions: Accurate tracking of a point in the heart and diaphragm has been

demonstrated using Elekta XVI kV planar images. Results from a 3 patient sample

show similar degrees of motion to other published data. The results from this work

will be applied to technical aspects of treatment planning in the future.

2.2 Introduction

Ventricular tachycardia (VT) is a condition which can significantly decrease patients’

quality of life6 by causing chest pain, fainting, dizziness and can ultimately lead to

cardiac arrest and death. Patients are commonly fitted with implantable cardioverter

devices (ICDs) which are effective at keeping the patient alive during VT episodes

but the shocks patients receive from them can be highly unpleasant and distressing5.

Ongoing VT episodes lead to deteriorating left ventricle (LV) function and a greater

risk of sudden cardiac death (SCD) which is a primary reason for also making use of

other treatments aimed at reducing the number of VT episodes experienced by the

patient1. Treatments include anti-arrhythmic drugs (AADs) and catheter ablation

(heating of the heart muscle to disrupt errant pathways which lead to VT) among

54



others4, although current treatments often have low rates of success7 8.

A novel approach to treating VT is to use radiotherapy to disrupt conduction path-

ways in the parts of the myocardium which allow VT circuits to occur13: STereotactic

Arrhythmia Radioablation (STAR)12. Since the first recorded treatment of a patient

with STAR14 and a publication of a 5-man case series in the New England Journal of

Medicine13, approximately 100 patients have been treated worldwide with both Cy-

berKnife (Accuray, CA) (robotic-arm mounted linear accelerator) and conventional

radiotherapy treatment units (linacs: c-arm style linear accelerators). The interest in

using radiotherapy is clear: it can ablate more deeply than catheter procedures and,

at the point of treatment delivery, is essentially non-invasive, therefore carrying less

(obvious) acute risk to the patient.

2.2.1 Cardiac and respiratory motion

One of the challenges in treating areas of the heart with STAR is motion dually pro-

duced by the heart and diaphragm, the combination of which has been rarely consid-

ered when planning and delivering radiotherapy treatments. Motion in radiotherapy

can cause regions in the target to be under-treated, and nearby healthy tissues, or or-

gans at risk (OARs), to be overdosed, and so motion compensation is commonly used

for tumours near the diaphragm which move as the patient breathes; lung and liver92

for example.

Managing motion in radiotherapy relies firstly on knowing the precise distance from

a fixed point in space (isocentre) to the region targeted for treatment, and how it varies

over time71. For radiotherapy to the thorax or abdomen, when motion is known to be

significant, planning is frequently carried out using respiratory gated 4D CT which re-

flects internal motion as linked to the breathing cycle. Cardiac frequencies are typically

4 to 5 times higher than respiratory frequencies however, meaning that the traditional

radiotherapy 4D CT imaging can under-represent cardiac wall displacement. Alter-

native methods of acquiring cardiac motion data are therefore needed to characterise
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it fully such as ultrasound, 4D MRI and the work presented here. Once the motion

is measured, its management during treatment can be achieved in a number of ways:

extra margins are commonly added to treatment plans to ensure the motion does not

adversely affect the target or OARs71, CyberKnife’s Synchrony technology allows for

respiratory motion compensation using fiducials during treatment14, respiratory gating

systems are available for linac deliveries93, surface guided radiotherapy (SGRT) is fre-

quently used for maintaining breath hold during delivery84 and even gating for cardiac

motion has been experimentally demonstrated on a linac35.

It is relevant to acquire motion data with the patient in the treatment position

as varying patient position might change the observed motion. It is also preferential

to acquire such data in the treatment room as the physiological effect of lying on

the treatment couch on a linac can be significant94: hypothetically, breathing and

heart rates might be affected by the position and environment the patient is in. For

reference, there are relatively few publications reporting the amount of motion seen

in the myocardium for radiotherapy purposes95 33. There are a greater number of

publications which include data on respiratory motion96 82 81 which has been studied

for radiotherapy for a longer period of time.

Linacs are commonly equipped with kV planar imaging panels and x-ray sources

which are used to image patients prior to treatment to ensure geographical set up is

accurate. A sequence of several hundred images is acquired while the x-ray source

and panel rotate about the patient (see figure 3 for a graphical representation). A

3D, or 4D respiratory-gated, cone-beam CT (CBCT) dataset is then reconstructed.

Reynolds et al. used this technology experimentally to acquire images which could be

simultaneously cardiac- and respiratory-gated in order to improve treatment of thoracic

tumours80.

High density objects are relatively easy to identify in kV planar images of human

anatomy. Under current normal practice, most patients receiving STAR will have

ICDs fitted which include a metal tip embedded in the septal wall between ventricles:
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the lead tip (distal electrode) which is usually around 6 to 8 mm long and 1 mm in

diameter. Treatment volumes for some patients are in close proximity to this point:

several centimeters along the wall from the apex. By measuring the degree of motion

of the lead tip in these image sequences, information about the motion of the cardiac

muscle at that point can be inferred and then potentially related to motion at other

points75. The diaphragm can also be identified in these kV planar images82 96 97.

Patients attending for STAR at our centre undergo pre-planning assessment using

kV planar imaging sequences and the same imaging sequences are used immediately

prior to treatment for geographical verification of the treatment volume. We hypoth-

esise that it may be possible to track both cardiac and respiratory motion in these

images and use the measured data to inform the planning and treatment process.

2.2.2 Aims

This paper describes a toolkit for measuring motion amplitudes and frequencies at the

position of the pacing lead tip embedded in the myocardium and the apex of the left

diaphragm. It makes use of planar kV images captured on a linear accelerator and

tracks the position of the lead tip and the diaphragm. Motion components are sepa-

rated using Fourier analysis and are reported as displacement magnitudes of the lead

tip and the average magnitude of travel of the diaphragm (peak-to-trough measure-

ment). Images acquired during the treatment of 3 patients were analysed for lead tip

displacement in 3 axes and respiratory motion in the sup-inf axis. Validation of the

toolkit was carried out by imaging a ball bearing in motion on motorised platforms.

This work is a first step towards optimal, patient-specific, treatment techniques.

2.3 Materials and Methods

2.3.1 Workflow

All image acquisition was carried out using the XVI imaging system on Elekta Versa

HD linear accelerators (Elekta, Stockholm). Image processing and data analysis was
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performed using custom-built code written in Python 3.6 and 3.8 using the Spyder

version 4 front-end. Specific packages and function used are mentioned where relevant.

Figure 3: Representation of a patient on a linac couch. DICOM co-
ordinates represented in red (note the negative y-axis projection) and
imaging panel coordinates displayed on the imaging panel in black. The
gantry angle is 0 in this image; the angle increments positively as the
gantry rotates clockwise.

Figure 3 shows the XVI set up with coordinate system used in this work. The

patient coordinate system accords with the DICOM 3.0 standard and is used as an

input to the code. Figure 4 shows the identification of the lead tip in a CBCT image;

the 3D position of the lead tip must be read by a human operator using software capable

of displaying DICOM coordinates and manually entered into a python console running

the code. The coordinate system in the panel aligns with patient coordinate system

along Z (-Z’), but requires a new axis to describe the convolution of displacement along
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X and Y axes in the patient: K.

Images are acquired through angles -180 to 20 (the gantry rotates clockwise) with a

spacing of approximately 0.2 degrees. Images are taken 0.182s apart (5.5Hz); each series

of 1000 ± 20 images took approximately 3 minutes to acquire. For reference, normal

ICDs operate at between 128 to 256 Hz, completely sampling the cardiac frequencies98.

Image data was transferred from the XVI control terminal on an Elekta Versa HD

to a PC for analysis. Relevant data included were the (≈ 1000) imaging files (‘.HIS’

format) and a file describing each image on a frame-by-frame basis (‘ FRAMES.xml’).

Each dataset comprised ≈0.5 Gb of storage. The ‘.HIS’ format contained sufficient

information in the header to allow the use of the NUMPY.FROMFILE (a file reading

package which requires file-type inputs and returns human readable data) to interpret

images correctly (NUMPY v. 1.18.4+mkl).

There were 6 steps involved in producing the displacement data for pacing lead tip

and diaphragm:

1. Reconstructed DICOM images from the planar image sequence are used for a

human operator to identify an approximate centre of displacement (CoD) of the

lead tip and diaphragm apex. In the future, these positions may be automatically

detected

2. The 3D positions are projected onto each 2D planar image to identify the ap-

proximate expected location of each object in each frame (see appendix 2.7.1)

3. The planar images are processed to highlight relevant features

4. The lead tip and the diaphragm apex are located in each image based on the

expected position

5. Geometric corrections, including compensation for the effect of gravity on the

linac gantry, are applied to the traces and units are transformed from pixels to

mm using a conversion factor calculated at the point of the object

59



6. Fourier analysis is used to separate different components of the displacement

2.3.1.1 Identifying the CoD in DICOM coordinates

Figure 4: A slice from the cone beam CT reconstruction of the XVI
imaging sequence for a patient. The tip position is identified with the
red marker.

3D reconstructed images were used to locate an approximate CoD of the tip (shown

in red in figure 4). The diaphragm apex position in X and Y was located in the same

way.

2.3.1.2 Projection of the CoD onto planar images

The geometric method to acquire the projection of the CoD into the panel coordi-

nate system is described in appendix 2.7.1. As an overview of the process, the x-ray

source, CoD and panel are modelled by points and planes in 3D space. A line projected

from the position of the x-ray source at each gantry angle through the CoD and into
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the plane is constructed. The intersection of the constructed line and the plane is cal-

culated and is related to the coordinate system of the panel. The algorithm returns the

K and Z’ coordinates for the CoD at each gantry angle along with a factor to transform

pixel values into distance at the position of the CoD in space.

2.3.1.3 Image Processing

Figure 5: A - An unprocessed .HIS file image from the XVI system:
the pacing lead tip is barely visible. B - the processed image clearly
displaying the pacing lead tip for locating.

While often clearly visible, the lead tip cannot be assigned a common image pixel

value in each frame due to variable path lengths through the patient depending on

source angle, relative position of the tip to the imaging panel and changes in scattering

contributions. Images were therefore processed prior to the tracking algorithm being

used.

Image processing depended on the object of interest: lead tip or diaphragm. Ini-

tial processing steps were the same for both: taking the base 10 logarithm of each

image in line with the commercially used method for respiratory binning on the XVI

system: the “Amsterdam Shroud” technique96. Subsequent steps were based on stan-
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dard image processing techniques with an element of trial and error, starting with

filter sizes based on observed image dimensions. For the lead tip, a ten pixel wide

median filter was created and convolved with the images using OPENCV.FILTER2D

(4.3.0.36). The logarithmic image divided by the convolved image to highlight the

relevant features (see figure 5). For the diaphragm, a Z’ oriented edge enhancing Sobel

filter (OPENCV.SOBEL v 4.3.0.36) was used, also with a ten pixel wide kernel.

2.3.1.4 Location of the lead tip and diaphragm

Figure 6: 16 cropped and rotated images from a patient dataset with
the lead tip identified with a red cross. The dark blue line is the location
of the tip on all 1000 images and has been offset slightly from the red
crosses for visibility.

The pacing lead tip location was identified through a combination of edge detection

and by selecting pixel groups with relevant image values. For the diaphragm, the

expected panel location of the point in the image was used as the centre of a 20 pixel

wide region which was then averaged along the K axis in order to reduce noise in the

measurement. Gradients were then used to identify the most superior edge as the

surrogate for the diaphragm apex.

Figure 6 shows the identification of the lead tip across a sequence of patient images
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and the corresponding data trace.

2.3.1.5 Signal processing

Signals returned from this process were K and Z’ tip locations and Z’ locations

for the diaphragm. The aim of this work was to provide data to aid the radiotherapy

treatment planning process which is fundamentally about relating targets and risk areas

to a fixed isocentre (centre of motion of the linear accelerator). The signals contained

components of K-geometry (the effect of the rotating gantry on the projection of the

object onto the panel), respiratory displacement, cardiac displacement, patient motion,

mechanical sag of the panel and linac arm, and noise.

Mechanical sag of the panel was accounted for using the manufacturer’s proprietary

methods (previously measured gantry and panel sagv data recorded in the FRAMES.XML

file). Fourier analysis was used to separate the components of displacement:

• Low frequencies (< 6 cpm) including residual K-geometry and patient motion

• Respiratory frequencies (between 6 and 30 cpm)

• Cardiac frequencies (> 30 cpm)

Note that the unit ‘cycles per minute’ (cpm) is applied in this paper to both respi-

ratory and cardiac motion.

The NUMPY implementation of the fast Fourier transform (FFT) was used to

extract the frequency domain of each trace. Bandstop and bandpass filters were created

with the SCIPY.SIGNAL package (version 1.4.1) and applied using the limits set out

above to extract each component of motion. Frequencies reported by the FFT were

quantised to the sampling frequency in Hz divided by the number of measured points

in the trace (∼1000 in each case): approximately 0.33 cpm.

vThe gantry weighs over 3 tonnes and moves as it rotates meaning that the isocentre is not a single
point in space, but rather a small volume. At each gantry angle, the relative position of the panel and
radiation source is specified to correct images at the end of acquisition and is known as flexmap data.
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K-geometry was conflated with patient motion in the low frequency range of the

signals. In order to present the patient motion as a separate component, K-geometry

needed to be minimised. This was achieved for the lead tip by iterating in 2D space

to find the position with the least residual low frequency components in the Fourier

spectrum. When the minimal position was found, new K and Z’ expected positions

were found and used to process the signals before Fourier analysis was performed. Any

variation in the CoD was accepted in reporting the full displacement of the lead tip

but was removed in the fourier analysis of the cardiac motion alone.

2.3.2 Patient data

3 patients who were treated with STAR at our centre contributed the data from their

treatment to this study. A subset of their data is presented here in order to demonstrate

the efficacy of this toolkit.

Full magnitude displacements of the lead tip and average peak-to-trough diaphragm

position are presented in the results. X and Y axis data are retrieved from the K-signal

by selecting regions of the signal (±10°) around gantry angles of 180 and 0 (AP, Y-

axis) and -90 (LR, X-axis). For angles not precisely orthogonal to the direction of

motion, the detected displacement is not entirely dependent on the desired axis alone.

Geometric analysis shows that over a 10° range the error caused by this approach will

be 4.4% at most and will give an average of approximately 1.6% (see appendix 2.7.2).

Considering displacements up to 1 cm, that is a maximum error of 0.16 mm.

2.3.3 Toolkit validation

Validation was performed to ensure and characterise accurate performance of the al-

gorithms.

As a first pass approach, visualising traces plotted with gantry angle on the X-

axis and displacement on the Y-axis (see figure 8 as an example) was sufficient to

identify that reasonable amplitudes and frequencies were acquired and frames where
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Figure 7: Validation phantoms used. Left - moving platform, Right -
motorised arm

the algorithm had failed to adequately detect the objects of interest. Images were also

written out to file with the lead tip and diaphragm points identified on them (figures

5 & 6, for example) to enable visual assessment of the detected positions. Complete

imaging datasets were loaded into imageJ which allowed a ‘cine’-like visualisation of

the data.

Frame-by-frame analysis of the data was performed for 3 of the patient data sets.

Frames where the lead tip was incorrectly identified by the code were labelled and

a reason assigned to why the code had failed to properly identify the tip. Results

were compiled as percentage rates in which the tip was correctly identified and were

compared with a visual inspection of the lead and tip on each frame. Where the human

eye failed to distinguish between the two objects, the frame was labelled as such.

For the dataset for patient 1, manual detection of the lead tip and the diaphragm

at the selected X and Y coordinates was performed by eye: each image was presented

to the user in sequence and a mouse click recorded the position of the coordinates to an

array. Identification of the lead tip was performed as close as possible to the last pixel

which was clearly part of the tip, and the diaphragm was identified at the most superior

edge. Manually identified positions were then compared with automatically generated
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values to determine the inherent error in the positions reported by the toolkit.

A piece of validation work was performed to demonstrate that known displacements

and speeds in all three axes were correctly reported by the coding toolkit, regardless

of the shape and size of the object being tracked. A 5mm diameter ball bearing

was carried on a moving platform and motorised arm (see figure 7). The arm was

capable of moving with an amplitude of 123 mm and frequencies of 41.3, 58.4, 76.4,

103.6, 112.1 and 162.4 cpm. The moving platform99 was designed for precise motion

over distances up to several centimetres, but was limited to moving at rates under

approximately 5 cpm. The combination of the platform moving in X and Z and the

motorised arm moving in Y allowed for a set of images with a ball bearing moving at

relevant frequencies and amplitudes in the 3 axes. However, images of the ball bearing,

acquired using the same XVI imaging sequence as for the patients, were fundamentally

different to those of the lead tip meaning that extra code was needed to identify the

centre of the ball bearing; a simple coding task which was easily validated by inspection.

A range of frequencies and amplitudes were selected to represent normal cardiac and

respiratory motion. The ball bearing was imaged moving in each axis separately and in

combination. The toolkit, with the additional module to detect the ball bearing, was

used to analyse the traces and compare frequency and amplitudes with the physically

measured values.

2.4 Results

2.4.1 Phantom validation measurements

Table 1 shows the results from the validation testing performed using the motorised

arm and moving platform. The maximum error in amplitude was seen in the Z axis only

testing (0.5 mm) and in X for the combined motion tests (0.4 mm). All measurements

reported amplitudes within 0.5 mm. Frequencies were all within 6% of the periodicity

of the phantom and the average deviation was -0.5%.
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2.4.2 Patient data

Figure 8 and tables 2 and 3 present the results from the patient image sequences.

Points of error in the data were identified by inspection and were removed from the

data traces.

Figure 8 shows the complete data trace for one of the patients. Where frames

had been identified as not having tracked the pacing lead tip sufficiently well to be

included, the background is set to grey. X and Y, and Z displacement traces clearly

show the range of displacement of the pacing lead tip over the course of 3 minutes,

when breathing and average positional changes have been removed. Figures for the

displacement values for all patient traces are provided in tables 2 & 3. The diaphragm

displacement trace is also shown.
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Figure 8: Top - displacement of the lead tip in the X and Y axes
(detected in the K-axis on the panel), Middle - displacement of the lead
tip in the Z axis, Bottom - displacement of the diaphragm from its own
centre of motion. Grey shaded areas and circled point indicate data
removed from analysis. Note the different y-scale on the diaphragm
trace. Each trace is taken from a full imaging sequence acquired over
approximately 3 minutes.
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Full trace (mm) Cardiac only (mm)

Patient LR AP SI LR AP SI Rate (cpm)

1 10.9 8.0 13.0 6.6 7.1 8.3 60-84

2 10.6 9.7 15.5 6.7 7.4 9.5 69.8

3 7.1 11.5 10.1 6.4 7.8 8.8 54.7

Table 2: Lead tip displacement in full and for cardiac motion only for 3 patients.
Cardiac frequency also reported.

Patient SI (mm) Rate (cpm)

1 19.0 20

2 15.5 15

3 11.3 19-22

Table 3: Diaphragm sup-inf (SI) displacement and frequencies for 3 patients. Displace-
ment is the average peak-to-trough measurement.

2.4.3 Patient data validation

Results from frame-by-frame inspection of 3 patient datasets showed that the code

accurately located the tip of the pacing lead in 84.9%, 82.9% and 92.6% of the images.

Visually, it was impossible to either see the tip or distinguish it from the lead in 14.5%,

7.9% and 0% of the images respectively. Failure to detect the tip therefore occurred for

coding or image processing reasons in 0.6% (6 frames), 9.2% (92 frames) and 7.4% (74

frames) of the images for each patient respectively. These failures to detect are likely

to be correctable with improved image processing to enhance the edges of the lead tip

or by modifying the code to account for unusual angles and positions of the lead tip.

Machine learning might be another approach to improving detection rates.

From the combined 3 datasets with a total of 3030 frames, the reasons for the error

in detection were: end of the lead, rather than the lead tip detected (190 frames), lead
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tip not distinguishable from the lead (180 frames), lead tip near anatomical structure

(3 frames), start-up issues (4 frames) and unknown reasons (3 frames).

The diaphragm was accurately located in 99.7%, 96.9% and 94.4% of frames. Rea-

sons for failure to detect the diaphragm were: identification of a mechanical structure

(25 frames), wrong side of the diaphragm detected (25 frames), other interfering object

(ribs for example) (10 frames), unknown issues (19 frames).

For the ground truth measurements, the average positional error in the lead tip

was -1.0 ± 2.9 mm in the transverse plane (LR, AP) and -1.3 ± 2.5 mm in SI. From

observation of the detected positions of the lead tip, it was clear that the code was

identifying a position approximately 2.5 mm back from the tip end (ground truth)

positions. Accounting for that positional error and excluding all frames identified in

which the tip was incorrectly located by the code (as above), the average positional

errors for the lead tip were 0 ± 0.9 mm in the transverse plane (LR, AP) and -0.7 ±

0.4 mm in SI. For the diaphragm, the positional error was 0.8 ± 0.6 mm (SI only) over

all frames.

2.5 Discussion

Table 1 shows that the geometric approach used to interpret information detected on

the XVI imaging panel produces spatial results accurate to within 0.5 mm over the

range of amplitudes measured (up to 17.5 mm). Amplitude in the Y-axis (AP) was on

average reported as slightly lower than that of the phantom while in the X-axis (LR),

displacement is reported higher. This effect might be due to the higher frequency of

motion in Y, or might relate to small errors in the coding to identify the centre of the

image of the ball bearing. In either case, it is a small effect and within the error margins

reported in appendix 2.7.2. Measured frequencies were on average 0.5 ± 3 cpm of the

known periodicity of the verification jig. This validation approach demonstrates the

methods used to extract spatial and temporal information from XVI image sequences

works with high precision. The geometrical methods used to both construct orthogonal
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axis displacement from a rotational image set, and translate pixel to physical distances

at the point of the object, are effective.

In the clinical data, identification of the pacing lead tip and diaphragm was success-

ful in 83.5% and 97% of frames respectively. Diaphragm tracking rates can be compared

against 87.3% of frames (Edmunds et al. 81) and 81 to 96% (Wei and Chao 82). The

accuracy of the diaphragm tracking in this toolkit matches the smallest reported track-

ing errors found elsewhere: 0.8 mm ± 0.6 mm82. The novel aspect of this work is the

pre-selection of the point about which the diaphragm is tracked which allows for a very

simple approach to determining the superior edge using line profiles. A possibility for

improving the method would be to adapt some of the principles from other work by

tracking several points on the diaphragm and fitting a parabola to them. There are no

other published papers to directly compare the lead tip tracking accuracy with, but as

the lead tip was misidentified in a number of frames in two of the datasets even when

it was visually identifiable, it is reasonable to assert that it would also be possible to

improve lead tip tracking. Alternative image processing approaches might improve the

visibility of the lead tip in frames where it was not identifiable by eye.

Average full displacement magnitudes for the lead tip were 9.5 ± 2.1 mm LR, 9.7

± 1.8 mm AP and 12.9 ± 2.7 mm SI. Displacement magnitudes for the cardiac motion

separated from diaphragm motion were 6.6 ± 0.2 mm LR, 7.4 ± 0.4 mm AP and

8.9 ± 0.6 mm SI. The displacements measured at the lead tip for the patients in this

study are similar with those reported at various points in the left ventricles of healthy

volunteers75 33 and patients with VT95. The full detected range of motion is reported

here which is strongly influenced by breathing patterns; note that SI lead tip motion

for patient 2 is identical to the average peak-to-trough diaphragm displacement range.

Frequency identification in the datasets worked well. Patient 2 was paced at 70 cpm

while the other patient rhythms were not controlled by their ICDs and this is evident

in table 2. Breathing rates were also identifiable from the FFT for each patient but

were generally less regular (FFT peaks were more spread out) than the cardiac rates.
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With the code tested in this paper, frames in which the lead tip and diaphragm were

misidentified had to be rejected manually from the results; this is an aspect that would

need to be automated or made redundant through better tracking if this technique was

to be adapted for use in a ‘live’ environment to inform patient treatment at the time of

acquisition. Tracking times would also need to be improved for live use: without being

optimised for speed, it takes approximately 3 minutes for both lead tip and diaphragm

to be tracked in a full 1000 image set.

The most significant way to optimise for speed would be the use of multi-processing.

Currently, Python uses a single core to run processes in code. Parallel processing of

images on multiple cores or the graphics processing unit (GPU) would diminish the

time needed to track the pacing lead tip across an image set. For example, a 4 core

processor could run the code in one quarter of the time, closer to 45 seconds than 3

minutes. Another time saving method would be to automatically estimate the initial

position of the lead tip CoD which might be achieved by making an intelligent guess

based on previous datasets and refining it using the iterative approach described earlier.

When the work has been done to improve reliability of lead tip and diaphragm

detection, and multi-processing is used to reduce the time to trace positions over the

whole image set, the code would need to be packaged and made usable by radiog-

raphers. This would involve making the data readily accessible, creating a graphical

user interface and training the radiographers to be able to rapidly interpret the data

presented to them.

The novelty in this work is the use of on-board imaging data from linear accelerators

to detect cardiac frequency motion and report it in a way that can be directly related to

planning system data. It has the potential to present motion data live to the operator

of the linac, to enable in-situ quality assurance of the internal motion relevant for

delivery of radiotherapy to the heart without the use of extra imaging equipment. It

is also a solution potentially accessible to all users of conventional linear accelerators

which are fitted with kV imaging panels.
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2.6 Conclusions

It has been shown that it is possible to use imaging data, acquired as part of a normal

patient pathway for treating ventricular tachycardia with radiotherapy, to characterise

motion in the patient’s heart near the treatment volume. By separating out breathing

and cardiac displacement, it is possible to compare this data with published data from

other sources which show similar amounts of motion.

Further work should include the application of the data found in this study to the

concept of optimising treatment technique for STAR. Consideration should be given

to the need to sufficiently treat the volume outlined for ablation and sparing nearby

organs at risk. This work also has potential to be used to quality assure patient set-up

and may have application as part of post-treatment dosimetric audit.

2.7 Appendices

2.7.1 Appendix A: Geometric method

The geometric method to acquire the projection of the object into the panel coordinate

system is described here:

1. Assign coordinates to the x-ray source and centre of panel based on the angle

they are at for each position and the distance they are from the isocentre. The

x-ray source is 1000 mm from the isocentre, the panel is located 536 mm from

the isocentre (total distance 1536 mm from each other).

2. Create vectors for a point at the centre of the panel, ~P0 = [Px, Py, Pz], where

Px, Py, Pz are the panel coordinates, the source position, ~S0 = [Sx, Sy, Sz] where

Sx, Sy, Sz are the source coordinates and the normal to the plane, ~n
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~n =


sx− Px

sy − Py

sz − Pz

 (1)

3. Define a vector through the x-ray source and the object

~u =


Ox− Sx

Oy − Sy

Oz − Sz

 (2)

where Ox, Oy, Oz are the object coordinates (CoD, not inlcuding motion), and

define the relationship that Op, the position of the object projected to the plane,

is

~Op = ~S0 + r × ~u (3)

will result in a point in the plane when r is solved for the point where the line

and plane intersect.

4. By introducing a vector ~w = S0 - P0, the resolution of r can be expressed as:

r =
~−n · ~w
~n · ~u

(4)

5. The position of the point in space described by ~Op = ~S0 + r × ~u can then be

related back to P0, the centre of the panel to return K and Z’ values in the
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coordinate space of the panel.

6. Additionally, for each position reported, the conversion from coordinates on the

panel into physical distance at the CoD for the object are calculated as:

pix2mm = F × ‖
~Op− ~S0‖
‖~u‖

(5)

where F is the physical size of a pixel in mm. Note that this can be reduced to

F × r.

2.7.2 Appendix B: Error analysis

An estimate of the error contributions for lead tip and diaphragm positions is made

here.

Contributions of error:

• Detection of the object of interest by the code

◦ For the lead tip, this is 0 ± 0.9 mm in LR and AP and 0.7 ± 0.4 mm in SI

◦ For the diaphragm, this is 0.8 ± 0.6 mm in SI

• Relating the detected positions in 3D space to the object’s CoD

◦ Considering cardiac and respiratory motion: any residual error from the

CoD being inaccurately located is negated when Fourier analysis is applied

to remove low frequency elements so this error is effectively 0. The same

applies where the CoD translates during imaging.

◦ Considering patient voluntary / involuntary motion during imaging: error

in CoD location or translation can dominate measurement.

• Conversion from pixels to mm distances
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◦ This depends on knowledge of several distances: the length of the imaging

area on the panel, the x-ray source to CoD position distance, the x-ray

source to the projection of the CoD on the imaging panel, the x-ray source

to isocentre position, and the isocentre to imaging panel centre distance (see

equation 5 in appendix 2.7.1)

◦ Assuming an error of 2 cm in the x-ray source to isocentre, isocentre to

panel position, and length of imaging panel area, and offsetting the CoD

coordinates by 1 cm in X, Y and Z for a CoD which is 5 cm off axis in all

the axes, the difference in the conversion is around 1.5%. Given a maximum

displacement from the CoD of 2 cm, the error in this step is approximately

0.3 mm.

• Fourier analysis to extract the separate components of motion

◦ Quantisation of the fast Fourier transform returns frequency intervals of 0.3

Hz

◦ Choice of frequencies at which to split signals is unlikely to result in un-

wanted combination of cardiac / respiratory / low frequency components.

• Using a 10° symmetric range to select the data for each axis

◦ The shape of the pathway over which the lead tip moves is unknown so an

assumption is made that it moves on an ellipse

◦ The largest observable ratio between LR and AP motion is assumed to be 2.

A model of the motion of the lead tip is therefore constructed as an ellipse

with the major axis twice the length of the minor axis

◦ Diameters taken at 10° from the major and minor axes can be shown to be

no more than 4.4% different to the lengths of the nearest axis

◦ Averaging the error over the range of angles (-10° to +10° around the axis)

results in a maximum error of 1.6%
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◦ For displacement of <1 cm, this translates into a maximum error of 0.16

mm and is only applicable to the LR and AP measurements for the lead tip.

Combining the errors in quadrature and not considering the measured offsets, the

total error in positions reported for the lead tip and diaphragm are:

• Lead tip LR, AP: ±0.96 mm

• Lead tip SI: ±0.50 mm

• Diaphragm SI: ±0.67 mm

The error in low frequency motion of the patient is unquantified and may be dom-

inated by the error in CoD location.

The error in the reporting of frequencies for cardiac and respiratory motion is: ±0.3

Hz.
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3.1 Abstract

Purpose: A new approach to treating ventricular tachycardia (VT), STereotactic Ar-

rhythmia Radioablation (STAR), has been set up at a number of centres globally. A

previously described toolkit for measuring cardiac and respiratory motion in STAR

patients has been used to retrospectively analyse a 3 patient sample at a number of

points in their treatment. The data from these patients is presented and discussed here

with implications for STAR planning methods.

Methods: Patient workflows and technical aspects of treatment are described. Left-

right (LR), ant-post (AP) and sup-inf (SI) motion for the pacing lead tips embedded

in patients’ septal walls was extracted for cardiac motion with and without respiratory

motion combined. Target volumes were created to ensure total dose coverage using

the measured motion and were compared with the clinically used targets. Stomach

positions were measured on 4D CT and related to diaphragm positions in order to

enable the use of diaphragm tracking data for the assessment of stomach dose.
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Results: Motion of the lead tip and diaphragm are presented for 11 image sets (8

pre-planning and 3 at the point of delivery). On average, approximately 30% of the

motion of the lead tip could be apportioned to respiratory motion. Targets which

ensured total dose coverage required volumes between 1.5 and 1.8 times greater than

those developed clinically for these patients. It was shown that for 2 of the patients,

the edge of the visible stomach on the 4D CT average dataset was closely equivalent

to the level at which occupancy fell below 25%. Considering the errors involved, it

might be possible to maintain low risk of toxicity in the stomach without adding a rind

around it. The most relevant way to use the measured data was found to be in the

quality assurance of treatment plans, rather than as a forward predictor of necessary

treatment volumes.

Conclusions: Measured data for 11 image sequences for 3 patients have been analysed

to extract cardiac and respiratory motion traces from on-board imaging systems on ra-

diotherapy treatment units. Analysis of the data has provided insights into treatment

planning margins and optimisation processes and suggests potential avenues for future

research.

3.2 Introduction

Radiotherapy delivered in a single fraction was originally used as an experimental

substitute for surgery in the early years of the 20th century100. While the majority of

modern radiotherapy is delivered in 15 fractions or more, single fraction treatments have

found common use in the palliative setting for those patients who need quick reduction

in swelling from tumours compressing the spinal cord and other such acute issues101.

An aim of radiotherapy in the 21st century has been to reduce the number of treatment

fractions; recent approaches include short course (< 5#) and single fraction treatments

to treat oligometastases in the spine102, brain103, liver104 and primary tumours in the

lung105.
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The cardiology and oncology communities have proposed a novel use of single frac-

tion radiotherapy to treat ventricular tachycardia (VT)13: STereotactic Arrythmia

Radioablation (STAR). Both CyberKnife22 12 and linear accelerators28 38 (linacs) have

been used to deliver STAR using different approaches to ensuring radiation dose encom-

passes the target without adversely affecting adjacent healthy organs31. The premise

for STAR has coincided with a growing interest in, and the technical abilities required

for, delivering thorax treatment in few or single fractions53; the novel element for ra-

diotherapy planning and delivery is in directing the radiation beam towards, rather

than away from, the heart with its own unique time dependent displacement.

Technical issues in treating STAR mostly come from the various components of

patient motion involved: respiratory, cardiac, and voluntary and involuntary patient

movement. Other difficulties arise from the relatively poor understanding of the treat-

ment mechanisms in STAR7 and the normal uncertainty issues involved in delivering

radiotherapy. Common approaches to addressing these issues include reducing the

motion, tracking the motion and mitigating uncertainty through margins: specifying

larger volumes of tissue to treat in order to ensure that the intended treatment volume

is dosed, or that the intended avoidance volume is avoided71.

The application of abdominal compression has been shown to reduce lower lung

and liver tumours in all three axes106, sup-inf motion being notably greater without

compression, and more affected by compression, than ant-post or left-right. For STAR,

the reduction in diaphragmatic motion also impacts on the heart’s motion within the

thorax; there is no expectation that abdominal compression should reduce the heart’s

own pumping motion.

3.2.1 Targets

As yet, there is limited evidence as to how much of the substrate needs to be treated for

the desired therapeutic effect in STAR. Whether the effect-causing dose is as low as 20

Gy or as high as 35 Gy21 and whether that dose is needed to the whole treatment region
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or any nearby part of the myocardium107 are both important questions to answer.

While fractionated treatments allow the use of probabilistic approaches to creating

planning volumes in which, for example, tumour cells will receive at least 95% of the

prescribed dose for 90% of the patients treated72, STAR targets are currently being

created with an approach which translates clinical experience with catheter ablation

into the radiotherapy setting. Until more evidence is available, this is likely to be the

only way to plan STAR treatments.

Little work has yet been done to provide guidance on how to create target volumes in

STAR. It is known that targets over 200 ml are associated with increased mortality54.

Some treatments have used zero margins7 while compensating for breathing motion

and others have taken a pragmatic approach, treating STAR like other radiotherapy

targets42.

3.2.2 Organs at risk

Critical structures near the target must also be considered in order to safely deliver

radiotherapy: treatment aims must be balanced against the potential to harm. Poorly

designed treatments can undermine the clinical effort to treat the patient by, for ex-

ample, destroying the optic nerve so the patient loses their sight108 or causing fistulae

to form in gastro-intestinal organs53. In the STAR setting, the stomach is a critical

and mobile organ to deal with; in particular the fundus of the stomach moves mostly

in accordance with the diaphragm which can be into, and out of, the treatment field

over time. At least one patient treated is known to have needed surgery to repair a

fistula53.

In typical radiotherapy cancer treatments, organs at risk which are prone to move-

ment, or for which a small positional offset could result in significant damage, are

considered using planning organ at risk volumes (PORV): growing the delineated or-

gan by several millimetres. This ensures that dose constraints such as point maxima

are accurate with a high probability, or that they act as upper bounds on the dose
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received by the actual organ during radiotherapy. For the stomach in STAR, the same

approach can be taken, but doing so can lead to potentially unnecessary restrictions on

the dose to the target in order to spare the stomach even in cases in which the stomach

dose is not likely to be particularly high. A small number of studies have focused on

cardiac motion impacting OAR positioning109 80 but there is a dearth of dose reporting

studies on organs at risk under motion for the kinds of dose constraints considered in

STAR (point dose maxima, limiting volumes receiving more than a specific dose).

3.2.3 Paper aims

A number of researchers have applied cardiac and respiratory gating techniques in

order to image82 81 80, plan and treat33 35 more accurately and with smaller fields. Our

centre has demonstrated the use of the Elekta XVI imaging system to track points

in treatment verification images for STAR patients (see previous chapter): specifically

cardiac displacement at the point of the pacing lead tip and on the diaphragm. Use

of the XVI system to track motion was motivated by the possibility of under-sampling

cardiac motion in respiratory gated 4D CT scans. We hypothesise that these tracking

data can be used to improve target coverage and organ at risk avoidance in STAR.

In this paper, data from 3 patients treated at our centre between July 2019 and

November 2020 are presented and analysed to critically appraise our current plan-

ning processes. The XVI data allowed characterisation of the displacement in the

myocardium at the point of the pacing lead tip and at a point on the diaphragm rep-

resentative of the stomach. Each of these motion traces is referenced to its own centre

of displacement (CoD) and with Fourier analysis, cardiac and respiratory motion were

separable at the point of the lead tip. The diaphragm tracking data is assessed as a

useful surrogate for the position of the stomach and a classical planning organ at risk

volume (PORV) margin is compared against a phase-averaged structure adjusted for

the location probability density.

The aims of this work were (1) to examine the adequacy of the cardiac motion
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data for the purpose of ensuring target coverage (2) to use the diaphragm motion data

to best spare the stomach while not being overly aggressive in avoiding it and (3)

to validate our current workflows and propose any relevant changes to workflows for

subsequent patients being treated at our centre.

3.3 Materials and Methods

3.3.1 Planning data and patient workflows

Patients attended the radiotherapy department at 3 points in time: pre-treatment

motion assessment carried out on a linac with the XVI cone-beam CT (CBCT) system

(see previous chapter for detail), 4D CT planning scan acquisition, and treatment.

Patients were set up in BodyFIX (Elekta, Stockholm) ‘vacbags’ at every point in the

process.

Motion assessment examined the effect of applying pressure to the abdomen. Com-

pression was applied with the BodyFIX compression system (compression bar) and 4D

imaging datasets were acquired with and without the compression bar in place. Mo-

tion of the diaphragm and heart were observed over a range of imaging slices and axes,

typically using points like the pacing lead tip as helpful reference markers. Separation

between the diaphragm and heart was observed, along with any significant bowel or

stomach gas that might be forced into difficult planning positions when compression is

applied.

Subsequently, 4D respiratory gated CT images were acquired from which averaged

4D images were calculated for treatment planning. Targets were drawn in ProSoma

(MedCom, Darmstadt) and Oncentra (Elekta, Stockholm) planning software, the latter

being used because of its facility to contour on anatomical slices through short and long

axis views of the heart. Targets were made up by combining visible myocardium on

various phases of the respiratory gated 4D CT. In one case, a ‘target’ was drawn on

a single respiratory phase before being grown to the equivalent of an ‘internal target

volume’71 using other phases, while in the other two cases an ITV was created by the
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clinicians in a single step looking at multiple respiratory phases simultaneously. A

number of additional diagnostic modalities were used to aid targeting (ECG, invasive

and non-invasive cardiac imaging techniques, fast CT, MRI) depending on aspects of

the patient’s previous treatment. A consultant clinical oncologist was present to aid

targeting throughout and advice was sought from specialist imaging cardiologists.

For treatment, patients were imaged before beam on with 3D and 4D CBCT and

afterwards using 3D CBCT. During treatment, the surface guidance system, Catalyst

(C-RAD, Sweden), was used to monitor patient position. 3D XVI imaging included

360 degrees of gantry rotation with images acquired at approximately every degree (∼

400 images). 4D XVI imaging included 200 degrees of gantry rotation with images

acquired every 0.2 degrees (∼ 1000 images) with a larger field of view. Both imaging

sets were acquired at 5.5Hz. Only results from 4D image sets are presented in this

work.

The data analysis in this paper is retrospective: decisions about treatment were

not made on the basis of the data presented here. Patients 1 and 3 were compressed

while patient 2 was not: these decisions were based on the visual interpretation of the

images by the clinicians, radiographers and physicists involved, and not a quantitative

approach. The decisions made in treating these patients were also peer reviewed by

the other national centres treating STAR and the group at Washington University in

St. Louis who have provided mentorship throughout the introduction of this novel

technique to the UK centres.

3.3.2 Data analysis

Data traces were extracted and analysed according to the methods in the previous

chapter for each of the patients. Parameters of interest were the displacement ranges

and CoD for the lead tip and diaphragm, the cardiac motion separated from respiratory

components, and the frequencies for both respiratory and cardiac motion. A rationale

for the reporting methods is presented in appendix 3.7.1. An example of the measured
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distribution of lead tip positions in the LR axis is shown in figure 10. Imaging sequences

analysed were: the motion assessment scans taken approximately 2 to 3 weeks before

treatment both with and without compression applied, and the 4D imaging sequence

taken immediately prior to treatment.

Several approaches were then used to process the data as described here.

3.3.3 Tracking point data analysis

In order to present motion from each motion component separately, cardiac motion at

the point of the lead tip was assessed both in its unprocessed form and having removed

frequencies using the Fourier transform which corresponded to breathing frequencies

and below (everything below 30 cpm): everything not overlapping with cardiac fre-

quencies (typically above 60 cpm).

Figure 9 shows the separation of cardiac and respiratory signals graphically. Figure

9:A shows the frequency spectrum for the motion of the lead tip in blue; respiratory

frequencies are then removed leaving the orange spectrum which is dominated by car-

diac motion frequencies. Figures 9:B and 9:C show the displacement traces: blue for

the measured displacement, orange for the Fourier transformed cardiac frequency data

only. Both figures 9:B and 9:C show the same data, 9:C is a subset of the data, enlarged

to demonstrate the different frequency components.

Figure 10 shows the distribution of positional displacement from the CoD for the

lead tip. As in figure 9, blue shows the full displacement and orange shows the cardiac

displacement alone. The data represented in figure 10 can be used to determine prob-

abilities with which the lead tip would be within set distances of the CoD. However,

this work consistently reports the full displacement trace (table 5 for example): see

appendix 3.7.1 for the rationale behind presenting the data in this way.

Displacements in orthogonal axes of motion (LR, AP) were measured by selecting

data from gantry angles within 10 degrees of the cardinal angle of interest (-180, 0 for

AP and -90 for LR). Displacements in SI used the entire imaging sequence. Frames in
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Figure 9: Separation of the cardiac and respiratory signals for a SI
data trace. A - the Fourier transform of the original trace seen in
blue in B. B - the original trace and its reconstructed counterpart with
frequencies below 30 cpm removed. C - a highlighted section of B
making it easier to see the respiratory signal in the blue trace and its
absence in the orange trace.
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which the lead tip were not correctly identified were rejected. To report displacement

of the pacing lead tip in the ant-post axis, approximately 150 measured positions of

the lead tip were used: 50 from gantry angles around 180 degrees and 100 from gantry

angles around 0 degrees (note that these gantry angles are reported in the standard

way and refer to the position of the radiation head, but the XVI system is fixed

orthogonally to these positions). To report lead tip displacement in the left-right axis,

approximately 100 measured positions of the lead tip were used from around gantry

angles of 270 degrees. Maximum and minimum positions were then identified to report

the full range of displacement of the lead tip. Outlying values created by coding errors,

identified by eye and confirmed by comparison with the original images, were removed

from the analysis.

Figure 10: Distribution and reported range for lead tip displacement.
Y-axis represents the frequency with which the lead tip displacement
was sampled in 1 mm bins, normalised to sum to 1. Blue is the original
tracked displacement (cardiac and respiratory), orange is the cardiac
motion alone. Indicated reporting range is for the original tracked
displacement. See appendix 3.7.1 for further detail.

The absolute position of the CoD for the lead tip in DICOM coordinates (relative to
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the imaging isocentre) was found using the iterative method discussed in the previous

chapter while the centre of the diaphragm motion was found by taking the median

SI position of the diaphragm trace. Maxima and minima values corresponding to

inhalation and exhalation positions of the diaphragm were identified using the PEAKS

function from the SCIPY.SIGNAL package (version 1.4.1) (see figure 11). Depending

on the specific patient signal, different parameters in the SCIPY.SIGNAL package were

used to optimise the result, for example a threshold value above which peaks should

be identified.

Figure 11: Diaphragm trace (SI) for patient 2. Red circle indicates
rejected data points. Grey region beyond gantry = -20 was poorly
tracked and not included. Green circles and orange crosses indicate
points identified for peak to trough analysis. Dotted line indicates the
median value. Note that this is in the coordinate system of the XVI
panel meaning that greater positive distances are more inferior in the
patient.

3.3.4 Target assessment

To ensure that the myocardium tissue intended for treatment is always inside the

treatment field, detected lead tip motion should be considered. In order to illustrate the
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increase in ITV and PTV volumes potentially needed to achieve this, new targets were

delineated in the planning system using the following method. The 2 phases of 4DCT

showing the most extreme myocardial positions were found. Target areas (GTVs)

based on the clinical targets were drawn on both of these phases. The GTVs were then

expanded by the measured cardiac displacement for each patient and summed to give

an ITV. The ITV was then expanded by 3 mm to give an equivalent PTV for the new

target, as per clinical protocol. The clinical and modified ITV and PTV volumes were

then compared in absolute terms and using ratios. The discussion section describes

this approach under the heading ‘proposition 1’. The results of these comparisons are

shown in table 4 and are illustrated in figure 13. They can be seen as an upper limit

on the use of lead tip measurement data to ensure target coverage using the methods

proposed in this paper.

3.3.5 Stomach and diaphragm positions

The most superior points on the diaphragm and the fundus of the stomach were

recorded on each phase of the 4DCT images for each patient and the range and offset

of the positions for each organ were compared.

An estimate of the lead tip CoD was made in the planning CT. Using the XVI

measured relationship between lead tip and diaphragm CoDs, the corresponding SI

maximum, minimum and CoD positions for the diaphragm in the planning CT were

found. The most superior, 25th percentile and median positions of the stomach were

identified and compared with the structure drawn on the planning average 4D CT for

the stomach and its PORV.

Figure 12 shows the relationship between the cardiac CoD and diaphragm range in

each image set. The stomach is visible in figure 12.B as a lighter shade of grey beneath

the left side diaphragm.
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Figure 12: Position of the lead tip CoD and diaphragm range in planar
XVI images (A) and from a phase in the 4DCT (B).
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3.4 Results

Tabulated values for each data extraction and analysis task are presented here. Errors

associated with each measured point are 0.96 mm for LR and AP displacement, 0.50

mm for SI displacement of the lead tip and 0.67 mm for the diaphragm.

Table 4 compares ITV and PTV volumes produced for the clinical plans given to

the patients and the volumes produced by including the measured displacement.

ITV (cc) PTV (cc)

Patient Clinical Modified Ratio Clinical Modified Ratio

1 61.2 159.6 2.6 139.2 253.2 1.8

2 31.9 60.9 1.9 75.1 109.4 1.5

3 23.3 51.2 2.2 62.8 94.5 1.5

Table 4: Comparison of ITV and PTV volumes created for the clinical plans and using
the cardiac displacement data to expand the ITV (modified).

Table 5 presents the total displacement and cardiac only displacement for the as-

sessment and treatment verification scans for each patient. Patient 3 had 2 assessment

sessions 6 months apart and so has 4 assessment measurements. Patients 1 and 3 were

compressed for treatment and patient 2 was uncompressed for treatment. Average to-

tal displacement measurements for the lead tip across all datasets were: 7.7 ± 1.4 mm,

9.7 ± 1.9 mm and 11.8 ± 2.3 mm in LR, AP and SI axes respectively. Cardiac only

displacement was: 5.9 ± 1.0 mm, 7.0 ± 0.6 mm and 8.2 ± 0.8 mm in LR, AP and SI.

Tables 6 and 7 include the data relevant to identifying the stomach in the kV

images.
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Patient Mean (mm) St dev (mm)

1 14.8 0.9

2 8.0 1.9

3 9.4 1.5

Table 6: Mean and standard deviation of the distance from the diaphragm crest to the
most superior edge of the fundus of the stomach measured on 8 phases of 4DCT.

Planar images (mm) Planning CT (mm)

Patient Max 25th pctl PORV Visible

1 5.4 3.2 5.3 3.3

2 4.4 2.4 -4.9 -8.9

3 6.3 2.4 4.5 2.5

Table 7: Distances from the median position of the stomach as detected in planar
images: ‘max’ at maximum exhale, and ‘25th pctl’ is the point above which the stomach
resides for 25% of the time. Comparison with positions from 4D CT also referenced to
the median position of the stomach.
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3.5 Discussion

Implications of the lead tip displacement on targeting are discussed here, as well as

the effects of abdominal compression and the differences between pre-planning and

treatment. Note that given the inherent uncertainties in the data extraction process,

any displacement or difference less than 1 mm is ignored in this analysis. The small

patient numbers must be considered; this analysis has been performed in order to

examine the utility and potential of the information retrieved, not to make broad

generalisations.

3.5.1 Implications for targets

Before applying the measured data to the targets, the limitations of the datasets are

discussed: there are 2 main difficulties in using the data from table 5.

Firstly, the displacement relates only to a single point in the ventricular wall and

cannot be simply applied across the whole ventricle as if it contracted identically. Sec-

ondly, 4D CT data does not contain images of the heart in all phases of its contraction.

The first point cannot be addressed by tracking a single point in the heart. It

is possible to modify the displacement seen at the lead tip using published data for

motions of the cardiac wall in healthy volunteers75, but this is a crude model and would

need development and testing to use clinically. Other points of interest in the heart

might be traceable: calcification and other ICD leads for example. Future studies will

aim to track more of the myocardium using the same images.

The second point describes the challenge in imaging the heart with technology that

has been developed over time to control for respiratory motion only. This presents

a fundamental challenge to the delineation of structures in the heart for planning as

well as making it problematic to locate the lead tip CoD in 4D CT images. For

the cases reported in table 5, there is asynchrony between cardiac and respiratory

frequencies meaning that there will be some undefined amount of cardiac positional

data missing in the 4D CT. If the heart rate for a patient was an exact multiple of the
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breathing rate during imaging, one might expect that the heart would move in the 4D

CT with respiratory motion only: the same cardiac phase would be captured for every

respiratory phase. As a basic comparison, the lead tip was identified in each phase of

4D CT images and was found to exhibit approximately 50% of the motion seen in the

XVI data.

A partial solution to both of these issues is suggested here, with the underlying

assumed principle that STAR should be treated as per oncological targets in which

coverage of the whole target is aimed for.

Proposition 1: Identify the phases which show the extremes of cardiac positions

in the 4D CT data. Contour the target on each of these, expand these targets in each

axis by the measured displacements (values from table 5, “Full trace” column), scaled

according to published data75, and add them together. This approach should provide

a final ITV in which the cardiac tissue for treatment will always exist, provided the

measured displacement represents the full range of motion at all points in the target.

Figure 13: ITVs created from 2 phases of the 4DCT for patient 1 at a
point on the anterior wall of the left ventricle. PTVs created for each
of the propositions suggested here are displayed.
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Proposition 1 appears to create an ITV larger than necessary. However, without

cardiac gated imaging with the patient in the treatment position, it is not possible to

know that the full range of cardiac motion has been captured for treatment planning

and so reliance on a process like proposal 1 would be appropriate. Note that only one

PTV was made larger than 200 cc using proposition 1 in this small patient sample.

However, it must be recognised that larger treatment volumes do not lead to improved

outcomes: the exact opposite is true in fact54.

A second proposition is therefore suggested which aims to ensure that some of the

target is consistently within the ITV.

Proposition 2: Targets should be delineated as suggested in proposal 1 by looking

for extremes of motion in the respiratory phases. These targets on different phases

should be summed into an ITV which can then be quality assured by checking for

minimum thicknesses corresponding to the displacement measures from the lead tip.

Where the total width of the ITV is less than measured displacement, it should be

expanded.

Proposition 2 represents clinical practice much more closely than proposition 1. For

the patients in this study, this approach would have suggested broadening the ITVs

by a relatively small amount in comparison to proposition 1: up to 3.5 mm for patient

2 in the SI direction (12 mm target thickness and 15.5 mm displacement of the lead

tip). For both proposition 1 and 2 however, a targeting approach based on respiratory

gated information does not necessarily include the range of motion seen in motion at

points in the myocardium.

The information missing from this discussion is knowledge of how much tissue needs

to be treated in order to achieve a treatment effect: a reduction in VT burden and

fewer ICD shocks. Proposition 1 ensures coverage of the target, as much as is possible,

while proposition 2 is focused more on ensuring that some of the tissue is treated to

the prescription dose. Following the experience of catheter ablation for treating VT,

the key aim of treatment is to ‘cut’ across errant circuits in the myocardium. Given
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a high fidelity knowledge of the location of those circuits, it might be possible and

preferable to create plans aimed at treating just the minimum of tissue. If the data

shows a specific minimum dose level at which ‘cutting’ effects occur, then by including

the quality assurance from knowing cardiac wall displacements as described above, it

would be possible to prescribe the minimum necessary treatment volume (MNTV) to

ensure success. Achieving the MNTV should be one of the goals of further research

in this field. Most importantly, the principles laid out here by measurement must

absolutely be balanced against the need to treat patients in such a way that life is

preserved as a priority and ensuring that numerical approaches do not interfere with

good clinical outcomes54.

3.5.2 Effects of abdominal compression

The effect of abdominal compression is discussed here: firstly with regard to the di-

aphragm motion and secondly with regard to the lead tip displacement. Only the

assessment scans are discussed; differences between assessment and treatment are pre-

sented in the next section.

Respiration depth measured as the average peak-to-trough distance changed when

compression was applied, but the difference was not consistent for all patients. Patient

1 showed a 3.3 mm (15%) decrease in respiration depth with compression. Patient 2

showed a more dramatic 7 mm (45%) decrease in breathing depth with compression.

Patient 3 had 2 assessments 6 months apart; their breathing depth under compression

was consistent (between 11 and 12 mm) and less so without (between 14 and 22 mm).

Respiration rate can also be considered. Patients 1 and 3 showed an inverse re-

lationship between breathing rate and depth: faster breathing was associated with

shallower breaths. The dramatic change in respiration depth for patient 2 was not

associated with a change in their breathing rate.

Considering the displacement of the lead tip, compression had a limited and un-

predictable impact. Patient 3 demonstrated the most intuitive change: SI motion was
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suppressed under compression in each of their assessment sessions (3.8 mm average

reduction in SI motion). Patient 1 experienced increased displacement in LR (10.9 mm

with compression vs 9.3 mm without), suggesting that the compression was pushing

the diaphragm against the heart and forcing it outward with each breath. Taking the

cardiac motion separated from the respiratory components (see figure 9:C for compara-

tive reference), there were no significant differences between the axes with and without

compression for patients 1 and 3. Patient 2 showed reduced LR and SI motion for

cardiac motion alone under compression.

In the sample of 3 patients in this study, abdominal compression was able to sup-

press diaphragm motion but had limited effect on the motion at the position of the

lead tip. For the purpose of controlling target motion, there was limited application for

abdominal compression in these patients. Abdominal compression generally reduced

diaphragm motion providing improved control over the position of nearby organs at

risk.

3.5.3 Assessment compared with pre-treatment scans

Firstly correlation between SI displacement of the lead tip and breathing depth at all

points in the patient pathway is discussed before differences observed between assess-

ment and treatment for each patient are analysed.

Full trace SI displacement at the point of the lead tip correlated with breathing

depth to some degree for each patient. r2 values for least squares regression for patients

1 and 3 were both 0.7. For patient 2 however, there was no correlation seen between

breathing depth and SI motion at the lead tip (r2 = 0). This can be explained by

the patient’s inconsistent breathing patterns. While the breathing depth for patient

2 under compression was relatively low, the average position of the diaphragm varied

considerably as did the average position of the lead tip making the actual displacement

as large as it was without compression. The patient did not report discomfort but

abdominal compression clearly had some negative impact on their breathing. Erratic
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breathing under compression was also observed visually and contributed to the decision

to treat patient 2 without compression. Given that the cardiac motion itself was

affected by compression, the decision not to compress the patient appears validated.

When attending for treatment (compression applied) patient 1’s breathing rate

was lower (15 vs 20 bpm) and their depth of breathing was also reduced (15 versus

19 mm). Their LR and SI lead tip displacements were significantly reduced while

cardiac displacement alone was affected less between assessment and treatment. The

main difference for patient 1 at treatment was reduced diaphragm motion resulting

in reduced motion at the lead tip. The patient may have been more anxious at their

assessment scan and more relaxed at treatment, possibly through greater familiarity

with the process and environment of the linac bunker.

Patient 2 had a breathing rate and depth similar at both assessment and treat-

ment; AP and SI axes showed lower lead tip displacement at treatment compared with

assessment.

Patient 3 showed an increased breathing depth and a decreased breathing rate at

treatment compared with both their ‘compressed’ assessments. This difference did not

translate into differences in lead tip displacement except in LR where the displacement

was reduced.

These data demonstrate the potential for the use of this measurement and analysis

toolkit to quality assure patient set up by comparing values from pre-planning with

pre-treatment before initiating the treatment beam. In the case of all of the patients,

it would have been notable that motion was reduced. The increased breathing depth

seen for patient 3 may have been interpreted as an issue. A greater number of data

points may help draw out any trends between these observations.

3.5.4 Organs at risk

Table 7 shows that by considering the lead tip CoD as a fixed point in the patient

and applying the relationship between tip CoD and diaphragm CoD found in the XVI
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image sequences, it is possible to predict CT slice positions for which the apex of the

fundus of the stomach is likely to be present for a set percentage of time. If 25% and

50% are chosen, patients 1 and 3 show that the practice of outlining the stomach on the

4DCT and growing it by 3 mm gives remarkably close agreement between the visible

stomach and the 25th percentile, while the maximum position of the stomach is close

to the PORV location.

Using patient specific occupancy positions measured using data over tens of respi-

ratory cycles at high frequency, as in the XVI datasets in this study, a more patient-

specific and slightly less conservative approach may be feasible. Instead of applying the

tolerances to the PORV, if one uses the occupancy factors of 0.25 and 0.5 for the newly

defined regions, one can apply the same tolerances multiplied by 4 and 2 accordingly.

Note that 2 × 17.5 Gy42 is 35 Gy: a dose level not usually encountered in these plans

which suggests that one could apply no tolerances above the slice representing the 50%

occupancy of the stomach (see figure 14).

Figure 14: Schematic of the measured stomach positions compared
with those delineated on the planning average 4DCT images for pa-
tient 1. Green represents 100%, orange is 50% and light blue is 25%
occupancy. The red line indicates the original 3 mm PORV around the
original delineated stomach (middle black line).

Two issues must be considered. Firstly, the errors associated with locating the

point of 50% occupancy for the stomach and secondly the reproducibility of this point

between planning and treatment. The error analysis is presented in Appendix 3.7.2: the
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estimated error in finding the 50% occupancy position is 3.4 mm. Reproducibility can

be assessed by comparing cardiac CoD to diaphragm CoD distances against the same

distances measured at pre-treatment: 3.6, 1.3 and 0.9 mm for each patient respectively.

Adding the 3.4 mm error onto the SI position of the stomach’s 50% occupancy

position results in approximately the 25% occupancy position which correlates with

the superior edge of the stomach as defined on the averaged 4D CT scan (see figure

14). The implication for treatment planning would then be to treat the 4D CT average

definition of superior stomach edge as the 50th percentile position: at most, one would

expect for that edge to receive 50% of the dose observed in the treatment plan at

that position. Under such conditions, stringent planning requirements to maintain

maximum doses of less than 22 Gy to the stomach PRV (3 mm beyond that edge)

might be relaxed leading to more optimal coverage of the myocardium if near the

stomach.

Table 7 shows this to be an effective strategy for patients 1 and 3 but not for patient

2 where approximately 1 cm of difference is seen between stomach positions predicted

using the XVI data and 4D CT. As previously noted, patient 2 was observably less

stable than the other patients: they were not compressed for treatment and their

breathing patterns were erratic.

There is insufficient data here to determine whether this approach would work

for the majority of patients, but it raises relevant questions about how reproducible

critical structure locations in STAR patients are. Using this data toolkit at the point

of treatment would allow one to determine the distance from the heart to the stomach

(diaphragm surrogate): quality assuring the abdominal compression. This opens up

strategic possibilities such as repositioning the compression or preparing multiple plans

assuming different relational positions of the structures and selecting the optimal plan

on the basis of the measurement.

This analysis also highlights the need for planning data to be motion based and

not captured at a single point in the respiratory cycle. A free-breathe CT scan might
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select a stomach position at peak inhale: up to 1 cm from its median position which

could lead to an underestimation of the dose it will receive at treatment.

Even when 4D data is used as the input for treatment planning, most modern

planning systems and workflows are not equipped to efficiently provide motion-based

OAR dose reporting which means there is limited data on the effect of motion, cardiac,

respiratory or otherwise. While this should not limit progress for STAR at this stage

in its development, it may impact on a centre’s confidence or ability to completely

treat target volumes when the stomach, oesophagus or other OAR is close by. With

developing technologies and techniques, it is conceivable that OAR motion will be

“built-in” for future radiotherapy endeavours, at which time it may be possible to

review and refine the treatment approaches in the ways proposed in this paper in a

more routine manner.

3.5.5 Further work

This is a preliminary piece of work intended to explore the utility and potential for a

toolkit which can measure displacement and CoDs for the lead tip and diaphragm /

stomach in STAR patients. Various avenues for future work are opened up and a few

are discussed briefly here.

3.5.5.1 Quality assurance process

Quality assurance of the treatment planning and delivery process for STAR has

been discussed previously in this work. An overview of a potential quality assurance

process and the requirements for its implementation are laid out here.

Primary data is acquired prior to treatment planning on the linear accelerator and

includes the displacement of the pacing lead tip in all three axes, the displacement of

the diaphragm and the relative distance between both CoDs. At the point of treatment,

secondary data is captured, remeasuring the same displacements and distances.
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These data are valuable at different moments during the patient pathway. At

the point of treatment delivery, a comparison of primary and secondary data would

allow the opportunity to quantitatively assess patient set up in terms of abdominal

compression reproducibility and patient breathing patterns. At the point of treatment

planning, decisions could be made about whether motion is large enough to warrant

the use of multiple plans which are either more accepting of dose close to organs or

restrict dose to the target to protect organs at risk. When the secondary data points

are compared to the primary at the point of treatment, the most appropriate plan

given the patient set up would be selected for treatment. The same principle is used

for various treatment sites (bladder as an example110) and is usually referred to as

‘plan of the day’.

In order to make this process feasible, speed would be the critical element to improve

on. Currently, data must be taken from the XVI servers which takes a few minutes

to copy, then the code is run which takes several minutes more. In total, the process

might take 10 minutes to run. The code is also in an experimental state and can only

be run by the author of this work. It would need to be made accessible for multiple

users with due consideration for regulatory needs if this procedure results in decisions

about irradiating the patient being made on its results.

3.5.5.2 Vector modelling and other points in the images

Significant amounts of data are discarded by this work: approximately a quarter of

the images in a 4D XVI imaging sequence are useful for determining the displacement

of the lead tip at cardinal angles. Assuming perfectly periodic motion, the captured

data could be applied to developing a motion model, rather than simple displacements

which would refine the information regarding target definition.

Additionally, some patients have multiple sensing leads and calcification in areas of

myocardium that would be useful to track and model and this toolkit can be modified
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to do so.

3.5.5.3 Velocity considerations

Considering the total displacement seen in table 5 and assuming no deformation of

the tissue in the septal wall, the measured frequencies can be used to show that parts

of the heart are moving between 6 and 21 mm/s.

Time dependent factors in delivering STAR are: motion of the MLC, motion of the

gantry, dose rate, and the periodicity (if any) of these. A comparison of the velocities

encountered in STAR plans against the velocities and vectors of motion encountered

here would be beneficial to demonstrate the impact of cardiac and respiratory motion

on the intended dose distributions. Lydiard et al. 33 have demonstrated the benefit of

MLC tracking for STAR treatments, measurement data from this work can contribute

to that avenue of research.

3.5.5.4 Deep inspiration breath hold

An extension to the use of abdominal compression for STAR would be a ‘deep inspi-

ration breath hold’ technique, commonly used for breast treatments111 albeit typically

to reduce dose to the heart. Such a technique is capable of reducing diaphragmatic

motion, taking a significant component of motion out of consideration.

There is at least one centre delivering STAR using a deep inspiration breath hold

(DIBH) technique. Such a technique largely removes the respiratory element of motion

from the patient. A useful piece of work for technique validation would be to compare

patient traces using this toolkit in DIBH versus a free-breathing set up.

3.5.5.5 Gating

This toolkit provides a retrospective method for acquiring motion data during STAR
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imaging. It is possible to acquire kV planar images during treatment. A future project

might look at acquiring that data ‘live’ during treatment and using the diaphragm and

cardiac data to gate the treatment.

3.6 Conclusions

A point-based tracking system has been applied to on-set imaging of patients receiving

STAR treatment. The data measured at the point of the lead tip and diaphragm

has highlighted that motion data additional to respiratory gated 4D CT images can

significantly alter the observable motion in both the target and organs at risk for STAR

patients.

Our centre is planning these patients in accordance with a UK national group of

centres aiming, in the first instance, to provide another line of treatment to patients

who otherwise have exhausted their treatment options. As the target is not cancerous,

the normal principles of treatment planning do not necessarily apply meaning that an

under-treatment of the target may not be an issue if the relevant parts of the heart

are receiving a sufficiently high dose; the problem being that it is clear neither which

parts of the tissue need to be dosed nor what the relevant dose is.

As this work continues in clinical trials, it must take an approach with unifies

the planning approaches in order to make reasonable sense of the outcomes, both in

producing a clinically desired effect and restricting any negative outcomes associated

with the use of radiotherapy in the thorax and abdomen. In the short term, on the basis

of these results, we aim to quality assure our planning volumes using the measurement

approach described in this paper and to work towards using this tool to ensure patients’

cardiac and respiratory motion is the same at treatment delivery as it was at planning.
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3.7 Appendices

3.7.1 Appendix A: Notes on data reporting

Throughout this paper, the full displacement of the lead tip is reported (see figure 10)

and the peak-to-trough diaphragm displacements are reported. The rationale for this

is presented here.

The lead tip displacement includes cardiac motion, respiratory motion and any

external patient motion and represents the ‘real’ values that are relevant when consid-

ering where the lead tip will be over a 3 minute period. Another way to present the

data would be the average distance travelled during one heartbeat, but the sampling

frequency of 5.5 Hz is too low to do so and preserve the integrity of the data and this

can be demonstrated by considering a simple sinusoid.

For a sampling frequency of 5.5 Hz, a 60 cpm signal (cardiac) has 5.5 samples per

cycle. For a sinusoid sampled at 5.5 samples per cycle, the observed peak-to-trough

differences are approximately 90% of the expected amplitude on average. Over 10

cycles, the average peak-to-trough differences are approximately 98.5% of the expected

amplitude. Over more cycles, the effect is essentially negated. Presenting the data

as the full displacement therefore means that one can make the statement: “the lead

tip did not move outside of a region X mm wide during the imaging sequence”. This

approach presents the data in a clear way, but also one in which the displacement is

maximally reported.

For the same sampling frequency, a 15 cpm signal (respiratory) has 22 samples per

cycle and the effect is barely apparent even over a single cycle. When the data is

presented as peak-to-trough distances, it is less affected by, for example, a very deep

breath which would extend the range of displacement.
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3.7.2 Appendix B: Error analysis

Measurement of the distance between the heart and the diaphragm in the planar images

is subject to the error analysis from the previous chapter. Given a 0.5 mm error in

both SI positions, the distance to the diaphragm 50% occupancy position should be

cited as 0.7 mm.

High quality 4D planning images are then required to estimate the distance from

the diaphragm to the stomach which is estimated to have an error of 2 mm (1 CT

slice width). Note that the stomach-to-diaphragm distance varies across phases; the

average distance was used in this analysis.

Finally, the error in estimating the lead tip position in the 4D dataset must be ad-

dressed. The maximum travel from the CoD seen in this study was 15.5 mm; assuming

a normal distribution of possible CoD locations, 1 standard deviation from the CoD

would be around 2.6 mm which we use here as an estimated error in locating the lead

tip CoD.

Combining these errors in quadrature results in an error estimate of 3.4 mm.

If a registration point is created for the patient at the assessment scan and used

again at planning, the largest error (2.6 mm) would be mostly negated. Total error

would then be 2.1 mm.
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4 Critical analysis

4.1 Introduction

This work has demonstrated the feasibility of characterising cardiac motion in radio-

therapy patients on conventional linear accelerators. The required images can be cap-

tured during routine preparation for radiotherapy and the output data can be included

in treatment planning workflows and referred to at the point of delivery to ensure re-

producibility. The methodology for capturing this motion data uniquely ensures that

the patient is both in the treatment position and is under treatment conditions: they

are in the environment in which treatment will take place. This gives the best opportu-

nity to measure cardiac and respiratory motion under similar stress conditions to those

the patient will experience again when they return for treatment. While this work is

inconclusive with regards to the full applicability of the data, it has begun to show

how it might form part of organ at risk delineation and can contribute to ensuring that

treatment volumes are of sufficiently large dimensions.

This section presents a critical analysis of the methods used to measure and analyse

the data in this thesis. Areas of interest are highlighted and a concluding section reflects

on the project in its entirety.

4.2 Use of XVI data

Firstly, the concept of using XVI data for this project was a positive development.

The imaging data was incidentally acquired as part of the ‘normal’ work up for these

patients meaning that there was no extra radiation dose given to them for this research

project and no extra complications for the patients during their treatment. Pacing

lead tips and diaphragms were clearly visible in nearly all the captured images making

this project feasible. STAR is too nascent for commercial systems to have yet been

developed for this purpose but if the field becomes large enough, one might expect to

see such systems become available.
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The primary benefit of using this data was that the patients were in the treatment

position for radiotherapy. Several other imaging approaches for gathering motion data

in the heart and lungs of patients are available such as ultrasound, MRI, fast CT and

others. Measurements made with these other modalities can be accessed and would

be useful and problematic in their own ways. Ultrasound has the benefit of extremely

high temporal imaging frequency, typically in the kHz range, meaning that temporal

aliasing problems would be negated but it can produce artefacts around pacing lead

wires which would need to be accounted for. 4D MRI is also capable of capturing

images at a higher rate than 5.5 Hz in this study, but often suffers from artefacts

generated by the pace maker. Fast CT scanners can produce exquisite images of the

heart with contrast, but usually have gantries too small and incompatible couches to

accommodate radiotherapy immobilisation devices. The XVI system has the advantage

of being in the treatment room and truly represents the patients in the environment

and position ready for treatment, and uses low energy x-rays which are preferentially

absorbed by the lead tip material, creating good amounts of contrast across a large

number of angles.

The main issues with using XVI data to track the pacing lead tip are (1) the limited

positional range it represents: a single point in the myocardium and (2) the relatively

low frequency of image acquisition. It has been mentioned several times in the text

that the heart moves in a wringing motion and a single point cannot fully represent it.

However, the single point has utility in being measurable at multiple points in time,

making it a viable quality assurance tool for treatment. From the imaging parameter

aspect, changes to the parameters for XVI (frequency, kV, mAs) have not yet been

investigated and it may be possible to improve the utility of the processes defined for

this work by doing so.

A number of extensions to this work would be useful. Firstly, the use of the Clar-

ity (Elekta, Stockholm) ultrasound system, which is used for prostate positioning and

tracking in radiotherapy, to supplement the data measured on XVI. For no extra ra-
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diation dose to the patient, Clarity, or some other ultrasound system, might be able

to measure displacement ranges at multiple points in the heart. Secondly, more of the

data gathered by XVI might be used. A large quantity of data is wasted in restrict-

ing the gantry angles around the angle of interest to ± 10°. Some work was put into

modelling the motion of the lead tip to produce a full motion trace in 3D but the work

had to be stopped because of time limitations. One problem with this side project was

an assumption that every heartbeat was identical, but it is possible that an approach

could be found to producing 3D motion traces from the XVI measured data. Thirdly,

other points might be tracked in patients’ hearts. Sensing leads, calcification and other

high density regions were visible in the images captured for the 3 patients in this study

which might all be used to track different areas of the heart and add to the planning

information on a patient-by-patient basis.

4.3 Image processing

The image processing techniques that were used to highlight the lead tip and diaphragm

were successful but could be improved. This work was essentially a feasibility study and

the measured data corroborates the hypothesis that it is possible to retrieve cardiac

and respiratory motion from XVI data. The image processing approaches, however

effective, were fairly simplistic. Artificial intelligence approaches might be trained

to highlight objects in these images more successfully and increase the rate of frames

without detection errors. A simple first approach might be to track the angle of the lead

tip and generate edge detection kernels using those angles. Additionally, diaphragm-

shaped (parabolic) kernels may help to increase the detection rate of the diaphragm.

Lead tip detection rates were reasonably high, but could be improved. The main

issue was a loss of contrast at angles where the lead tip and lead were in a direct

line with the x-ray source and panel; the tip ‘disappeared’ into the lead. Not much

could be done to recover those angular data, but where that issue occurred at cardinal

gantry angles (which were always chosen to measured displacement in DICOM axes), an
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alternative approach might have been chosen. For example, gantry angles offset from

cardinal positions in orthogonal pairs could be used to improve the amount of data

available. As noted above, a side project to use more of the acquired data had to be

stopped because of time limitations and may be continued in the future. Another route

to improve detection rates would be to adjust the imaging parameters to specifically

improve contrast in the lead tip and diaphragm.

More robust methods for tracking the diaphragm are in common use: the XVI

system uses the ‘Amsterdam Shroud’ techniques (compressing images into a single

column of data) to track the breathing phase of the images. However, the disadvantage

of that technique is that it is ignorant of the geographical point at which the data

is acquired and cannot be immediately translated into distances between heart and

diaphragm, for example. Other authors also present different methods for diaphragm

tracking which produce more robust traces112.

The advantage of the process in this study was the ability to position the point of

diaphragm tracking at any location. If the location was anywhere other than near the

most superior point, it would suffer from being obscured at different gantry angles, but

this is a surmountable problem and opens possibilities of tracking any internal location

in the patient.

4.4 3D geometric approach

The approach used in this study was to select objects in 3D DICOM sets and then

track them in 2D kV planar images. There are doubtlessly many ways in which 3D

objects can be tracked in 2D images (the computer games industry is entirely focused

on translating between 3D and 2D as an example) but this specific approach for linac

point tracking has not yet been exploited. There are, however, many examples of other,

similar pieces of work for tracking tumours in the lung113, using kV-MV image pairs

to track fiducials114, and other applications for object tracking with kV images in the

literature115.
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The downside of this approach is the requirement for 3D datasets to be constructed

and examined by a human operator prior to tracking being performed. An extension

to this would be to allow an iterative approach to finding the diaphragm and lead tip

which could speed up the process and make it more viable for quality assurance prior to

treatment, for example. Template approaches to fiducial tracking for example remove

the need for this step.

The main error introduced by this approach is that pixel to mm conversion of

distance is always performed at the position of the centre of displacement (CoD) and

not the current tracked point in 3D space. This results in an error in the conversion of

approximately 1% per cm distance from the CoD which is negligible (<0.5 mm) over

distances up to 3 cm displacement. For the purpose of diaphragm and cardiac motion

tracking, it is sufficiently accurate.

4.5 Application of data to patient anatomy

As noted, tracking motion at a single point has the problem that it cannot fully rep-

resent the motion of the myocardium. It has been used in this study both to suggest

a method for fully covering targets, by using some model of cardiac motion to scale

by the detected motion, and to quality assure volumes: to check that volume dimen-

sions at least take into consideration displacement at some defined position. The latter

approach is more likely to be successfully adopted into clinical practice than the first

given the large scale expansion of treatment volumes needed to cover the target pre-

sented in this work. Doing so is not in line with good radiotherapy practice: positive

outcomes have been observed without applying such large expansions to volumes. It is

also much more likely, according to the various publications on the subject, that target

sizes will become smaller in the course of time: cutting through errant circuits, rather

than ablating large volumes of cardiac tissue.

The proposal for applying occupancy-based tolerances to the stomach sparing is

potentially applicable with the caveat that it must be done carefully on a patient-
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by-patient basis. Our centre has removed sections of target volumes in order to keep

the dose low in the stomach PORV. By applying a measurement based approach to

stomach location occupancy, that might be avoided. Whether this has any impact on

the effectiveness of treatment is another question which cannot be answered without

trial data.

The stomach is the obvious organ to observe using the methods in this work: its

radio-sensitivity, proximity to the treatment site and motion in line with the observable

diaphragm all make it a worthwhile target for tracking. Other organs could also be

considered such as the oesophagus. Some method for improving the contrast of other

organs at risk would be required such as implanting a metal fiducial or having the

patient swallow some radio-contrast agent. In theory, it would be possible to track

multiple points in the patient near the target to ensure control over the target and

organs at risk for STAR treatment.

4.6 Conclusions

This work contributes to the field of cardiac SABR in a number of ways: demonstrating

the feasibility of the service in a modern radiotherapy centre, progressing the aim of

quality assurance for cardiac radiotherapy treatments from planning to delivery, and

developing the reporting of doses to targets and organs at risk in motion in the single

fraction setting. It has created opportunities for further work in both cardiac and

lung treatments and has developed understanding of the applicability of abdominal

compression in this field.

As the field of STAR progresses and targets become more refined, motion of the

cardiac wall will become more important. Techniques like the one presented in this

thesis must be available to centres wishing to deliver STAR and should be included in

trials to ensure the best quality targeting and dosimetric data possible. Doing so will

enable treatments to be more precise, irradiating less tissue and maximising patients’

chances of a successful treatment with minimal negative side effects.
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Appendices

A Code written by the author

This appendix includes a brief overview of the majority of the bespoke code written for

the work in this thesis. Modules are presented with inputs, functionality and outputs.

Number of lines of code are included to indicate the amount of processing performed

by each module.

Estimated total lines of code in this “core” version of the data processing toolkit =

780

A top level function (fullProcess) which calls the other modules in turn is first

described
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fullProcess module (~100 lines of code) 

• Module runs by calling other functions taking inputs from the user in the console and 

outputting data to the screen and to file  

• Inputs 

o File location for HIS files from XVI system 

o Tip and diaphragm coordinates as observed in CBCT reconstructions 

• Functions 

o Calls the following modules in turn: 

▪ Positions 

▪ DetectObjects 

▪ [Processes returned data traces geometrically] 

▪ Iterate 

• Outputs 

o Data traces produced in this process are stored in memory and further manipulated 

by either the user or the Analyse module  

 

Modules listed below not included in the fullProcess module are called by other modules when 

needed 

 

Modules 

• hisFileTools (~80 lines of code) 

o Inputs – image filename 

o Functions – 

▪ Reads header and image data from XVI files (.HIS) 

▪ Processes image to create 2 output images  

o Outputs 

▪ Lead tip detection 

▪ Diaphragm detection 

• xmlParse (~30 lines of code) 

o Inputs – name of xml file in XVI data store 

o Functions – parses the xml and creates an array containing the salient data for each 

frame: timestamp, gantry angle, flexmap data  

o Outputs – data array  

• Positions (~100 lines of code) 

o Inputs – coordinates (x, y, z) and gantry angles for each image 

o Functions – applies geometric methods to create expected positions on the panel (k, 

z’ coordinates) from the original input coordinates 

o Outputs  

▪ List of k-coordinates at each gantry angle 

▪ List of z’-coordinates at each gantry angle 

▪ List of pixel to distance conversion factors 
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• DetectObjects (~250 lines of code) 

o Inputs – filenames for each frame, lists of k and z’ coordinates 

o Functions –  

▪ Lead tip detection 

• Starts at either the previous tip position in the image or the expected 

geometrical position 

• Searches for nearest similar pixel values to the previous tip value 

• Takes profiles around the most likely tip position 

• Categorises profiles and identifies the most likely position of the lead 

tip 

• Returns the position of the identified lead tip 

▪ Diaphragm detection 

• Starts at the geometric expectation of k position 

• Collapses a surrounding region to a column of data points along z’ 

• Finds the position between maximum and minimum in this data 

column 

• “Sanity” checks the results by comparing to previous location and 

restricting amount of travel in a single frame 

o Outputs –  

▪ Array of tip positions per gantry angle 

▪ Array of diaphragm levels per gantry angle 

• Iterate (~70 lines of code) 

o Inputs –  

▪ Array of tip positions per gantry angle 

▪ Geometrically corrected array of tip positions per gantry angle 

▪ Range of positions in which to search 

o Functions – 

▪ Use Fourier analysis to remove all frequencies above 1 cpm from the 

geometrically corrected trace [create baseline] 

▪ For each position in the search range, assume CoD at this location, 

geometrically process tip position array at this location and compare against 

baseline 

▪ Find the global minima of this process and repeat with a range one fifth the 

size 

o Outputs – 

▪ Global minima positions in X and Y 

• Analyse (~150 lines of code) 

o Inputs –  

▪ Geometrically processed data traces for tip and / or diaphragm 

o Functions – 

▪ Multiple use code 

▪ Fourier analysis using NUMPY package returns frequency spectra  

▪ Peak and trough searches using FINDPEAKS function from SCIPY 

o Outputs – 

▪ Produces graphs and numerical outputs to screen 
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B DClinSci modules

This thesis forms part of the work completed to gain the qualification of DClinSci.

Taught modules have also contributed credits to this qualification and are listed on the

following page.
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