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Abstract

External beam radiation treatment is often included in standard breast cancer and non-
small cell lung cancer patients’ curative management. With the advances in radiation
treatment (RT) techniques, such as the development of intensity-modulated radiation
therapy and volumetric modulated arc therapy, local and regional control benefits are
established. However, both cancer type survivors are prone to develop radiation-induced
cardiac disease in their cured life. Furthermore, our laboratory previously demonstrated
an inflammatory response in canine models using '*FDG/PET imaging during the initial

year following RT.

Hence, the overall goal of this thesis is to assess early functional changes and
inflammation response in the heart after irradiation in both animal and patient pilot
studies with the use of multi-modality imaging. Additionally, planning studies were
undertaken to investigate the potential of reducing dose to the heart and substructure,
including the left ventricle and the left anterior descending artery, which are
unintentionally subjected to a higher dose during RT. Various RT planning techniques
including deep-inspiration breath-hold and 4D Robust optimization, which can be applied
to treat breast cancer are also examined. This is aimed to provide clinically feasible
alternative options for patients who are non-compliant to breath-hold, without

compromising target coverage.

In this thesis, we established a clinically feasible protocol to assess early cardiac
functional changes and inflammation response of current radiation treatment techniques
that are dedicated to minimizing cardiac dose and radiation-induced cardiac toxicity. This
included multi-modality cardiac imaging assessment using hybrid PET/MR and CT
perfusion imaging with serial blood work performed. Additionally, from the extensive
dosimetric heart sparing treatment planning study, we were able to demonstrate/present

clinical feasible free-breathing options for patients who are non-compliant with breath-
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hold treatment. In the future, the benefits of cardiac dose mitigation strategies can be

evaluated with the use of multi-modality imaging techniques.

Keywords

Radiotherapy, breast cancer, non-small cell lung cancer, radiation-induced toxicity,
cardiac imaging, hybrid PET/MRI, inflammation, perfusion, treatment planning, robust

optimization, deep-inspiration breath-hold

Summary for Lay Audience

With the advancement in radiotherapy techniques, the benefits of positive tumour
biological response and progression in breast cancer and non-small cell lung cancer are
observed. However, unintentional radiation-induced cardiac toxicity was reported in both
cancer type survivors after their treatment. With the use of multi-modality functional
cardiac imaging, the early effects on cardiac blood flow, function and inflammatory
responses to radiotherapy were assessed from animal models to patient pilot studies
before and after radiation treatment, featured in three chapters of this thesis. The
feasibility of the non-invasive imaging assessment that we demonstrated may be useful in
developing future patient-specific strategies, including early cardiac toxicity detection to
minimize post-radiation risk. Moreover, through an extensive radiation dose distribution
comparison among various radiotherapy treatment planning techniques, such as deep-
inspiration breath-hold and robust optimization, the clinical feasibility in sparing various
aspects of the heart are be compared and evaluated. Therefore, the cardiac exposure in
future cancer patients can be minimized without compromising target coverage,
especially for patients who are not compliant to heart-sparing techniques. In the future,
the benefits of cardiac dose mitigation strategies can be evaluated with the use of multi-

modality imaging techniques.
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Chapter 1

1 Introduction

In this thesis introduction, several topics are covered in order to highlight the importance
of accounting for radiation-induced cardiac toxicity in two cancer types: breast cancer
and non-small cell lung cancer. The topics include the clinical endpoints of radiation-
induced cardiac toxicity, current curative management of both cancer types and specific
radiation treatment techniques aiming to minimize normal tissue dose, including the
heart. This is followed by a summary explanation of the progression of radiation damage
in the heart. Lastly, various imaging techniques and biomarkers for assessing/detecting

radiation induced cardiac disease are presented.

1.1 Breast Cancer

Breast cancer is the most frequently diagnosed cancer among women worldwide.! It is
estimated that about 1 in 8 Canadian women will develop breast cancer during their
lifetime and 1 in 33 will die from it. 2 In Canada, from 2011-2017, the 5-year survival rate

is 89% for all stages combined.’

Breast cancer arises in the epithelium of the ducts or lobules in the breast glandular
tissue. The initial cancerous growth is confined to the duct or lobule (“in situ”), is
generally symptomless, and has minimal potential for spread (metastasis).

Radiation treatment (RT) plays an integral role in curative management, with well-
established local and regional control benefits.*> In Canada, almost two thirds of female
breast cancer receive radiation treatment.® With the introduction RT, the 10-year risks of
any locoregional or distance first recurrence and the 15-year risk of breast cancer
mortality were reduced by 15.7%, (35% to 19.3%) and 21.2%, (63.7% to 42.5%) in a

retrospective study.’

However, a landmark paper that included patients treated with breast RT in 75
randomized trials, reported the cardiac mortality increase risk is 0.3% for nonsmokers

and 1.2% for persistent smokers.® Moreover, patients in 22 countries (diagnosed in breast



cancer and received adjuvant RT before 1990) with 6.7 years mean length of follow-up
presented with a causal effect of higher radiation dose on cardiac mortality in left-sided

versus right-sided affected breast cancer (rate ratio, left vs right, 1.04).°

A population-based cohort study of breast cancer survivors during the non-CT based RT
period (1999-2007) in Denmark and Sweden, presented an increased risk of radiation-
related cardiac morbidity after left-sided RT compared with right-sided RT (incidence
rate ratio: 1.18; 95% CI: 1.07-1.30) with 3.6 Gy greater mean heart dose in the left-sided
cohort.!® Whereas during the CT-based RT period (2008-2016), no difference in risk of
cardiac events in left-sided vs right-sided was reported in early-stage breast cancer (10-

year) survivors.!!

A retrospective study of patients diagnosed from 2000 to 2009 identified from the SEER-
Medicare database demonstrated that left-breast-affected patients had a small increase in
their risk of percutaneous coronary intervention after RT and a subsequent increase in the

cardiac mortality risk with a subdistribution hazard ratio of 2.02.!2

Overall, these published studies have shown with RT techniques, breast cancer survivors
are benefited with better survival and local control. Nevertheless, especially the left-
sided-affected cohort are prone to develop radiation-related cardiac disease and the

clinical symptoms can manifest into cardiac mortality.

1.2 Curative management of breast cancer

Standard breast cancer curative management includes breast cancer surgery, adjuvant
hormonal therapy, adjuvant chemotherapy and radiation therapy which are discussed in

the subsequent sections.

1.2.1 Breast Cancer Surgery

Breast cancer surgery is one of the main components of curative breast cancer
management. It consists of either modified radical mastectomy, quadrantectomy,

excisional biopsy or wide local excision with sentinel lymph node biopsy with/without



axillary lymph node dissection. Wide local excision is commonly followed with whole-

breast irradiation, with/without a boost to the tumour bed."?

1.2.2 Mastectomy

Mastectomy can be removing one breast (unilateral or single mastectomy) or both s
breasts (bilateral or double mastectomy). It is reported that after mastectomy, RT
decreases the 20-year breast cancer mortality risk by 8.1% and lowers the overall

mortality in node-positive disease (risk ratio 0.89) reported in a meta-analysis study.'*

1.2.3 Adjuvant Hormonal Therapy

Hormonal therapy is also recognized as endocrine therapy with the basis of estrogen
linking to the pathogenesis of breast cancer.!” Tamoxifen antagonizes the growth of
estrogen-dependent breast cancer. Five years duration of tamoxifen treatment is the
standard adjuvant endocrine therapy for women with estrogen-positive blood-free breast
cancer.'” For patients with hormone receptor positive early-stage breast cancer, the
current guidelines suggest extending hormone therapy for 10 years.!¢ Yet, the use of
tamoxifen or aromatase inhibitors may associate with increased risk of ischemic heart
disease, myocardial infarction and venous thrombosis, according to the American Heart
Association Cardiovascular Disease in Women and Special Populations Committee of the

Council on Clinical Cardiology.!”

1.2.4 Adjuvant Chemotherapy

Up to the mid-1990s, adjuvant chemotherapy for breast cancer, comprised mainly of
cyclophosphamide, methotrexate, and S5-fluorouracil (CMF), were prescribed to
premenopausal women/women aged <50 years with positive lymph nodes."® It was
reported with no elevation of cardiovascular disease (CVD) risk compared with surgery

alone.!?

In the 1990s, anthracycline-containing regimens were introduced with the FDA’s
approval of doxorubicin (due to its significant antitumor activity published in
experimental tumour studies during 1969 and 1970), including 4xAC (doxorubicin,

cyclophosphamide), 4xEC (epirubicin, cyclophosphamide), 5xFAC (AC with 5-



fluorouracil) and 5-6xFEC (EC with 5-fluorouracil).!* Systemic therapy was also
increasingly delivered to premenopausal women without axillary lymph node metastasis.
Chemotherapy used since 1997 was reported to have a higher risk of chronic heart failure
(HF) (sHR 1.35).!* Dexrazoxane is a cardioprotective agent approved by the FDA for use
in advanced breast cancer patients treated with anthracyclines-containing regimens'®,

which significantly reduces the risk of HF.

Trastuzumab is a humanized monoclonal antibody targeted against the extracellular part
of HER2, which inhibits the proliferation of the cells overexpressing the HER2
oncogenic activation.!” An elevated risk of cardiotoxicity in a cohort of trastuzumab-
treated early-stage breast cancer patients was previously reported.?’ The cumulative
incidence of major cardiac events was higher compared with an age-matched healthy
population; and patients receiving sequential therapy with both anthracyclines and

trastuzumab were at a higher risk.?’

1.3 Radiation-induced cardiac toxicity: clinical endpoints

The foremost data obtained regarding the harmful effects of radiation on the
cardiovascular system was from the survivors of the Hiroshima and Nagasaki atomic
bombings, which depicted a 9.5% of cardiac mortality rate.?!

Radiation-induced cardiac disease (RICD) was initially characterized by the diffuse
interstitial fibrosis typically observed in the left ventricle (LV) myocardium, which is
dominant in the anterior and lateral walls, represented as an outcome of damaged
myocardium microcirculation with subsequent ischemia.

The radiation-related cardiovascular event which resulted from radiation treatment was
frequently defined as a cardiovascular hospital discharge diagnosis, cardiosurgical
intervention, or death due to cardiovascular disease (CVD). CVD is classified as
cardiomyopathy, myocardial infarction, coronary heart disease (CAD), angina,
arrhythmia, stiff or leaking heart valves. It is important to note that CVD mainly is

diagnosed after decades of patient-cured life.



1.3.1 Coronary Artery Disease (CAD)

Coronary artery disease is the most common manifestation of RICD with an incidence of
up to 85%,% resulting from coronary arteries stenosis and atherosclerosis development,
microcirculatory damage, and sustained inflammation. In terms of coronary artery
stenosis, the lumen narrowing is related to endothelial injury in the coronaries, platelet
aggregation, thrombosis and replacement of damaged coronary intima cells by
myofibroblasts.”> CAD is generally diagnosed by echocardiography and CT imaging.
Coronary artery bypass graft and percutaneous coronary intervention (PCI) are common

practices for CAD management.?’

1.3.2 Pericardial Disease

Acute pericarditis is recognized as a short-term complication of radiation-induced
inflammation of the pericardium. Pericardial calcifications, thickening, effusion, and
constrictions can be detected through imaging such as T2-weighted MRI. In the later
term, collagen and fibrin will replace the normal adipose tissue of the heart. Persistent
inflammation fibrosis of the pericardium is characterized as chronic constrictive
pericarditis that can progress to heart failure. An autopsy study showed a large proportion
of patients who had undergone mediastinal radiation had some form of the pericardial
disease usually effusion or constriction identified.?* Frequently, the pericardial disease is
managed with (1) diuretics and anti-inflammation drugs, (2) pericardial stripping for

constrictive pericarditis, (3) pericardiocentesis for large effusions/tamponade.?’

1.3.3 Valvular dysfunction

Irradiated valve cusps and leaflets can induce fibrotic changes and thickening, with or
without calcification.”*> A case-control study of 5-year Hodgkin lymphoma survivors
reported that the radiation dose to the heart valves can linearly increase the risk for
clinically significant valvular heart disease with a dose above 30 Gy.?>* Currently, most of
the studies reporting RICD endpoints of valvular disease are from Hodgkin lymphoma

2528 which is more detrimental to the left-

patients treated with mediastinal irradiation
sided valves (responsible for controlling blood delivery to the whole body) regardless of

the dose distribution,” and suggesting higher pressures in the systemic circulation (a



more forceful hemodynamics), which may further damage the fragile valve. Surgical or

transcatheter aortic valve replacements are performed in severe cases.?’

1.3.4 Cardiac sarcoidosis

Cardiac sarcoidosis is a rare inflammatory condition where clusters of immune cells form
granulomas in the heart, which can give rise to arrthythmia and heart failure.
Traditionally, echocardiography and late gadolinium enhancement (LGE) MRI are used
in the diagnosis of cardiac sarcoidosis (CS). With nuclear imaging, 'SFDG/PET has a
reported sensitivity and specificity for the detection of cardiac sarcoid disease as high as
89.9% and 81.4%, respectively.® Immunosuppressive regimens in the form of

corticosteroids generally play a major role in CS treatments.

1.3.5 Arrhythmia

Arrhythmia is presented as triggered activity from active inflammation to re-entry scar
formation. Transient and asymptomatic arrhythmia may occur within a year of therapy,
but permanent damage to the cardiac nodes and bundle branch blocks may manifest in
later years after RT completion.?® Patients are generally managed with a pacemaker or
cardiac resynchronization, or prescribed with beta-blockers, and calcium channel

blockers for anti-arrhythmic therapy.??

1.3.6 Myocardial Infarction (Ml)

Acute myocardial infarction is identified as an event of myocardial necrosis caused by
myocardial ischemia, such as the atheromatous process (activation of a plaque) which
prevents blood flow through the coronaries.’! Acute MI is classified based on the
presence or absence of ST-segment elevation on the ECG and is further categorized into
subtypes of infarction (cause by coronary atherothrombosis or cardiac intervention such

as PCI and stent).*



1.3.7 Congestive Heart Failure (HF)

Congestive heart failure may result from widespread sarcoidosis of the myocardium,
excessive inflammation leading to adverse LV remodeling, with a decline in left
ventricular ejection fraction (LVEF) and death.

It is interesting to note that a case-control study, which studied heart failure as the first
cardiovascular diagnosis of breast cancer survivors treated during 1980-2009, found in
the absence of anthracyclines, breast RT was not associated with increased HF risk.
Patients with heart failure symptoms from radiation are often prescribed beta-blockers,

angiotensin-converting enzyme inhibitors, and diuretics.?

1.4 Types of Breast Irradiation

Adjuvant whole breast and partial breast irradiation are often delivered in curative breast
cancer management. Traditionally, whole-breast irradiation is performed in a tangential
manner, usually prescribed with a dose of 50 Gy in 25 fractions or 42.5 Gy in 16
fractions using 2 tangential photon beams. The Radiation Therapy Oncology Group
(RTOG) published consensus guidelines on the dose coverage contour boundaries of the
whole breast, chest wall, and nodal volume used for CT-based RT planning.>*

Partial breast irradiation is delivered using intraoperative radiation, brachytherapy or
external beam techniques.®*’ It is aimed to irradiate the tumour bed rather than the
whole breast, and a single treatment using photons or electrons can be given at the time
of surgery. Two large partial breast irradiation trials (NSABP B-39 / RTOG 0413 —
RAPID [38.5Gy in 10 twice daily])**-° published promising results (acceptable toxicity
rate and ipsilateral breast-tumour recurrence) in low-risk breast cancer patients with a
shorter treatment duration. It is aimed that smaller volume of breast tissue can be treated
with larger fractions in a shorter treatment fractionation regime.

For advanced stage breast cancer, both the European Organization for Research and
Treatment of Cancer (EORTC 22922)*° and the National Cancer Institute of Canada
Clinical Trials Group (MA.20)*!' studies demonstrated that locoregional RT (with
irradiation of regional nodes in patients with high volume nodal disease or high-risk NO-1

disease) with prior surgery improves locoregional control and decreases rates of distant



metastasis, breast pain and treatment-related symptoms, with the cost of worsening
cosmetic results (moderate to severe fibrosis risk)>**2.

Note that when the internal mammary chain, supraclavicular or axillary modes and chest
wall are irradiated, this can lead to considerable exposure of the heart and lungs in both

left and right-sided RT, especially in case of axillary nodal metastases.®**4

1.4.1 Radiation Treatment Techniques

After decades of two-dimensional radiotherapy (2D-RT), CT-based planning has become
a standard-of-care.*> CT-based RT planning allows for an accurate anatomical location
and its vicinity to the breast and lungs and, subsequently, an accurate description of
cardiac and substructure radiation exposure. The advancement of RT techniques,
including utilizing 3D-conformal radiotherapy (3D-CRT), intensity-modulated
radiotherapy (IMRT), and volumetric arc radiotherapy (VMAT), have constituted
improved conformal dose distributions. However, it is not certain whether the advances
in RT techniques can reduce the prevalence of cardiac complications or simply delay the

timing of their onset with further reduction of radiation dose received in the heart.

1.4.2 3-Dimensional conformal radiation therapy (3D-CRT)

For cancer patients who were irradiated before the era of 3DCT RT planning, the
individual CT information was unavailable, such that the estimation of cardiac and
substructure doses in the treatment plan for retrospective evaluation is impossible.
Through incorporating the treatment planning software with 3D anatomy structure
dataset, 3D-CRT can calculate accurate 3D dose distributions to the treated breast and
also nearby organs at risk, including the heart.

A retrospective study of 3D-CRT, which published results on irradiated patients in
Germany from 1998-2008 demonstrated lower cardiac mortality than patients treated
without RT.* Moreover, NRG Oncology RTOG 0319 %7 was the first prospective
cooperative group trial to evaluate 3D-CRT as a method of accelerated partial breast
irradiation (APBI) for stage I or II invasive breast cancer patients. The prescription dose

of 38.5 Gy in 10 fractions was often delivered in terms of a point dose.*’ Overall, with a



median follow-up period of 8 years, durable ipsilateral breast tumour control was shown,

similar to other published APBI trials (using brachytherapy).*’

Advanced RT techniques for treating breast cancer are currently available aiming for
better target coverage and sparing the normal tissue including the heart, and are

presented/discussed in the following sections.

1.4.3 Intensity-modulated Radiotherapy (IMRT)

Forward and inverse planned intensity-modulated RT has been considered to further
conform the dose distribution, specifically to the target, and to minimize the dose to
critical structures.®® In addition, IMRT beams delivered by a dynamic multi-leaf

collimator can provide a rapid and efficient dose delivery compared to 3D-CRT.

1.4.4 Volumetric Modulated Arc Therapy (VMAT)

VMAT was developed in 2007, a novel RT technique equipped with the benefits of
highly conformal dose distributions, improvements in target volume coverage and normal
tissue sparing by the synchronized variation of the gantry rotation speed and treatment
field shape in combination with the involvement of multi-collimator leaves motions and
dynamic dose rate during RT. However, Sakka et al. have shown that VMAT techniques
in left-sided breast RT have a greater low dose volume to the heart and left anterior

descending artery (LAD) compared to IMRT.*

1.4.5 Deep Inspiration Breath-hold (DIBH)

To address the concern of heart dose, many centres utilize a deep-inspiration breath-hold
(DIBH) approach to maximize the distance between the heart and the irradiated breast.
The respiratory signal is viewed as a surrogate of an internal organ motion, through
monitoring, and the heart is typically furthest from the treated breast during the end of
inspiration. For centers that do not acquire respiratory signal, the patients usually undergo
a large inhale then hold. It is noted that breath-hold treatment requires patient compliance
and education/training prior to treatment (15-30 minutes)®’, and not every patient

manages DIBH RT.
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Deep-inspiration breath-hold consists of voluntary and involuntary techniques. Usually
the breath-hold automatically triggers the beam delivery at specific portions of the
breathing cycle. This requires either measuring the changes in the pressure exerted by the
breathing induced motion of the diaphragm against the bellows system, or video tracking
of an external marker on patient such as the real time position management system
(Varian RPM systems, Varian Medical Systems, Palo Alto, USA) or surface guided RT
system (SGRT) (AlignRT, Vision RT Ltd, London, United Kingdom) that are discussed

in the proceeding sections.

1.4.5.1 Active breathing Control (ABC)

The active breathing control (ABC) procedure is an involuntary technique which consists
of apparatus that can halt breathing at any predetermined position along the breathing
cycle. The device usually incorporates a mouthpiece, spirometer and valve connected in
series.’! Once activated by the operator, the valve will close at a specific lung volume,
thereby halting the airflow and causing a corresponding breath-hold of typically 10-45s.>"!
The ABC procedure can be adapted for planning CT acquisition with minimal motion
artifacts.’! However, it holds the disadvantages of compliance issues and invasiveness to

patient.

In a prospective trial of left-sided breast cancer patients, the mean heart dose was
significantly reduced by >20% in 88% of patients (p <.001) with the use of active

breathing control and proven to be well tolerated and preserved local control.>

1.4.5.2 Voluntary deep-inspiration breath-hold (vDIBH)

The voluntary deep-inspiration breath-hold techniques utilize respiratory gating
techniques that can correspondingly optimize patient positioning and intra-fraction
motion monitoring. The Varian RPM system>’ consists of an infrared camera mounted on
the wall and surrounded by infrared lights. A marker box with reflective dots is placed on
the patient and used as surrogate to measure the expansion of the patient’s thorax during
breathing from 2 degrees of freedom (DOF).>* Alternatively, surface-guided radiation
therapy (SGRT) has emerged with combinations of optical sensors and algorithms that

can permit 3D optically surface scanning of patient’s surface and detection of positional
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offsets which could be corrected in 6 DOF.>* It holds the basic principle of
photogrammetry, which is defined as the process of optical describing a 3D object with
the information obtained from 2D images. Photogrammetry measures the distance
between two points residing on a plane parallel to the imaging plane, through quantifying
the distance on an image with a known scale. Therefore, the patient surface can be
compared with a reference surface, followed by computing the displacements required to
bring the two surfaces into alignment. The accuracy of SGRT systems was reported
within 5 mm for DIBH positioning and monitoring>, and agreeable to spirometry-based
positioning.’> Overall, SGRT enables a more robust RT setup (compared to traditional
tattoo setup), which is contact-less, non-invasive and can longitudinally gate/monitor
patient’s breath-hold throughout the treatment. Note, the reproducibility for both
respiratory gating techniques from fraction to fraction can be a limitation. Furthermore,
testing features of SGRT such as skin colors, room lighting, thermal signature and

deformable registration algorithms can be challenging.*®

1.4.6 Prone Breast

In the prone position, gravity is exploited to further separate the breast and surrounding
normal tissues, leading to less radiation exposure to the heart and lungs. Prone
positioning tangential-field whole-breast and partial breast RT showed promise in
reducing the heart dose in left-breast-affected women of larger volume and right-breast-
affected women regardless of the breast volume; however, left-breast-affected women of
smaller breast volume were less benefitted from prone positioning, comparing the

normal-tissue doses of the ipsilateral lung, heart, chest wall and LAD doses.”’

1.5 Breast RT Cardiac Dose Guideline

The Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) was
formed by a group of physicians and researchers to provide data and reliable predictive
models on relationships between dose-volume parameters and the normal tissue
complication for RT planning in 2Gy per fraction. For the whole heart, it is suggested to
have the volume of the heart receiving 25 Gy or more to be less than 10% (V25cyHeart

<10%) for <1% long-term cardiac mortality; and for the pericardium, it is recommended
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to have the mean dose <26Gy and V30gy <36% for <15% toxicity risk of pericarditis.’®
However, a population-based study identified that QUANTEC guidelines were not
violated in any of the cardiovascular deaths in women with early-stage breast cancer.>’
The risk of radiation-induced cardiac death at 10 years appeared to be very low according
to the classification of mean heart dose (MHD) <3.3 Gy and max LAD dose <45.4 Gy,
which suggested the need for the dose constraints of heart and LAD to be re-evaluated in

future studies.>

In a retrospective study, Darby et al. presented the overall average of MHD which was
4.9 Gy from 2D-RT and the overall ratio of major coronary events increased linearly with
the MHD by 7.4% per gray, with no apparent threshold.®® Regarding this retrospective
model, the baseline cardiovascular risk was not known since the real dosimetric data and
true location of the heart compared to the irradiated volume were not available in all
patients (MHD was estimated), and there was an imbalance of comorbidities among
treatment groups. Van der Bogaardt et al.®! later validated Darby’s model in breast cancer
survivors treated with 3D-RT using available dosimetric data, given that lots of
variability in heart position could exist. They concluded after a nine-year follow-up that
the cumulative incidence of coronary events surged by 16.5% per Gy of MHD and that
the LV Vsgy was the best predictor of risk.6!

1.2 on whole breast RT studies after

A worldwide systematic review done by Drost et a
2014, reported a 3.6 Gy total MHD based on 84 left-sided breast cancer studies and a
lower MHD of 1.7 Gy from 65 regimens with breathing control. Frequently the apex of
the heart is close, or even within the radiation field, resulting in a maximum dose

exposure of the heart up to >20 Gy.%

A 3D-CRT study on breast cancer suggested the
LAD radiation dose should be considered in RT planning and the dose should be kept as
low as possible.** Particularly, the women receiving a mean dose of 1-5 Gy to the mid
LAD had an adjusted odds ratio of 0.9 for a later coronary intervention compared to

women receiving a mean dose of 0-1 Gy to the mid LAD.%

In order to (1) manage/monitor the progression of radiation-induced cardiac toxicity

efficiently and (2) evaluate the clinical effectiveness of cardiac dose mitigation strategies
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including current and advanced RT techniques, acute microvascular level radiation
damage/changes in patients and/or animal models need to be studied. This can allow
early interventions to minimize breast cancer patients from the aforementioned radiation-
related cardiac toxicity at the later term. The proceeding section will begin with a brief

introduction of radiation damage to heart at the micro and macrovascular level.

1.6 Micro and Macrovascular level Radiation Damage

Radiation leads to the formation of free radicals that disrupts the DNA strands integrity,
which can precipitate molecular damage. Tissue malfunction ultimately occurs when the
cell’s ability to repair itself is overwhelmed.®® At an acute stage, radiation damage at the

microvascular level is identified.

Endothelial injury in the cardiomyocytes and coronaries can lead to a proinflammatory
and profibrotic environment as a host defense response. By secreting chemokine (C-C
motif) ligand 2 (CCL2), which attracts monocytes that will later differentiate into M1-
like macrophages, will be responsible for removing cellular debris, minimizing the area
of apoptosis, and segregating injured from healthy tissue.® It is proceeded with the
generation of reactive oxygen species, cytokine and adhesion molecules, which interacts
with the leukocytes and platelets and target the inflammation (to clear the injury).%” Pro-
inflammatory cytokine release includes IL-6, tumour necrosis factor (TNF)-o,
transforming growth factor (TGF)-B. TGF-B activation under ionizing radiation
contributes to many cellular processes such as epithelial cell growth, mesenchymal cell
proliferation, and extracellular matrix synthesis.®® Platelet aggregation, thrombosis, and
replacement of the damaged cells by myofibroblasts can eventually rupture vessel walls

via oxidative stress (loss of thromboresistance).

At the later stage, the damaged heart initiates cell recruitment through chemokine (C-X3-
C motif) ligand 1 (CX3CLI) to attract monocytes, which differentiate into M2-like
reparative macrophages within the tissue.’® This begins the reparative phase of the
healing process; whereby invading leukocytes secrete cytokines which provide support to

endogenous tissue. Lymphocytes, including T helper cells, are present at low levels and
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are suggested to mediate the transition from proinflammatory to reparative cell

t.66

recruitment.”® Together, these cells operate the healing process, stimulating angiogenesis

to restore blood supply to the area at risk, and stimulating fibroblast reorganization and

extracellular matrix synthesis to generate a stable, collagen-rich scar.%

Intimal lesions following radiation exposure consist primarily of fibrous tissue. Increased
vascular permeability post-radiation is mediated in part by histamine and accumulating
endothelial cell death, causing fibrinogen leak outside the vessels.®® Fibrinogen is
converted to fibrin and evolves into fibrous tissue over time.®® This can lead to the
narrowing of the vessels commonly diagnosed as atherosclerosis. The decreased ratio of
effective blood vessels to myocytes, ultimately will manifest in the development of

cardiac sequelae and myocardial cell death.®’

1.7 Non-small Cell Lung Cancer (NSCLC)

Lung cancer is the second most commonly diagnosed cancer worldwide (11.4% of total
cases)! and is classified into two major histological types, non-small cell lung cancer
(NSCLC) and small cell lung cancer, depending on the neuroendocrine features. NSCLC
comprises 85% of all lung cancer originating from the epithelial cells of the lung of the
central bronchi to terminal alveoli.”” The poor prognosis of lung cancer patients
compared to other cancer survivors has been shown, with the age-standardized mortality
rate (number of total deaths of patients worldwide) being 11.2% (male) to 25.9%

(female).!

Radiation treatment is among the standard curative management for NSCLC patients. As
discussed previously, it is important to note that radiation may induce unintentional
injury of the myocardial tissue, during and after NSCLC RT due to the proximity of the
heart to the target tumour. From stage III NSCLC patients receiving dose-escalated RT of
74 Gy in 30 fx in 6 trials, at 8.8 years follow-up, 23% of patients had their first
cardiovascular event with heart doses associated with the events on a univariable
analysis.”! Since lung cancer patients are usually diagnosed at an older age, cardiac
comorbidities including ischemic heart disease and cardiac arrhythmia are commonly

reported.”?> Moreover, data from an Austrian center demonstrated that NSCLC patients
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(stage I-IV) presented with at least one coexisting cardiovascular disease (CVD) in
67.2% of the population.”? A US-based study of 95167 patients showed that CVD may
increase mortality in patients with stage I-1IIB disease, while there is no difference in

survival in stage IV patients.”

Locally advanced NSCLC patients with underlying CVD were presented with a 2-year
cumulative incidence estimate of major adverse cardiac events of 11.7%."”> Additionally,
for cardiac intervention, a case-control study of cardiac revascularization in patients who
had previous thoracic RT found that there was an increase mortality risk up to 5 years
after coronary artery stenting (hazard ratio = 4.2, 95% CI: 1.8-9.5).7¢

Overall, NSCLC patients are commonly treated with surgery, with or without adjuvant
chemotherapy and RT, and chemotherapy and RT for unresectable disease, which is

discussed in the subsequent section.

1.8 Standard Curative Treatment of NSCLC
1.8.1 Lung Cancer Surgery

Targeted lung cancer screening programs have shown lung cancer incidence rates
between 1% 77 and 1.6% '8, with the majority of patients diagnosed with early-stage
disease and treated with curative-intent surgery only, whereas the other patients received

chemo or radiation treatment.

1.8.2 Chemotherapy - NSCLC

From the practice guideline published by American Society for Radiation Oncology
(ASTRO), the optimal chemotherapy regimen for use in conjunction with concurrent
thoracic RT is not known, however, the 2 most common regimens etoposide/cisplatin
(EP) and carboplatin/paclitaxel (PC) were assessed in a completed phase 3 clinical trial
(NCT01494558).7° EP was suggested to be superior to weekly PC in terms of OS in the
setting of concurrent chemoradiation for unresectable stage III NSCLC.3%! Another
chemotherapy regimen, Cetuximab, which was examined in RTOG 0617, showed no OS

benefit.®?
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1.8.3 Dose of NSCLC RT

The ASTRO practice guideline recommended a minimum dose of 60 Gy in 2 Gy once-
daily fractions of external RT for locally advanced NSCLC patients managed by RT
alone, with a cost of treatment-related side effects such as esophagitis and pneumonitis.”
For dose escalation beyond 60 Gy with combined modality concurrent chemoradiation, it
is reported with no associated clinical benefits.”

Furthermore, RTOG 0617 compared standard dose (60 Gy) versus high-dose (74 Gy)
radiation with concurrent chemotherapy and determined the efficacy of cetuximab for
stage 11l NSCLC.*? Of 496 eligible patients accrued, at a median follow-up of 5.1 years,
VscyHeart along with tumour location, radiation dose, esophagitis/dysphagia etc. were

factors that affected OS.%?

1.9 Lung RT Cardiac Dose Guideline

The heart dose in NSCLC RT planning has historically not been the main priority, given
the later toxicities are acceptable for patients with relatively poor prognosis.® A
retrospective study of locally advanced NSCLC patients treated with median prescription
of 66 Gy, with the planning CT heart location recontoured according to the RTOG 0617
guidelines, compared V50cyHeart <25% versus >25%, reported the 1-year OS rates were
70.2% versus 46.8% and the 2-year OS rates were 45.9% versus 26.7% (p < 0.0001).34
Moreover, it was reported that the median V50gyHeart was significantly higher (20.8%
versus 13.9%, p < 0.0001) for patients with cardiac toxicity.** From RTOG 0617 trial
reported that at a median follow-up of 2 years and 5.1 years, V5cyHeart and V30cyHeart
were factors that affected stage IIl NSCLC OS.32%

For early-stage NSCLC patients treated with SBRT, in a median follow-up of 34.8
months, a multivariate analysis by Stam et al.3¢ showed that the maximum dose on the
left atrium (HR: 1.005/Gy) and the dose of 90% of the superior vena cava (HR:
1.025/Gy) were significantly associated with non-cancer death in this patient group.

A study of 11101 NSCLC patients (stage T1 to T4, treated with 55 Gy in 20 fractions),
presented the dose-sensitive region at the base of the heart, where higher doses were
associated with worse patient survival using voxel-by-voxel CT permutation testing (p <

0.001).8” Furthermore, Schytte et al.®® found in NSCLC patients treated with 3D-CRT a
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worsened OS in the group of patients with a mean LV dose greater than 14.5 Gy in 30 to

40 fractions.

1.10 Previous canine model study done on understanding
cardiac inflammation post irradiation

A study of the effects of radiation in an animal model, particularly at the heart region,
was done previously. Our laboratory demonstrated a progressive global myocardial
inflammatory response during the initial year following RT using hybrid 'SFDG/PET

imaging in canine models (n=5).%

The increased global inflammatory signal uptake was
detected as early as one-week post-single-fraction irradiation of a biological equivalent
LAD dose compared to standard breast RT under breath-hold condition.* The
inflammatory signal was correlated with the myocardial dose and further confirmed with
immunohistochemistry (CD45) at 12-months.? The study suggested that inflammation

PET imaging should be considered in future clinical studies to monitor the early changes

in cardiac function that progress into radiation-induced cardiac toxicity.

1.11 Non-invasive Cardiac Imaging for RICD

The available imaging techniques to detect or monitor RICD in patients non-invasively

are listed in the proceeding section.

1.11.1 Echocardiography

Transthoracic echocardiography has been recommended in cardiovascular medicine and
oncology articles as a primary imaging biomarker for LV dysfunction during and after
the administration of potentially cardiotoxic cancer-related treatment.'®*° A LVEF
measurement of less than or equal to 40% is identified as heart failure using
echocardiography.”! Baseline global longitudinal strain imaging using 2D speckle
tracking echocardiography or doppler tissue imaging is also recommended to measure
myocardial deformation with high sensitivity for early detection of LV dysfunction.”
However, conventional echocardiography is limited to the detection of macrovascular
changes in the heart functions. To detect microvascular changes in response to radiation,

medical imaging other than echocardiography is needed.
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1.11.2 SPECT imaging

SPECT is a traditionally widely used diagnostic tool for the detection of myocardial
prefusion defects with the capacity to differentiate reversible perfusion defects from
irreversible perfusion defects. Imaging using **Tc/SPECT in left-sided breast cancer
patients have reported increased myocardial perfusion defects and abnormalities starting
from 6-months post-RT.”>> A systematic review done by Kaidar-Person et al. reported
regional perfusion defects in the apical and anterolateral aspects of the LV with a
correlation between the proportion of LV within the RT-field.’® Moreover, a retrospective
study of early-stage breast cancer patients found a statistically significant higher
prevalence of stress SPECT perfusion abnormalities particularly in the LAD territory at
12 years post-RT among left (59% incidence) vs right-side (8% incidence) irradiated

patients.”’

1.11.3 PET imaging and "®FDG

Positron emission tomography (PET) utilizes radionuclide tracer techniques and an
external detector system to produce images of in vivo radionuclide distribution. The
image intensity presented as standard uptake value (SUV) (equation 1) reflects the
functionality instead of the anatomy of the imaged organ. PET allows non-invasive
evaluation of the myocardial metabolism, blood flow, and function, using physiological
substrates prepared with the positron-emitting radionuclide. Positron emitting
radionuclides, such as fluoro-2-deoxyglucose ('®*FDG) which has a 110-minute half-life,
are produced using a cyclotron. The advancement of 3D cardiac imaging using PET has
been equipped with crystal camera technology, high-speed electronics, and software to

lessen the dead time and better locate random and scattered events.”®
[1]SUV = Activty (MBq/kg)/[injected dose MBq/Weight(kg)]

BFDG/PET is the most studied tracer of nuclear inflammation imaging, which has been
used for staging primary cancer and detecting metastasis.”® 'SFDG/PET imaging changes
in terms of the whole heart were studied in NSCLC patients, with increasing SUVmean
cardiac values significantly predictive of an overall trend of improved overall survival.!®

However, the study lacked suppression of healthy myocyte glucose uptake. Hence, it is



19

possible that the increased 'SFDG/PET in the myocardium was due to the increased

glucose metabolism of healthy myocytes.

Furthermore, the use of 'FDG/PET was reported for enhanced detection of cardiac
sarcoidosis'?!, granulomatous disease, and equipped with a sensitivity and specificity of
89% and 78% in detection.!” Other PET cardiac imaging approaches include the use of
F_NaF, which can detect coronary calcifications and microcalcifications. ®Ga-
pentixafor (68 minutes half-life) is another tracer for detection of arterial wall
inflammation in comparison to 'FDG and the uptake was correlated to the degree of

calcification in the corresponding lesions. '

1.11.3.1 Glucose Suppression in '®FDG PET imaging

Fasting for 12-hours before '®*FDG/PET imaging and a special diet preparation including
high fat, low carbohydrate, and low protein is required to suppress normal myocytes
glucose. Under fasting and aerobic conditions, long-chain fatty acids are the main energy
supplier in the heart (65 -70%) and the rest (15 - 20%) of the energy supply comes from
glucose.!” Cardiac myocytes utilize glucose as an energy source via GLUT4,' while
macrophages undergo glycolysis mainly via GLUT1 and GLUT3,!% and are not insulin-
dependent. As a result, '*FDG uptake in cardiac inflammatory lesions is not expected to

be reduced with the diet protocol.

The administration of heparin prior to '®FDG injection aims at increasing blood-free fatty
acid. Such an approach will further induce fat-dominated metabolism, which decreases
BEDG accumulation in the myocardium. However, 5% of the time the suppression of

uptake in normal myocytes failed even under the best diet and fasting protocols.'?’?

1.11.4 PET imaging "*NH3

BNH3/PET is capable of performing myocardial perfusion imaging with a flow-
dependence property with a 10-minute half-life. *’NH; extraction by the myocardial
tissue is metabolically trapped by the glutamine synthetase reaction as '“N-labeled
glutamine.!® One-tissue compartmental tracer kinetic model can be utilized for

3NH;/PET perfusion analysis (equation 2). Semi-automated analysis programs, such as
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FlowQuant© (University of Ottawa Heart Institute) had the tracer kinetic model
implemented.'?”

[2]C.(t) = Kie™ 2 % Cpy (1)
in which K; [ml/min/g] and k. [min'], are regional uptake and clearance parameters;
whereas Cy(t) and Crv(t) are the concentration of *NH3 in the myocardial tissue and in
the LV blood respectively. K; is related to myocardial blood flow (MBF) according to the

Renkin-Crone function (equation 3):

b

31K, = (1 —ax e‘m> X MBF

b
For '°NHj the K; quantity is approximated (1 —ax e_m) ~ 1 for MBF less than 6

ml/min/g, with a and b parameters estimated with a weighted least-squares algorithm.”®
Rasmussen et al.!' presented no differences in MBF between irradiated and non-
irradiated myocardium from breast cancer patients post-irradiation using *°NH3/PET at an
average of 7 years. Up to this point, no serial longitudinal MBF assessment using

3NH3/PET has been performed and reported on breast cancer patients.

1.11.5 Hybrid PET/MR

Clinical hybrid PET/MRI was introduced in 2011 with the capability tof imaging with
two modalities simultaneously. The equipment challenges of integrating a PET ring into
the MRI bore include (a) optimization of the RF/MRI receive coils to minimize the
attenuation of the PET signal while maintaining agreeable performance to the dedicated
MRI only coils and (b) MR-based PET attenuation correction (MRAC) that is
comparable to CT-based PET attenuation correction. Currently, manufacturer-provided
software cardiac-MRAC has been reported with an excellent correlation with CT

correction.'!!

1.11.6 MR imaging

Cardiovascular magnetic resonance is a non-invasive, ionizing radiation-free approach to
cardiac diagnosis. A significant limitation of MR imaging of the heart is that patients
often have pacemakers or defibrillators in their cardiac care management and were

therefore excluded.
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The capability of MRI to acquire cine images of wall motion throughout the cardiac cycle
is considered the gold standard for the quantification of ejection fraction (LVEF), end-
diastolic volumes (LVEDV), and end-systolic volumes (LVESV), but requires short
breath holds of about 15 seconds. Cine imaging can identify cardiac function that is
progressing towards heart failure.!'> The normal range of MR cardiac functional
parameters measured using steady-state free precession cine images of healthy
individuals was previously established.'!'> However, it is known that LVEF can remain
within normal limits even in the presence of significant cardiac diastolic dysfunction and
comorbidities, and is more common in elderly women diagnosed with heart failure with
preserved LVEF (HFpEF),!'* which is considered a multifactorial etiology. Hence,
additional imaging or biomarkers are often required to further confirm the decline of

cardiac function in these patients.

T1 mapping can be used to quantify the extent of diffuse fibrosis with the increased
extracellular space (due to leakiness of the membrane) in a quantifiable fashion. (See
extracellular volume matrix section). Moreover, the T2 relaxation rate increases in tissue
containing an increase in extracellular water, i.e., edema resulting in a hyperintense signal

in T2-weighted MRI.

1.11.6.1 Extracellular volume matrix (ECV)

The combination of pre-and post-contrast T1 maps can give a direct measure of the
extracellular volume (ECV), a volume fraction (see equation 4), where the expansion
relates to myocardial fibrosis and correlates to more likelihood of cardiac events.!!> The
quantification of ECV can only be performed with MR imaging using contrast agents of

gadolinium chelate that accumulate in the extracellular space.

1 1
[4]ECV = (1 — hematocrit ratio) Post contrast 71"1 myocardium ~ native T1 mlyocardium

Post contrast T1 LV blood pool — native T1 LVblood pool

1.11.7 Late Gadolinium Enhancement Imaging (LGE)

Late gadolinium enhancement imaging (LGE) is the non-invasive standard for

determining both ischemic and non-ischemic focal fibrosis of the myocardium.!''¢-!17 It
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has been validated with excellent accuracy as a marker of irreversible damage post-MI in
animals as well as biopsies.!!” LGE imaging depicts the relative difference in longitudinal
recovery times (T1) between enhancing areas of fibrosis or scar and normal nulled
myocardium, due to the combination differences in myocardial blood flow and volume of
distributions of gadolinium contrast. However, diffuse fibrosis can go undetected on LGE
imaging because of the absence of normal reference myocardium and the limited spatial
resolution for identification of microscopic interstitial fibrosis, hence showing a poor

correlation with collagen volume calculated from endomyocardial biopsies.''

1.11.8 MR perfusion

Using dynamic contrast-enhanced MRI (DCE-MRI), MBF (expressed in mL/min/g) can
be estimated using three different common quantitative methods: Fermi function
modelling, the Tofts model (equation 5), and the gamma function model. The three
modeling methods were previously compared and agreed with each other from human

subjects under rest and cold pressor test stress conditions'!®

using a series of T1 weighted
images acquired while a bolus of gadolinium is circulating through the LV cavity and
myocardial wall. Evaluation of myocardial perfusion assessed by stress DCE-MRI has
shown promise to predict the risk for major adverse cardiovascular events (MACE) in

large systemic meta-analysis studies.!?’

[5]C,(t — t,) = Ktrans fot Cp (1)e ker(t=to=1) g = gtrans o=kep(t=to) fot c, (1)eker®dr
where kep 1s the flux rate constant, C; is the contrast concentration in the myocardial tissue
and C, is the blood plasma concentration derived from the AIF corrected by an assumed
blood hematocrit value. The relationship between K™ and MBF is represented in
equation 6:
[6]K'""S = E « MBF

where E is the extraction fraction, represents a measure of the permeability surface area
product and the rate of perfusion in the myocardium.'?! Note Tong et al. recorded an

absolute measurement of extraction fraction of 0.5 at rest for normal canine myocardium

with Gd-DTPA.'??
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1.11.8.1 Assignment of Coronary Territories

Frequently, the myocardial segments are sorted according to their supplying coronary
arteries during data analysis, based on the American Heart Association 17 segment model
for the short-axis tomographic plane.'”> The segment at the apex (17" segment) in all

patients is usually excluded for analysis because of significant movement.

1.11.9 CT imaging

Coronary computed tomography angiography (CTA) provides an opportunity to evaluate
the extent and severity of anatomical stenosis but are poor predictors of hemodynamically
significant stenosis. On the other hand, dynamic CT perfusion imaging (CTP) provide
good correlation with the current standard catheter-based fractional flow reserve (FFR)
technique in identifying hemodynamically significant stenosis lesions,'?* and can be used
for the differentiation between hemodynamically significant and non-significant coronary
artery lesions. However, depending on the software and algorithm used for perfusion
calculation, various papers published with different thresholds have been reported.
Bamberg et al. reported the cutoff of MBF was 75 ml/min/100g under adenosine-induced
stress conditions using a model-based parametric deconvolution method, related to
hemodynamically significant coronary artery stenosis measured by FFR of 0.75 or less.!?*
In addition, So et al. validated the effectiveness of a whole-heart coverage CT system to

minimize the image noise and artifacts for CT myocardial perfusion detection.!?®

Myocardial perfusion reserve (MPR), also known as coronary flow reserve, is the ratio
between stress and rest blood flow measurements. MPR is the theoretical gold standard
alternative to FFR for assessing myocardial ischemia in CAD with a powerful
prognostic'?® and diagnostic factor (AUC 0.916).'?” However, pharmacological stress is
necessary for the measurement of MPR calculation. The MPR value in the ischemic
segments (1.56 £ 0.41) was significantly lower than that in the non-ischemic segments

(2.53 £ 0.7) in symptomatic patients with suspected or known CAD.!'?’



24

1.11.9.1 Pharmacologic vasodilator stress protocols and tracers

Currently, available vasodilator agents include dipyridamole, adenosine, and regadenoson
are commonly used during CT myocardial perfusion assessment. Adenosine induces
direct coronary arteriolar vasodilation through the specific activation of the Aza receptor,
which accelerates the myocardial perfusion by 3.5 to 4-fold.'"”® Meanwhile, the
mechanism of dipyridamole is based on blockage of adenosine reabsorption and
dobutamine is based on inotropic property. The protocol and guideline for performing
cardiac stress test recommended that adenosine be given as a continuous infusion at a rate
of 140 mcg/kg/min over a 4-6-minute for CAD detection.'?® Since the myocardial
regions supplied by stenotic coronary arteries have an attenuated hyperemic response,
depending upon the severity of the stenosis and coronary flow reserve limitation, a

relative flow heterogeneity is induced for assessment.

1.12 Biomarkers

Biomarkers in cardio-oncology (a field of cardiology that focuses cardiovascular disease
as side effect of oncology treatment) serve 3 main purposes: (1) enhance pre-therapy
cardiac risk stratification, (2) distinguish subclinical evidence of cardiotoxicity during
therapy, and (3) guide the long-term cardiovascular monitoring/management of cancer

survivors.'?’

1.12.1  Troponin

Troponin is a protein complex that modulates the contraction and relaxation of striated
muscle (skeletal and cardiac but not in smooth muscles). It is composed of three subunits:
troponin I, T, and C (Tnl, TnT andex TnC).!*® Cardiac-Specific troponins are useful to
convey prognostic information and guide therapeutic decisions regarding patients with

acute coronary syndromes. !

According to the American College of Cardiology (ACC) and the European Society of
Cardiology (ESC), acute myocardial infarction (MI) should be diagnosed if ¢Tnl or cTnT
levels are higher than the 99" percentile using high-sensitivity cardiac troponin assay (hs-

cTNT level 14ng/L), detected within 24-hour after the index clinical event, which had a
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sensitivity and specificity of 95% and 80%.'3? Values in the intermediate zone suggest

minor myocardial damage. 3134

It has been reported that the mean cTnl levels for left-breast-affected patients were
significantly higher after RT compared with baseline, whereas c¢Tnl levels of the right-
sided patients remained unaffected.!3® Skytti et al. reported the increase in hs-cTnT level
during adjuvant 3D-CRT was positively associated with the cardiac radiation doses for
the whole heart and LV, but the difference in hs-cTnT level and LVEF before and 3

weeks after RT was not significant.!3

A 3 years follow-up of breast cancer patients, echocardiography assessing LV function
was compared with baseline, after completion of RT and 3 years after RT, along with hs-
c¢TnT and N-terminal pro-brain natriuretic peptide (proBNP) measurements; with results
demonstrating that LVEF and SV had significantly declined at 3 years compared to

baseline.'?’

1.12.2 Interleukin-6 (IL-6)- cytokine

Interleukin-6 is a protein produced by various cells and cytokines. Cytokines have
multiple roles to play within the body, particularly within the immune system to help
regulate the body’s immune response. IL-6 test is useful in the evaluation of diabetes,

stroke, or cardiovascular disease.'®

1.12.3 C-reactive protein (CRP)

IL-6 levels are often found to be elevated in the bloodstream during inflammation,
followed by the liver with the production of CRP reactants. CRP involves attaching
microorganisms and ruptured cellular components via phosphocholine, a precipitating
factor to selective activation of phagocytosis.!* High-sensitivity C-reactive protein (hs-
CRP) is an inflammation marker that predicts incident MI, stroke, peripheral arterial
disease, and sudden cardiac death among healthy individuals without a history of
cardiovascular disease.'* Hs-CRP levels of less than 1, 1 to 3, and greater than 3 mg/L

are associated with lower, moderate, and higher cardiovascular risks respectively.!*
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1.12.4 Erythrocyte Sedimentation Rate (ESR)

The erythrocyte sedimentation rate is a surrogate marker of acute inflammation,
associating with the elevation of fibrinogen concentrations, the main clotting protein, and
alpha globulins. The plasma viscosity was measured by assessing the tendency for the red
blood cells to aggregate and ‘fall’ through the non-uniformly viscous plasma.!*® It is
depicted that CRP is a better indicator of inflammation than the erythrocyte

sedimentation rate, with higher sensitivity and responsive efficiency.'*

1.13 Anti-inflammation and Cardioprotective medication

It is known that if inflammation occurs early, preceding but predictive of subsequent
functional changes, then there may be a role for early treatment with anti-inflammatory

and/or cardioprotective medication.

The Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) is a
randomized trial investigating canakinumab, a therapeutic monoclonal antibody targeting
IL-1PB, a cytokine that is central to the inflammatory response and that drives the IL-6
signaling pathway.'*! The trial involved patients with previous MI and hs-CRP of 2mg or
more per liter.'*! And compared three doses of canakinumab with placebo (administered
subcutaneously every 3 months).!*! The primary efficacy endpoint was nonfatal MI,
stroke or cardiovascular death. At 4 years, the median reduction from baseline in the hs-
CRP was 41% greater in the group that received canakinumab than the placebo group;

with 3.90 cardiac events per 100 person-years in the 300 canakinumab.'*!

Additionally, angiotensin receptor blockers, beta-blockers and ACE-inhibitors are
cardioprotective medications that can prevent the deterioration of the heart evolving to
heart failure. Efficacy of these cardioprotective medications were evaluated with
promising cardiac toxicity reduction results in large trials involving patients receiving

trastuzumab chemotherapy.'4*144
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1.14 Selected up to date literature - Breast RT with cardiac
imaging

1.14.1 "8FDG/PET imaging

1.145 conducted a retrospective study evaluating the irradiated myocardium in both

Joeta
the staging and post-RT PET/CT images of breast cancer patients who underwent 3D-
CRT. The whole myocardium was segmented into three sections based on the dose
threshold. The "®FDG/PET uptake of the myocardium irradiated with more than 30 Gy
significantly increased after RT even at the one-year follow-up.'*> And the degree of
BFDG/PET uptake increase significantly correlated with the radiation dose to the
myocardium.!** However, glucose suppression was not performed in the PET imaging. In
our study, glucose suppression was performed, and the myocardium was segmented

according to the AHA heart model for better location of radiosensitive substructure of the

heart.

1.14.2 MR imaging

Bergom et al.'** evaluated anthracycline-based chemotherapy and 3D-CRT node-positive
breast cancer patients using cardiac MRI (cine and LGE). No abnormal clinical findings
were identified among LVEF, LVEDV and LVESV and LGE in N=15 left-sided and
N=S5 right-sided patients at a median 8.3 years post RT.!*¢ However, correlations between
ventricular mean dose, V10 and V25 and LV mass were seen with left ventricular mass

index.!46
1.14.3 Echocardiographic imaging

Clasen et al.'*” conducted a prospective longitudinal cohort study of patients treated with
photon or proton thoracic RT, with echocardiographic data at 3 time points: before RT
initiation (TO0), within 3 days before 6 weeks after the end of RT (T1) and 5 to 9 months
after RT completion (T2). At the T1 timepoint, there was a modest decrease in LVEF of
borderline significance.'*> And the associations between MHD and LVEF were modest,

demonstrating only a slight decrease in cardiac function per 100 cGy increase in MHD.!#’
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1.14.4 CT imaging

Coronary artery calcium has been shown to be associated with traditional CAD risk
factors rather than cardiac dosimetry.!*® A study which compared 15915 breast cancer
patients receiving RT (2005-2016) with coronary artery calcium (CAC) scores extracted
from non-contrast planning CT scans (of all stages) using deep-learning algorithm,
presented with a strong association with CVD risk (median following time of 51.2
months).!*® CAC scoring is demonstrated as a fast and low-cost tool to identify patients at

increased risk of CVD.

1.1% conducted a prospective Save-Heart trial with left-sided breast cancer

Gaasch et a
patients who received DIBH RT with analysis of individual baseline risk factors for CVD
and evaluated individual CVD risk profiles using three frequently used prediction tools
(Procam, Framingham and Reynolds score).!”® The 10-year CVD excess absolute risk
(EAR) was further estimated using individual mean heart dose of RT plans in free-
breathing and DIBH. The study demonstrated that all CVD prediction tools were

comparable and could easily be integrated into daily clinical practice, which can help

identifying high-risk patients who may benefit from primary prevention.'>

1.15 Thesis outline

In this thesis, changes of FDG PET/MR resting myocardial perfusion post irradiation in a
canine model representing a standard left-sided breast cancer patient RT will first be
presented, subsequent with a dosimetric comparison of a variety of cardiac sparing
techniques in left-sided breast RT, followed by an early (at 1-month post RT) cardiac
functional response presentation of a hybrid PET/MRI pilot study on left-sided breast
cancer patients treated with RT. And lastly, a feasibility study of comprehensive
functional multi-modality imaging assessment of the heart 6-weeks after NSCLC RT in

two patients is presented.

There were several research objectives:
(1) Through the measurement of myocardial blood flow, the first goal in this thesis was to

assess the effect of radiation on perfusion from 1-week to 1-year in a clinically relevant
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model similar to patients exposed to left-sided breast cancer RT. We will then correlate
any changes in perfusion with our previously reported changes in '*FDG uptake reflective

of inflammation.

(2) Second goal was through extensive dosimetric comparison among various treatment
planning techniques in combination with IMRT and VMAT, including 4D Robust
optimization, DIBH and standard 4D Untag Average, it is aimed to (a) identify the
clinical feasibility of aforementioned techniques in sparing of the heart and its
substructure; (b) address whether 4D Robust optimization can outperform DIBH and
conventional 4D-CT techniques; and (c) determine the clinical feasibility of IMRT versus

VMAT.

(3) Third goal was to investigate the utility of hybrid PET/MRI and serial blood work to
detect early inflammatory response and cardiac functionality changes after left-sided

breast cancer radiation therapy at 1-month follow-up.

(4) Fourth goal was, through collection of comprehensive functional imaging data with
imaging sessions before and 6-weeks after NSCLC RT, to demonstrate the feasibility and
sensitivity of these methods to assess early functional response (at 6-weeks follow-up) in

the heart after RT.

Overall, this thesis will demonstrate the feasibility of non-invasive multi-modality
imaging assessment of early cardiac functional response after breast and NSCLC RT
from animal model to pilot studies of cancer patients. Imaging microvascular
inflammation in RICD will allow us to consider new techniques to enhance pre-cardiac
risk stratification, minimize or eliminate heart complications in future cancer patients and
guide long-term cardiovascular monitoring/management of cancer survivors. And the
extensive comparison of cardiac dose mitigation techniques can minimize cardiac
exposure in future left-sided breast cancer patients without compromising target
coverage. Regarding left-sided breast cancer patients who are not compliant with breath-

hold RT techniques, in this thesis we demonstrated that conventional 4D-CT based free-
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breathing RT approaches are also clinically feasible, and beneficial to the dose sparing of

the LAD under current standard guidelines.
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Chapter 2

2 Changes in Myocardial Blood Flow in a Canine Model
of Left Sided Breast Cancer RT

Left-sided breast cancer patients receiving adjuvant radiotherapy are at risk for coronary
artery disease, and/or radiation mediated effects on the microvasculature. Previously our
laboratory (El-Sherif et al.) demonstrated in canines with hybrid 'SFDG/PET a
progressive global inflammatory response during the initial one year following treatment.
To evaluate corresponding changes in perfusion, in the same cohort, myocardial blood
flow (MBF) was semi-quantitatively measured and the results analysis is presented in this

chapter.

2.1 Introduction

It was projected that in 2021, breast cancer will account for 25% of the total yearly
female cancer incidence in Canada.! Advances in adjuvant radiation therapy of the breast
improves both local control and overall survival.>®> However, patients with left-sided
breast cancer are at a greater risk for the later development of radiation-mediated effects
on the heart, including effects on the major coronary arteries, as well as vasculature due
to the proximity of the heart to the radiation beam.* A worldwide systematic review done
by Drost et al. on whole breast radiotherapy studies after 2014 reported a 3.6 Gray (Gy)
total mean whole heart dose based on 84 left-sided breast cancer studies and a lower
mean heart dose of 1.7 Gy from 65 regimens with breathing control.> The left anterior
descending artery located in the anterior region of the heart, which is closer to the left
breast, receives a substantially higher mean dose of 12.4 Gy.> Darby et al. has reported a
linear relationship between major coronary events such as myocardial infarction and
death from ischemic heart disease and radiation dose without a threshold (7.4% per Gy
mean heart dose).® Several studies have reported myocardial perfusion deficits following
radiotherapy (RT) for left-sided breast at 6 or more months, detected using mainly single
photon emission tomography (SPECT). However without measurements performed prior
to 6 months, any early postulated effects of radiation on myocardial blood flow and/or

metabolism are purely conjecture.®!! Rasmussen et al. reported no differences in MBF
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between irradiated and non-irradiated myocardium using >N ammonia ('*NH;) PET
imaging of breast cancer patients at an average of 7 years post-irradiation.!? Up to this
point, no serial longitudinal MBF assessments have been done which include early post
treatment timepoints (i.e., before 6 months post RT) except for a single canine study of
Yan et al.,'* which studied animals at 3 time points (months 3, 6, and 12 after radiation.
However the clinical relevance of the findings are uncertain, as in that study a single
fraction dose of 20 Gy was used which far exceeds the single dose equivalent of a typical
clinical RT protocol. Hence, as the early effects of radiation remain unknown and given
the importance of this issue clinically, we wished to assess and monitor the cardiac
response to irradiation longitudinally, to look for both its early and late manifestations. In
a canine model of left-sided breast cancer RT, we measured the changes in myocardial
blood flow post cardiac irradiation using both >’NH3 PET and dynamic contrast enhanced
MRI (DCE-MRI) with semi-quantitative measurements done concurrently using hybrid
PET/MRI. These semi-quantitative measurements of blood flow were compared and each
correlated to the progression of cell-mediated inflammation previously determined using
fluorodeoxyglucose (*FDG). Measurements performed at 1-week, 1-month, 3-months, 6-

months and 12-months in five canines were compared to baseline values.
2.1.1 Aim

Through the measurement of myocardial blood flow, we will assess the effect of radiation
on perfusion in canines from one week to one year in a clinically relevant model similar
to patients exposed to left-sided breast cancer RT. We will correlate any changes in
perfusion with our previously reported changes in 'SFDG uptake reflective of

inflammation.
2.2 Method

In five adult female, bred-for-research hounds (21 - 26 kg), cardiac perfusion and
inflammation imaging was performed on a hybrid PET/MRI system (Biograph mMR;
Siemens AG). The study was approved by the Animal Care Committee of Western
University (Protocol 2014-005). All animals at the start of the study were 1 year old and
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were anesthetized during imaging and irradiation using propofol (4-6 mg/kg) and
maintained with 2% isoflurane. Cardiac perfusion imaging was performed at baseline, 1-
week, 1-month, 3-months, 6-months and 12-months following focused cardiac external
beam irradiation. The same animal cohort that was used in this perfusion study was used
in our previously published "®FDG study'* in which all animals underwent suppression of
glycolysis by cardiomyocytes, which included diet, fasting, injection of heparin and
infusion of intralipid. Note however that the injection of heparin and the infusion of
intralipid were only applied after the MBF data acquisition was completed. Rate pressure
product (RPP) of each animal at each imaging timepoint was determined from the heart
rate and systolic blood pressure measured using the physiologic ECG and respiratory unit

and the wireless pulse sensor connected to the scanner (Siemens AG).

2.2.1 Radiation delivery

A fast-helical CT and a contrast enhanced CT (discovery VCT, GE Healthcare) were
performed on all animals for radiation treatment planning. Manual contouring of the
heart, left ventricle (LV), left circumflex (LCX) and the left anterior descending coronary
artery (LAD) perfusion regions were performed on the contrast enhanced CT and
overlaid on the fast-helical CT for radiation treatment planning. All animals were
irradiated with a TrueBeam linear accelerator (Varian Medical Systems) with the
biological equivalent LAD dose for a left-sided breast patient in a single fraction.'*!> An
o/ ratio of 2.5 Gy was used to convert the multi-fractionated scheme maximal dose to
0.4cm® of LAD (Do4 ~30 Gy in 25 fractions prescribed to a focal point at the LAD) to a
single ~9 Gy in one fraction.!® The treatment plans consisted of two, 180° , 6MV photon
arcs and deliberately focused on to the myocardial region supplied by the LAD while
intentionally avoiding the basal anterolateral portion of the LV and the LCX artery itself
in order to compare cardiac function in irradiated vs. minimally-irradiated segments.
Dose was calculated using the adaptive convolve dose algorithm implemented on our
Pinnacle’ treatment planning system (Phillips Radiation Oncology Systems). The single
fraction mean doses delivered to the whole heart (1.7 Gy), LV (2.2 Gy) and the coronary
arteries (LAD (5.5 Gy) and LCX (1.1 Gy)) are the typical values observed in left-sided

breast cancer radiotherapy patients (when converted back to multi-fraction dose).> The
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average dose delivered to the myocardium regions supplied by LAD was 2.4 Gy, by LCX

was 2.4 Gy and within the overlap regions was 3.1 Gy.

2.2.2 Imaging

Cardiac perfusion was longitudinally assessed using '>NH3 for the PET imaging
component, along with simultaneous dual bolus dynamic contrast enhanced MR (DCE-
MR) imaging using a hybrid PET/MR system (mMR, Siemens Medical Systems).
Cardiac perfusion was imaged at rest. Perfusion was assessed with an injection of *NHj
(~5 M Bq/kg). (See figure 2.1 for imaging protocol.) The PET data was acquired in list-
mode and retrospectively binned into 16 time periods 12x10s, 2x30s, 1x60s, 1x360s. All
PET data was reconstructed using an iterative 3D ordered subset expectation
maximization algorithm (OSEM) with 3 iterations, 21 subsets, 172x172x127 matrix size

and a 4mm Gaussian smoothing filter, which yielded a voxel size of 2.08%2.08%2.03 mm.

Concurrent with *NH3 imaging, DCE-MR imaging was performed utilizing the 2D fast
gradient echo sequence (syngo MR B20P) under breath-hold condition with 6mm slice
thickness, ECG-gated end-diastolic phase, 164.02 ms repetition time, 1.01ms echo time,
time between saturation pulse and signal acquisition = 100 ms, FOV matrix = 270x360,
flip angle =10° and a total scan time of 60 R-R intervals. The volume ratio of the injected
Gadolinium chelate (Gd-DPTA) (Magnevist; Berlex Canada; Lachine, Quebec, Canada)
was 1:10, i.e. the injection that produced the low blood concentration was 0.4 ml (0.01
mmol/kg of Gd-DTPA) and the one that produced the high blood concentration was 4 ml
(0.1 mmol/kg Gd-DTPA). Each bolus was followed by 11 ml saline at a rate of 3 ml/s.
The dual bolus injection was set up following the dual-bolus injection scheme stated by
Ishida et al. using a two-syringe power injector with programmable pause functionality. '
The bolus with 4 ml contrast was injected 25 seconds after the 0.4 ml bolus. T1-weighted
late gadolinium enhanced whole heart imaging was performed using 3D-FLASH
sequence with 407.28 ms triggered repetition time (based on R-R interval), 1.4 ms echo
time, 270 inversion time, FOV matrix = 250x320, slice thickness of 0.9 mm and flip
angle = 20° and were collected only at 6-months and 12-months follow-up, to identify

any specific focal enhancement.
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The imaging protocol for 'SFDG was adopted from a previously validated study reported
by Prato et al., which is capable of identifying abnormal accumulation of inflammatory
cells within the heart following coronary occlusion.!” Glucose uptake of cardiomyocytes
was suppressed in all animals through fasting and an intravenous injection of heparin
immediately followed by a 20% lipid infusion, 20 mins prior to the injection of FDG.
The '8FDG data were acquired in list mode triggered by respiration, 60 mins after the
injection, using a single static frame (20 mins duration). The 'FDG measurements done
in these animals have been published previously, where the standard uptake values
remained persistently elevated compared with baseline (1.1+0.03 vs. 2.6 +£0.19, P <
0.05)."* The presence of myocardial inflammation was confirmed histologically through

ex-vivo analysis using an anti-CD45 antibody, when the animals were sacrificed

Baseline
imaging

Follow-up Imaging (1-6)
Week 1, Month 1,3,6,12

Animal Irradiation
Week 0

. 80 100 160
Imaging
Locallisials List-Mode Static Mode
ocalizers/ Setup 13NH, PET 18EDG PET
v {DCE-MRI: 2D fast gradient echo | BNH, | Heparin 1P3F-FDG (5SMBq/
Injections ITR: 164.02ms, TE: 1.01ms, | F INErAIDIA ] o o o o e o o oo o e o s s
! H1: 100ms, Flip angle: 10, ! {Shoa/Ke) IZTZES l ILGE -MRI: 3D Flash .:
:GOR R intervals : 1st gda-DTI'PA 25s Delay’ .TR 407. 28ms, TE: 1. 4ms,
l6mm slice thickness l|o 01rhn22l‘Kg 2% Gd-DTPA :rl 270ms, Flip angle: 20°,1
_______________ e 4ml, 0.1mmol/K 10.9mm slice thickness :

Figure 2.1 Overview of the PET/MRI imaging protocol and timing of the baseline, 1
week, 1,3,6 and 12 months follow-up imaging protocol. This protocol incudes the "*FDG
details that have been previously reported.'*

following the 1-year imaging session.'* However, no assessment for myocardial fibrosis

was done on the pathological specimens.

2.2.3 Data analysis
Myocardial blood flow (MBF) determined from the '*NH3 injection was assessed using a

one tissue-compartment tracer kinetic model of the first 4 minutes of data, as
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implemented in a semi-automated analysis program, FlowQuant© (University of Ottawa
Heart Institute):

C.(t) = Kye*2t x C;, (1), in which K; [ml/min/g] and k> [min™'], are regional uptake
and clearance parameters; C«t) and Crv(t) are the concentration of 'NHj in the

myocardial tissue and in the left ventricle blood. K is related to MBF according to the

b
Renkin-Crone function: K; = (1 —ax e_W) X MBF, using a and b parameters

measured previously in dogs.!® The parameters K; and k», are estimated parameters using

a weighted least-squares algorithm.!® (See figure 2.2) For !NHj; the quantity is
b
approximated (1 —a X e_W) = 1 for MBF less than 6 ml/min/g.'8

Three short axis slices including basal, mid and apex, of the myocardium DCE-MR
images were contoured on ITK-SNAP (Version 3.6.0)*° according to a 16-segment
canine heart model (See figure 2.3). The mid slice LV blood pool contour was selected as
the region for the arterial input function. A MATLAB v.R2019b (MathWorks®, Natick,
Massachusetts, USA) based quantitative software program was created to automate the
Toft’s model (shown in figure 2.2) deconvolution of the MRI derived curve fitting
methods in order to calculate K™, Regarding the dual bolus curve fitting method (DB),
the signal intensity curve of the small bolus arterial input function (AIF) was magnified
by a factor of ten according to the bolus ratio of contrast material injected. The time
intensity curve and the myocardial tissue curves from the 0.4 ml bolus were truncated.
The conventional 4 ml Gd-DTPA bolus myocardial tissue curves were fitted with the
magnified arterial input curve using the Toft’s model:?!->2

C,(t — t,) = Ktrans fot C, (1)e kep(t=to=D gy = [trans g=kep(t=to) fot C, (t)ekertdr,
where kep 1s the flux rate constant, Ctis the contrast concentration in the myocardial tissue
and C, is the blood plasma concentration derived from the AIF corrected by an assumed
blood hematocrit value of 0.45. The MBF later was calculated from K™ obtained from
each curve fitting method using the relation that equals the extraction fraction multiplied
by the MBF. An extraction fraction of 0.5 was used as reported by Tong et al. for normal
canine myocardium for Gd-DTPA.? Figure 2.4 and 2.5 shows the ideal curve fitting
scenarios for AIF and myocardial tissue curves following DB DCE-MR. Note that for
both >'NH3; and DB DCE-MRI determination, a one-tissue compartment model is
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assumed as shown in figure 2.2. Late gadolinium enhancement-MR (LGE-MR) images
were analysed using circle CVI42 version 5.11 (Circle Cardiovascular Inc., Calgary,
Canada). The detection of scar or fibrosis in the form of a focal enhancement, was based
on the signal threshold versus reference myocardium technique (mean + 5 SD signal
intensity), with the mean obtained from a mid-slice of the left ventricle judged to

correspond to non-irradiated remote myocardium.?*

2.2.4 Statistical Analysis

Statistical analyses were performed in SPSS IBM v.23 (IBM SPSS Statistics for
Windows, Armonk, NY). The paired sample t-test determined the significance between
the MBF determined from '*NHj3 and the DB curve fitting technique based on coronary
regions. Pearson’s bivariate correlation coefficient was used to test the association
between MBF of *’NH3 and DCE-MRI using DB curves, as well as the association of
BFDG!* and MBF of the two methods. Changes of MBF between '*’NH3 and DB curves
of DCE-MRI compared to baseline per coronary regions and changes of mean RPP were

tested using non-parametric Kruskal-Wallis and Mann-Whitney test.

Blood 1 (extracellular
Endthelum " extravascular Cells

space, EES) @ ¥ (Intracellular
space)

(Intravascular
space)

Figure 2.2 Regional uptake and clearance parameters K; and k> indicated in a one-tissue
compartment model implemented in Flowquant software for '*’NH? and Toft’s Model

with transfer constant K™ and K¢, used by DB DCE-MRI deconvolution analysis

Qm

Apical

Figure 2.3 Myocardium contoured using 16-segment canine cardiac model on ITKsnap.
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2.3 Results

Figure 2.6 shows the results for both MBF methods rendered onto the 16-segments
canine cardiac model (figure 2.3). Figures 2.7-8 show the results over time for MBF
measured with *’NH; and DB DCE-MRI respectively for the entire myocardium which
can be broken down to regions supplied by the LAD, LCX and that supplied potentially

by both arteries as shown in figure 2.3.

13NH, average myocardial blood flow

baseline 1 week 1 month 3 month 6 month

25

12 month

DCE-MR average myocardial blood flow

1

05

0
ml/min/g

Figure 2.6 The absolute myocardial blood flow for each of the 16 segments averaged

over all 5 animals. The '*NH; results are shown at the top and the DB DCE-MRI results
at the bottom.
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Figure 2.8 Changes and standard errors of
means (SEM) in *°NHj3 rest MBF based on

coronary I'CgiOIlS.

Figure 2.7 Changes and SEM in DB
DCE-MRI rest MBF from DB curve

fitting method based on coronary regions.
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No difference was seen when '’NH3; MBF in different coronary regions were compared to
each other (p = 0.06). Significant changes indicated in '’NH3; MBF in all myocardial
regions for all timepoints (p <0.05) using Kruskal-Wallis test. (See table 2.1 column 2).
Comparing MBF follow-up timepoints to baseline MBF, only the 3-months follow-up
timepoint showed insignificant changes (p >0.05) in all myocardial regions. (See table
2.1 column 5) A positive correlation between 'SFDG and *NH; MBF was observed for
the LAD, LCX and that part of myocardium served by both coronary arteries. (See table
2.2) Note DB DCE-MRI MBF were statistically similar to '*’NH3 MBF for all coronary
regions according to the pair t-test p values (p > 0.05). (See table 2.3-4) Six out of thirty
data points from the DB DCE-MRI were removed from data analysis due to technical
difficulties as shown in figure 2.9-10. Note that both MBF methods give, within
statistical error, the same overall results: MBF post radiotherapy was increased at all
timepoints measured except for the 3-months timepoint. This correlation of data from two
different modalities for perfusion assessment was expected given that both were analyzed
using a one-compartment tissue model (figure 2.2). The '*NHj results are highlighted
given they corresponded to complete left ventricle tissue coverage, were not dependent
on an assumption of extraction fraction estimate, did not fail in any of the measurements
and provided overall greater statistical certainty in relationship to the '®FDG values. No
significant changes of mean RPP over all timepoints (p = 0.97) were observed using the
Kruskal-Wallis test. (Figure 2.11) No specific focal enhancement was identified in all
LGE-MR images at 6-months and 12-months follow-up.

Table 2.1 P-values of changes in time of myocardial MBF obtained from '*NH; MBF
from non parametric Kruskal-Wallis test and p-values of MBF comparing follow-up
versus baseline MBF from Mann-Whitney test based on coronary regions. P < 0.05

determines significant differences.
P-value of | P-values of comparing follow-up versus baseline MBF

changes in 1wk Imon 3mon| 6mon lyear
all

MBF timepoints
NH; LAD .004 .009] .009 142 016 016
NH; LCX .014 016| 016 142 .009 .032
NH; BOTH .004 016 .009 142 016 016
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Table 2.2 Pearson bivariate correlation coefficient and p-values of "*FDG standard

uptake value and '*’NH3 MBF based on coronary regions for all timepoints.

r-value | p-value
S’NH; LAD MBF V.S. ¥FDG LAD 494 .008
BNH; LCX MBF V.S. ¥FDG LCX 465 013
3NH; BOTH MBF V.S. ¥FDG BOTH Sl .005

Table 2.3 Paired T-Test P-values and Pearson bivariate correlation coefficient of MBF
obtained from DB DCE-MRI compared to *NH; and to "*FDG standard uptake values
for all time points and coronary regions. R > 0.75 and R > 0.5 indicates strong and
moderate positive correlation, respectively. Insignificant difference was shown when DB

DCE-MRI MBF in different coronary regions were compared (p = 0.06).

Paired t-test] Pearson bivariate
p-value correlation r-value
3NH; LAD MBF V.S. DB LAD MBF .057 933
3NH; LCX MBF V.S. DB LCX MBF 251 .801
3NH; BOTH MBF V.S. DB BOTH MBF .867 .851
DB LAD MBF V.S. ¥FDG LAD .006 541
DB LCX MBF V.S. ®¥FDG LCX 175 286
DB BOTH MBF V.S. FDG BOTH .033 437
DB LAD V.S. DB LCX .063

Table 2.4 P-values of changes in time of myocardial MBF obtained from DB-DCE MBF
from non-parametric Kruskal-Wallis test and p-values of MBF comparing follow-up
versus baseline MBF from Mann-Whitney test based on coronary regions. P < 0.05

determines significant differences.

P-value of |P-values of comparing follow-up versus baseline MBF

MBE al?}i?nﬁigiilrr:ts 1wk Imon 3mon 6mon lyear
DB LAD .007 021 021 .083 014 .034
DB LCX .043 021 021 .248 014 .034

DB BOTH 019 021 021 .083 014 .034
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Figure 2.10 Residual contrast shown in LV pre-contrast injection of the high dose bolus
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Figure 2.11 Rest rate pressure product and SEM of each imaging timepoint. Insignificant
changes of mean RPP over all timepoints (p = 0.97) was determined using the Kruskal-
Wallis test. Note one of the dogs did not perform blood pressure measurements at 3-

month timepoint.
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Figure 2.12 Rest extraction fraction average and SEM per coronary region determined
from DB curve fitting method of DCE-MRI with K" divided by MBF from '*NHj3.The
extraction fraction average per coronary region for all timepoints was 0.48 £+ 0.03 (mean
+ standard deviation) for LAD, 0.49 £0.03 for LCX and 0.53 £ 0.07 for both coronary

regions.
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2.4 Discussion

In this study, an increase of myocardial blood flow developed as early as one-week post
irradiation, with a dip at 3-months follow-up during rest perfusion. The 3-months follow-
up was not different compared to baseline. All other timepoints showed a significant and
progressive increase over the baseline value. Note that the consistency of the MBF
measures between '*NHj vs. dual bolus DCE-MRI provided a level of confidence that the
finding of the increase in MBF post radiotherapy is valid. As the RPP did not change at
any time point compared to baseline, the increases seen in MBF cannot be explained by

changes in the conventional myocardial oxygen demand factor.

It is of interest that at 12-months '*NH3 MBF results progressed to their highest value
whereas the DB DCE-MRI estimates of MBF at 12-months are similar to the other
follow-up timepoints except 3-months. Due to technical issues (see figure 2.9-10), only
data from 3 dogs DB DCE-MRI at 12-months were analyzed. At this 12-month
timepoint, using Mann Whitney statistical analysis, only the LAD region’s MBF was
significantly different between the 'NH; and DB DCE-MRI (p=0.03). Furthermore,
comparing all follow-up timepoints, '"NH; and DB-DCE MRI MBF were each
insignificantly different except at 3-month when regional flows were compared (p >0.22).
The marginally significant disparity of '’NH3 vs DB DCE-MRI MBF at 12 months only
may be due to the intrasubject biological variations between the two modality
measurements, in which DCE-MRI depends on functional capillary density, while "NHj
depends on glutamine synthetase reaction in the myocardial tissue. Another possibility is
that the extraction fraction (EF) of Gd-DTPA may have been reduced perhaps due to loss
of capillary density. As the EF of '*’NH; is not reduced until much higher flows are
reached, this could be an alternative explanation. It will be of interest to determine in
future work if there are corresponding changes in histology (e.g. apoptosis, fibrosis) or in
T1-values (caused by increases in the extracellular volumes, but which would require T1

values to be assessed before and after contrast enhanced MRI).

In contrast to our results reported here in the canine model, clinical assessments of MBF

after left-sided breast radiotherapy have consistently shown reductions in rest MBF
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determined primarily using SPECT imaging. However those assessments have all been at
6 or more months after radiotherapy.”!! The disparity between our findings and those
previously reported may due to (1) the difference in human and canine’s vasculature in
which the dominant coronary artery in canines is the left circumflex and not the left
anterior descending; (2) the greater radiation dose deposited in the heart (up to single
fraction equivalent mean dose of 2.82 Gy in literature versus 1.7 Gy in our study) and the
greater radiation dose deposited in the left ventricle (up to single fraction equivalent
mean dose of 10.16 Gy in literature versus 2.7 Gy in our study). This greater radiation
dose in the clinical SPECT studies resulted from selection criteria which followed-up
primarily patients who received a high radiation dose in a portion of their left ventricle or
heart during radiotherapy. In '>NHs PET studies in the literature, Rasmussen et al.'?
reported no differences in MBF between irradiated and non-irradiated myocardium when
imaging breast cancer patients at an average of 7 years post-irradiation. Note however
that this study did not have baseline measures for comparison. Without our baseline
measurements, our post irradiation MBF values may not be considered increased. In
contrast, although Yan et al.'* did not perform baseline measurements, they used a
control group of 18 dogs for the 18 exposed animals and did '*NH3 measurements at 3, 6
and 12 months after a 20 Gy irradiation of the left anterior myocardium. No effects were
seen at 3 months but a reduction in MBF was seen at 6 months with a further reduction in
blood flow seen at 12 months.!® In the same study, gradually decreasing focal areas of
increased '"*FDG uptake were observed comparing irradiated and nonirradiated canine
groups at 3, 6 and 12-months due to cardiac remodeling, without differences in the
proinflammation phenotype macrophage marker CD68 and inflammatory cytokines.!? In
our canine study, we were aiming to simulate typical breast cancer radiotherapy dosage
which is approximately ten times lower compared to Yan et al. For our canine study we
observed a significant increase of global 'SFDG uptake which increased progressively
from 3-months to 6-months and then again at 12-months. Currently, there are no serial
follow-up studies post-irradiation using '’NH3 or DB DCE-MRI along with concurrent
cardiac inflammation data reported except for the Yan et al. ' study; however, as noted

above, the results of that study may not be relevant to the current practice of RT in left
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sided breast cancer, because of the much higher administered dose in the previously
reported study.

The correlation of myocardial blood flow to inflammation measured by "*FDG did show
a significant linkage with *NH3 myocardial blood. However, the Pearson correlation
values were on average 0.5, indicating that only 25% of the change in 'SFDG uptake was
associated with changes in blood flow based upon semi-quantitative measurement.
Consider specifically the 3-month time point when resting blood flow returned to
baseline value, while in the '®FDG data, the increase at 1-month remained at 3-months.
This suggests that at least part of the inflammatory signal is not mediated by changes in
blood flow and is due to other additional and as yet undefined mechanisms. Also, it is not
clear which is the primary driver of the pathophysiology-i.e. is the augmentation of flow
an important driver of the inflammatory response, or alternatively, is the increase in flow
a response to inflammatory injury. In our study, cardiac apoptotic tissue was not
identified in our LGE-MR and '8FDG results contrary to Yan et al.!* The increase in rest
3NH; MBF at all time points, save at 3-months, suggests that this could be the result of
an acute global inflammation in the myocardium despite the focal radiation targeted
towards primarily the LAD region.'* The global nature of the inflammation is also
consistent with the finding that no specific focal enhancement was identified from the
LGE-MR images at 6-months and 12-months follow-up, consistent with the evidence of
increasing global '*FDG uptake and increased global MBF values with a constant RPP.
This global inflammatory and MBF response, seen as early as 1-week post irradiation,
may project to late fibrosis within either myocardium or epicardial vessels. Note that any
global change of scar/fibrosis would not be detected in this study using delayed contrast
enhancement, as this would require pre and post contrast T1 maps with calculation of the

extracellular volumes.

A limitation of our study is the small number of canines and the lack of an independent
gold standard of perfusion such as the use of microspheres.”> However, when calculating
the absolute extraction fraction with K"™" obtained from the DB method divided by MBF
determined using 'NHs, the absolute extraction fraction average values per coronary
regions obtained in this study across all timepoints (See figure 2.12) were between 0.48-

1'23

0.57, consistent with the value reported by Tong et al.”> using a gold standard



62

methodology. MBF determined from DB DCE-MRI was not statistically different from
that determined from '*NH; for all coronary regions, with a strong correlation between
the two, with r values between 0.80 and 0.93. (See table 2.3) An important indicator
sensitive to coronary artery health?® is myocardial perfusion reserve (MPR) which
corresponds to the ratio of myocardial blood flow at stress divided by that at rest.?’
Although not assessed in our study, this would be a valuable measure to have in future
canine and human studies. Moreover, the PET (voxel size of 2.08x2.08x2.03mm) and
contrast enhanced MRI (voxel size of 1.875%1.875x1mm) in our canine study did not
have the needed resolution in order to identify the transmural distribution of changes in

flow (i.e. subendocardial vs. subepicardial).
2.5 Conclusion

In the canine, rest myocardial blood flow within the first year following heart irradiation
generally progressively increases over time. This has been confirmed by two non-
invasive independent methods. A possible interpretation is that the increase in resting
MBEF is a response to myocardial inflammation. Based on this data, future patient studies
early after radiotherapy, should consider measurements of both myocardial blood flow

and myocardial inflammation.
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Chapter 3

3  Dosimetric Planning Comparison for Left-sided Breast
Cancer RT. The Clinical Feasibility of 4D-CT Based
Treatment Planning Optimization

This chapter aims to provide an extensive dosimetric heart sparing comparison of free-
breathing and 4D-CT based treatment planning, including robust optimization, and deep-
inspiration breath-hold based treatment planning with combinations of forward and
inverse-IMRT and VMAT. The goal is to demonstrate that for patients who are non-
compliant for a breath-hold treatment, there are clinically feasible options for free-
breathing treatment. However, the most effective way of cardiac and substructure dose-

sparing is still IMRT with DIBH.

3.1 Introduction

Breast cancer is the most common cancer in women worldwide. Adjuvant radiation
therapy (RT) is commonly used after breast conserving surgery to increase overall
survival by decreasing the rate of cancer recurrence.! Traditionally, 3D conformal RT
with tangential field directions is used in breast RT.> More modern techniques, including
intensity-modulated radiation therapy (IMRT) and volumetric modulated arc therapy
(VMAT) have been shown to provide higher target coverage and more effective sparing
of critical organs.>> However, a proportion of breast cancer survivors develop radiation-
induced cardiac disease later in their cure life.> Darby et al. concluded a linear
relationship between major coronary events such as myocardial infarction and death from
ischemic heart disease and radiation dose without a threshold (7.4% per Gy mean heart

dose).’

Traditionally, mean heart dose is commonly used as a reference measure for treatment
planning constraints and in cardiotoxicity studies. However, there is increased evidence
that cardiac substructure dose is associated with radiation-induced heart disease. Nilsson
et al. previously reported an increase of stenosis in the left anterior descending artery

(LAD) in irradiated left-sided breast cancer patients and an association between high-risk
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RT and stenosis in hotspot areas for radiation, which indicated a linkage between
radiation and location of coronary stenosis.® Veerle et al. performed a group dose-
distribution analysis showing that the left ventricle (LV) received the highest dose among
all cardiac structures due to the LV position relative to the left breast.> Arslan et al.
retrospectively evaluated LV and LAD dose sparing in patients treated with free-
breathing left-sided breast IMRT delivered with additional boost, presented significant
reductions in the mean and max dose of the cardiac substructures in the re-optimized
plan.’ Currently, cardiac and its substructure dosimetric consensus constraints have not
been fully evaluated nor established. Beaton et al. performed a retrospective case-control
matched study and found that the risk of radiation induced cardiac death at 10-years
appears to be very low if mean heart dose is <3.3 Gy and maximum LAD dose (EQD23
Gy) is <45.4Gy.!" Furthermore, cardiac dose parameters are limited and vary in
endpoints. Based on the Quantitative Analyses of Normal Tissue Effects in the Clinic
(QUANTEC) guidelines stated, the VasgyHeart should be <10% to decrease the cardiac
mortality to <1%.!' Hence, it is important to evaluate not just the radiation dose to the

heart, but also the radiation to which the substructures are subjected.

Deep-inspiration breath-hold (DIBH) has been implemented in the breast cancer RT
routine to further reduce cardiac exposure to irradiation in many centres.'> The heart
moves posteriorly and inferiorly during deep inspiration due to lung expansion and
diaphragmatic movements. This maximizes the distance between breast and the heart and
reduces cardiac dose deposition. Dose planning and clinical studies have concluded that
moderate DIBH is efficient and can effectively decrease mean heart dose in breast cancer
patients.!>!> While DIBH techniques can potentially lower the radiation dose to heart, it

requires patient compliance and longer treatment duration.

The RayStation treatment planning system v7 (RaySearch Laboratories, Sweden)
optimization technique run in a Graphic Processor Unit (GPU) system can account for
heart intrafractional motion at each breathing phase, if a 4D-CT scan is acquired. This
method is called 4D Robust optimization. It has been used in RT to account for position
uncertainties including patient setup and tumor motion relative to the target volume

during treatment delivery.!¢!” 4D Robust optimization utilizes min-max optimization to
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ensure dose planning stability by maximizing the plan quality in the worst-case
scenario.'® In contrast to conventional untagged average 4D-CT treatment planning,
which the internal target volume is expanded with a fixed margin to create the planning
target volume (PTV) that encompass the end-inhale and end-exhale target volume,
Robust optimization discretizes each phase of 4D-CT target volumes into multiple
scenarios. The min-max optimization method allows the prescription to hold true even in
the worst-case scenario, and performs the dose calculation with the optimized treatment
plan on the end-inhale 4D-CT dataset instead of the average 4D-CT dataset. The
additional respiration motion information obtained from 4D-CT is useful. El-Sherif et al.
showed dose estimates for the LAD were substantially susceptible to intrafraction
respiratory motion, adjunct to small ranges of dose to the heart and LV." The Robust
optimization technique has been explored by Mahmoudzadeh et al. in the context of
cardiac sparing for breast IMRT in a limited sample size under normal free-breathing
conditions (six patients) and controlled breath-hold conditions using the active breathing

).2% However, like Darby et al.”, this study focused on whole heart

control (two patients
dosimetric parameters only and did not take into account the dose to cardiac
substructures, such as the LAD and the LV. Direct comparison among techniques of 4D
Robust optimization, DIBH and standard 4D in combination with forward and inverse

IMRT or VMAT has not been done in the literature.

In this study we performed an extensive dosimetric comparison among various treatment
planning techniques. Fixed-beam tangents, IMRT, and VMAT along with motion
management strategies, including traditional motion encompassment with 4D-CT, 4D-CT
Robust optimization, and DIBH. This work aims to: (1) identify the clinical feasibility of
aforementioned techniques in sparing of the heart and its substructures; (2) address
whether 4D Robust optimization can outperform DIBH and conventional 4D-CT

techniques; and (3) to determine the clinical feasibility of IMRT versus VMAT.
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3.2 Methods

3.2.1 Patient selection

Fifteen consecutive early stage (T0-T2A) left-sided breast cancer patients who were
treated from 2018-2019 with standard breast RT plans were selected. Mean age of
patients was 60 £ 12 years (range 35-76).

3.2.2 CT simulation and delineation

Both DIBH and free-breathing four-dimensional computed tomography (4D-CT)
simulation were performed on each patient using the Philips Brilliance Big Bore CT
scanner (Philips Medical Systems, Cleveland, USA). Simulation imaging was performed
with the patient in supine position, with scans taken from the upper border of hyoid bone
to the diaphragm. 4D-CT scans were reconstructed into 10 phases using the Respiratory
Gating for Scanners (RGSC) system (Varian Medical Systems, Palo Alto, USA). An
untagged average 4D-CT dataset (UNTAG AVERAGE) that uses all the projection data
acquired during the low-pitch helical CT scan was also generated and served as the
primary dataset for the free-breathing scenario.

The breast volume was contoured, according to the delineation guidelines for adjuvant
radiotherapy of early breast cancer by the Radiation Therapy Oncology Group (RTOG),
and was approved by breast oncologists.>! The anterior component of the target volume
contours of the left breast were defined by a 5 mm contraction of the external contour.
The pericardium was defined as the border of the LAD and the whole heart, while the left
ventricle was contoured from the top left ventricle border to the apex cordis. The LAD,
LV, both lungs, spinal cord, and the whole heart were delineated on all ten phases of the
4D-CT dataset, the untag average dataset, and the DIBH dataset (with supervision of a

radiation oncologist) using RayStation 7 software (RaySearch Laboratories, Sweden).

3.2.3 Treatment planning

Eight treatment plans were generated for each patient. Forward IMRT, inverse IMRT,
and VMAT were optimized on both the DIBH and UNTAG AVERAGE dataset.
Additionally, 4D Robust IMRT and VMAT optimization, that uses the entire 4D-CT
dataset, were also performed, giving a total of 120 treatment plans. A dose of 4250 cGy
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in 16 fractions, the current clinical standard in our clinic, was prescribed for each patient,
with a minimum of 90% coverage of the left breast target volume. Dose was calculated
using collapsed cone convolution.

VMAT planning was composed of 2-4 partial arc beams ranging from 300° to 180° in the
clockwise and counter-clockwise directions. Dose optimization for fixed tangential
beams was performed using both forward and inverse step-and-shoot treatment planning
techniques. The beam energy was chosen based on the distance between the radiopaque
markers on the anterior-posterior set-point: 6 MV for separations less than 20 cm, 10 MV
for separations between 20 and 23 cm and 15 MV (with or without additional 6 MV

beams) for separations larger than 23 cm.

Objectives and constraints goals were prioritized as follows: (1) heart; (2) left lung; (3)
left breast; (4) right breast; (5) right lung; and (6) remaining normal tissue, according to
QUANTEC and dosimetric guidelines in our clinic (See Table 3.1 for details).® For the
LV and LAD, no constraint was set up due to lack of literature consensus guidelines
available. However, the dose of these two substructures were aimed to be reduced as low
as possible.

Table 3.1 Objectives and constraints goals for inverse-IMRT and VMAT treatment plans

with and without robust optimization

Objectives [Min dose: Left breast target volume with 4250 cGy
Max DVH: 1% of Left breast target volume with 4460 cGy
10% of Heart with 250 cGy
8% of Heart with 1000 cGy
30% of Left lung with 250 cGy
10% of Left lung with 1200 cGy
Dose Fall-Off: Left breast target volume: 4200 cGy to 4000 cGy in 2 mm|
Max EUD: Spinal cord: 17 ¢cGy
Right breast: 240 cGy
Right lung: 37 cGy
Uniform dose: Left breast target volume: 4250 cGy
Constraints Min DVH: 97% of Left breast target volume with 4250 cGy
Max Dose: Left breast target volume: 4460 cGy
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3.2.4 Dosimetric assessment

Dose-volume histograms (DVHs) were used to compare following parameters: VsgyHeart
(the volume of heart receiving at least 5Gy), Vso,Lung (total lung volume receiving at
least 2125 c¢Gy) and the mean heart, mean LAD, mean LV dose and max LAD dose.
Statistical analyses were performed in SPSS IBM v.23 (IBM SPSS Statistics for
Windows, Armonk, NY) using Shapiro-Wilk test for normality, Kruskal-Wallis
nonparametric one-way analysis of variance (ANOVA) to test for significance, and

Wilcoxon-Mann-Whitney test to find between-subject significance.

3.3 Results

All treatment plans generated from the eight RT planning techniques were clinically
feasible and reviewed by a certified dosimetrist, with a selection of sample patients
contours approved by the radiation oncologists. All achieved minimum of 90% coverage
of 4250 cGy prescription dose in 16 fractions. Dose distributions for each of the eight

planning techniques for a representative patient are displayed in Figure 3.1.
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Figure 3.1 Whole-breast radiation treatment methods, with corresponding dose
distribution of a representative left-sided breast cancer patient. The left anterior
descending artery was three-dimensionally segmented in green on each CT image. Note
that the 4D Robust and UNTAG AVERAGE radiation treatments were planned on the
same 4D-CT dataset, but for simplicity, the dose distributions of 4D Robust technique

were overlaid on the end-inspiration CT image of the 4D-CT dataset.

All cardiac and substructure dose metrics obtained from the eight planning techniques
fulfilled the literature recommended constraints.!! This included a mean heart dose below
330 cGy which was reported by Saiki et al. in breast cancer patients with outcomes of
congestive heart failure;*? and below 280 c¢Gy which was corresponded to a significant

elevated risk in coronary heart disease from a peptic ulcer disease study.?® Furthermore,
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all methods achieved a VsgyHeart <12%, mean LV dose <670 cGy, mean LAD dose
<2380 cGy and a max LAD dose <4780 cGy, which were reported by Skyttd et al in
patients who received breast radiotherapy with an outcome of >30% increase in cardiac
damage biomarker, serum troponin T (hscTNT).?* The mean LAD dose was below 1000
cGy, which was the suggested constraint from the Expert Panel of the German Society of
Radiation Oncology (DEGRO).?> And the max LAD dose was below 4540 cGy, which
corresponded to a lower risk of radiation induced cardiac death presented by Beaton et
al.1¢

All dose parameters, apart from the mean heart dose, were not normally distributed (p <
0.05) in each of the eight treatment methods, especially for inverse IMRT DIBH. Table
3.2 displayed the mean values for each parameter from the eight treatment planning
techniques and the corresponding p-values from Kruskal-Wallis one-way analysis of
variance test. Only VsoiLung (p = 0.29) was statistically equal among planning
techniques.

Table 3.2 Mean values +/- standard deviation of all parameters compared. A p-value

<0.05 determines significance from Kruskal-Wallis one-way analysis of variance.

Mean Mean Mean Max

Heart LV LAD LAD

Dose VsgyHeart Dose Dose Dose VsouLung

(cGy) (%) (cGy) (cGy) (cGy) (%)
Forward IMRT 3.04 £
DIBH T44+27 11121143 | 89+29 |231+141| 976 £ 744 154
gllvgge IMRT 1 20430 | 1374155 | 82434 (242175 | 11124842 | 2.61+ 1.29
Forward IMRT 2351 + 3.44 +
Untag Average 148 £58 | 4.06 £2.25 | 192 £ 68 | 453 £ 229 1057 1,59
Inverse IMRT 1987 +
Untag Average 121 +£38{3.43+£1.84 | 172+6 |379+265 1268 24+1.2
4D Robust 228+
IMRT 120£5212.69+1.82 | 170+ 74 | 258 £ 120 | 1444 + 959 1.62
DIBH 147+13| 1.75+1.7 | 176 £25 | 296+ 123 | 1059 £ 743 | 3.22 +£ 0.6
VMAT ' ' ) )
Untag Average 297 +
VMAT 188+36|539+2.04 | 246 +56 | 370+ 173 | 1530 + 753 125
4D Robust 3.13+
VMAT 173+45|14.42+256|245+82 [299+ 1011 1220+ 716 116
p-value <0.0001 | <0.0001 <0.0001 0.008 .002 287
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Results from Wilcoxon-Mann-Whitney test showed that only forward and inverse IMRT
DIBH technique were considered as equal for all dose parameters (p > 0.05). (See table
3.3)

Table 3.3 P-values of each parameter obtained from Wilcoxon-Mann-Whitney test
comparing each planning method to Forward IMRT DIBH technique. A significance

value < 0.05 determines significance difference compared to Forward IMRT DIBH

technique.
Forward| Inverse
Planning V"% IMRT | IMRT | *P |pigy | Untag | 4D
Method IMRT Untag | Untag Robust VMAT Average|Robust
DIBH IMRT VMAT [VMAT
Average|Average
Mean Heart
Dose (cGy) .62 .00 .00 .00 .00 .00 .00
VsgyHeart (%) | .68 .00 .00 .01 .19 .00 .00
MeanLV 1 331 90 | 00 | .00 | 00 | 00 | .00
Dose (cGy)
P-value Mean LAD
Dose (cGy) .84 .00 .07 41 .06 .01 .02
Max LAD
Dose (cGy) .57 .00 .02 .16 .84 .02 27
VsoyLung (%) | .41 51 25 22 .62 .97 .78

In figure 3.2a-f, significant difference between parameters from each planning methods
compared to forward IMRT DIBH was indicated with *. Table 3.4 shows the p-value
results from Wilcoxon-Mann-Whitney test comparing each parameter between IMRT and
VMAT and between 4D Robust optimization, DIBH and standard 4D UNTAG
AVERAGE treatment plans.
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Figure 3.2 Boxplot displaying (a) mean heart dose, under literature threshold of 330 cGy.

(b) VsgyHeart (c) mean left ventricle dose (d) mean left anterior descending artery dose

(e) max left anterior descending artery dose (f) Vso Lung. The plots whiskers displayed

the minimum and the maximum value, the mean value was indicated with ‘+’. Wilcoxon-

Mann-Whitney test results of significance difference between planning methods

compared to forward IMRT DIBH technique was indicated with *.
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Table 3.4 The p-value results from Wilcoxon-Mann-Whitney test comparing each
parameter between free-breathing IMRT and VMAT and between 4D Robust, DIBH and
standard 4D UNTAG AVERAGE treatment plans.

Forward IInl\‘//[elisTe IIHAVESTG 4D 1 Untag | pypy
‘ Vs Untag Untag Robust | Average VMAT
Planning | Inverse Average| Average vs IMRT vs | VMAT vs vs 4D
Method IMRT 4D 4D
Untag vs 4D Untag Robust | Robust Robust
Average Robust | Average VMAT | VMAT VMAT
IMRT VMAT
Mean Heart
Dose (cGy) 0.237]  0.934 <0.001 0.011 0.561 0.051
VsgyHeart
(%) 0.548] 0.281 0.026 0.034 0.395 0.004
P-value Mean LV
Dose (cGy) 0.547 0.95 0.002 0.007 0.852 0.001
Mean LAD
Dose (cGy) 0.431] 0.407 0.724 0.272 0.351 0.724
Max LAD
Dose (cGy) 0.419] 0.254 0.443 0.604 0.272 0.419

In correspondence to objective (2) to address whether 4D Robust optimization can
outperform DIBH and standard 4D, figure 3.2a-2f showed that 4D Robust IMRT had
statistically significantly greater VsgyHeart, mean heart and L'V dose compared to DIBH
IMRT (p < 0.01), except for mean and max LAD dose (p > 0.1). In comparison, DIBH
with forward IMRT achieved a significant reduction in mean heart dose, VsgyHeart, mean
LV and max LAD dose compared to free-breathing UNTAG AVERAGE IMRT (p <
0.02) except for mean LAD dose (p = 0.07). In table 3.5, among free-breathing methods,
no difference in all cardiac and substructure dose including LAD and LV parameters
were found (p > 0.2) in comparing between forward and inverse IMRT UNTAG
AVERAGE, between inverse IMRT UNTAG AVERAGE and 4D Robust IMRT, and
between UNTAG AVERAGE VMAT and 4D Robust VMAT. Among VMAT
techniques, VsgyHeart and mean LV dose were significantly reduced in DIBH (p < 0.005)
compared to 4D Robust VMAT, mean heart and LAD dose, max LAD dose were not
different.
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In correspondence to objective (3) to address the clinical feasibility, to determine whether
we can reduce the complexity by using IMRT instead of VMAT. From figure 3.2a-f,
DIBH IMRT had significantly less mean heart and LV dose (p < 0.01) than DIBH
VMAT, whereas VsgyHeart, mean LAD and max LAD dose were not different (p > 0.05).
And from table 3.4, inverse IMRT UNTAG AVERAGE had significantly less mean heart
and LV dose, VsgyHeart compared to UNTAG AVERAGE VMAT (p < 0.02), mean and
max LAD dose were not different (p > 0.4). Furthermore, 4D Robust IMRT had
significantly less mean heart and LV dose and VsgyHeart, compared to 4D Robust
VMAT (p <0.04), mean and max LAD dose were not different (p > 0.2).

3.4 Discussion

In breast cancer patients, it is recommended to minimize the irradiated cardiac volume
without compromising the target coverage to reduce the risk of radiation induced cardiac
toxicity (RICT) without additional risk of recurrence in their later life post radiotherapy.
Radiation-induced cardiac effects in early stage can lead to microvascular injuries caused
by irradiating the myocardial endothelial cells, that can lead to acute inflammatory
response, vascular damage and fibrosis.?® Macrovascular damage can be seen as a latent
effect, where the atherosclerotic process accelerates in the coronary arteries. Therefore, it
is important to minimize the radiation toxicity with the use of sparing techniques, which

reduce the heart and its substructures from radiation.

This comprehensive treatment planning study investigated cardiac sparing techniques
including respiratory motion management techniques such as 4D-CT encompassment and
DIBH, as well as advanced radiation therapy techniques such as forward/inverse IMRT
and VMAT. The scope of treatment planning techniques evaluated in this study has not
been comprehensively performed in the literature. The heart and its substructure doses
including the mean dose to the LAD and left ventricle and max dose to LAD were
evaluated in each plan. We were able to achieve clinically acceptable plans for all 8
techniques including 4D Robust optimization according to current guidelines from

QUANTEC and the literature!'®!!- 225 Thus, we have shown the capability and clinical
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feasibility of free-breathing 4D-CT based RT for patients who are not compliant with
breath-hold RT and for centres where DIBH is limited.

In this study, 4D Robust IMRT had significantly greater cardiac and LV dose compared
to DIBH IMRT (p < 0.01), but mean and max LAD dose were not different (p > 0.1).
Furthermore, no significant difference between free-breathing IMRT methods (UNTAG
AVERAGE IMRT and 4D Robust IMRT) was found. The mean LAD dose was not
different comparing inverse UNTAG AVERAGE IMRT and DIBH IMRT (p > 0.07).
This proved the use of 4D Robust Optimization was clinically feasible for patients who
are not compliant with breath-hold and provided a further limitation of radiation dose to
the LAD, but not to the heart and LV during free-breathing IMRT treatment (compared to
standard 4D-CT based RT). In the literature, tangential treatment planning reported a
mean heart dose and/or mean LV dose reduction using DIBH tangential RT in
comparison to free-breathing tangential RT.!* 27-*° Note however, these studies did not
consider 4D-CT data sets and 4D Robust Optimization. In contrast, our results showed
that DIBH IMRT can significantly reduce the heart and LV dose but not LAD dose
compared to free-breathing techniques. These results agreed with Mahmoudzadeh et al.,
who showed that 4D Robust Optimization can potentially reduce, but not fully replace,
the need for breath-hold in the tangential IMRT and can be applied to any case treated

under free-breathing.?’

Insignificant differences in all dose parameters (p > 0.05) between UNTAG AVERAGE
VMAT and 4D Robust VMAT, along with significant reduction in mean LV dose and
VsgyHeart (p < 0.01) in DIBH VMAT compared to UNTAG AVERAGE VMAT were
found in our study. However, mean heart and LAD dose and max LAD dose were not
different compared to DIBH VMAT and 4D Robust VMAT. This is contrary to the
findings reported by Sakka et al.?® in which mean heart and LAD dose in DIBH VMAT
were significantly reduced compared to free-breathing VMAT. Therefore, the use of 4D
Robust Optimization provided further radiation dose reduction to the LAD, but not the
heart nor the LV compared to DIBH and standard 4D-CT based VMAT.
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Significant reduction in mean heart and mean LV dose were observed in DIBH tangential
IMRT compared to DIBH VMAT in our study (p < 0.01). This result was aligned with
literature findings.* ? Significant reduction in mean heart and LV dose and VsgyHeart
were observed in 4D-CT based-IMRT compared to 4D-CT based VMAT (p < 0.04). This
was supported by Sakka et al. findings of mean heart dose reduction in free-breathing
IMRT compared to free-breathing VMAT.?® This proved that the use of IMRT for its
simplicity over VMAT was sufficient to provide the same dosimetic advantage for both

4D-CT based free-breathing and DIBH RT.

Vso,Lung dose among all eight planning methods were statistically insignificant. Based
on literature, Aznar et al. concluded that the lung exposure in breast cancer RT varied
substantially between different countries and regimens, so the radiation related toxicity
risk of lung cancer, pneumonitis and lung fibrosis can also vary.*® Using breathing
adaptation, prone or lateral decubitus patient positioning technique can further minimize

the irradiated lung region and extent.*

Limitations of this study included the following: (1) twelve of the fifteen patients were
qualitatively chosen for DIBH treatment based on the heart location and the expected
irradiated volume under standard breast RT. Therefore, the results of this study were
likely biased towards DIBH being the ideal treatment technique. However, VMAT and
IMRT under 4D CT-based free-breathing conditions were still clinically feasible, which
aligned with the published guidelines and are potential options for patients who are not
compliant with breath-hold treatment, for situations where the distance between the heart
and the chest wall is large, or in situations where centres are not able to offer DIBH; (2)
The time duration per respiratory phase was not considered in 4D Robust optimization
dose calculation; (3) Visualizing the LAD on both 4D-CT and DIBH CT datasets is
difficult without the use of intravenous iodine contrast; (4) the time taken for contouring
the LAD and LV and DIBH in IMRT/VMAT was not considered in this study, in future
studies, cardiac atlas and automations can be utilized to improve the treatment planning

efficiency in sparing of the cardiac substructures.



80

This study tested for the statistical significance for various heart sparing radiotherapy
techniques including 4D Robust Optimization and DIBH, which aimed to provide breast
cancer patients with the optimal treatment approach taking into account cardiac sparing,
target coverage, and treatment complexity. In the future, clinical significance must be
evaluated, including functional cardiac imaging and clinical outcomes, in order to
establish a dose response relationship that can be used to drive future dose optimization
objectives (ie. Cardiac substructures). Currently, there is minimal study (Beaton et al.'?)
that investigate the correlation of cardiac substructure radiation dose towards a clinical
end point in the breast cancer population. This information may help aid in the design of
new patient-specific treatment strategies that aim to minimize inadvertent heart damage
and provide better dose constraint consensus guidelines for better quality radiation

treatment standards.
3.5 Conclusions

This study demonstrated the clinical feasibility of free breathing 4D-CT based
optimization in limiting radiation dose to the heart and its substructures with both
IMRT/VMAT for an early-stage left-sided breast cancer patient cohort. 4D Robust
Optimization cannot fully replace DIBH nor outperform standard 4D-CT based
IMRT/VMAT except in terms of minimizing the LAD dose. In comparison, both forward
and inverse IMRT DIBH technique was dosimetrically advantageous in heart sparing.
This was compared to standard 4D-CT and DIBH based VMAT, 4D-CT Robust
optimization and other free-breathing IMRT treatment techniques, given that the
simplicity of IMRT in cardiac and substructure sparing outperformed VMAT technique.
Despite the dosimetric advantage of DIBH with fixed-beam IMRT, all techniques had
clinically acceptable plans according to published guidelines. Therefore, free breathing
4D-CT based techniques may be considered for patients who are not compliant for DIBH,
where the heart and chest wall are far apart, or for centres where DIBH treatments are not

available.
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Chapter 4

4  Assessing Acute Cardiac Inflammation One Month after
Left-sided Breast Cancer RT with Hybrid PET/MRI

In this chapter, a pilot study of left-sided breast cancer patients (n = 15) is featured to
investigate and demonstrate the feasibility of assessing early inflammation response and

cardiac functionality changes at 1-month after radiotherapy using hybrid PET/MRI.

4.1 Introduction

Breast cancer is the most commonly diagnosed cancer and leading cause of cancer death
in females worldwide.! Adjuvant radiation therapy (RT) of the breast plays a critical role
in curative breast cancer management with local and regional control benefits and lower
mortality rates.? However, patients with left-sided breast cancer are at an increased risk of

radiation-related cardiac disease,>*

with an increase in the risk for undergoing
percutaneous coronary intervention’ and cardiac mortality,® due to the proximity of the

heart to the irradiated breast.

A worldwide systematic review on whole breast RT studies after 2014 reported that the
heart received a mean of 3.6 Gy heart dose based on 84 left-sided breast cancer studies.’
The left anterior descending artery (LAD), however, had a substantially higher dose
compared to the whole heart, with a mean dose of 12.4 Gy.” A linear relationship
between major coronary events and mean heart dose of 7.4% per Gy from 2D-breast RT
without a threshold, was also reported in a population-based case-control study.?
However, the early effects of radiation are not well understood and the clinical symptoms
do not typically manifest until 10-15 years after RT. It is therefore important to limit the
exposure of the heart to ionizing radiation during RT to limit the development of cardiac

sequelae.

A previous pre-clinical study of five canines imaged with hybrid "*FDG/PET showed a
progressive global inflammatory response during the initial year following RT.

FDG/PET can identify an inflammatory reaction, as the activated proinflammatory
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macrophages preferentially sequester glucose. The increased inflammatory signal uptake
was detected as early as one-week post single fraction irradiation of a biologically
equivalent LAD dose compared to a standard left breast RT under breath-hold condition.’
The dose delivered to the whole heart and other coronary arteries were likewise the
typical values observed in left breast RT.” Immunohistochemistry (CD45) at 12-months

confirmed the presence of inflammatory cells.’

If inflammation occurs early, preceding but predictive of subsequent cardiac
manifestations, then there may be a role for early treatment with anti-inflammatory
and/or cardio-protective medication. With the use of multimodality imaging including
hybrid positron emission tomography (PET) and magnetic resonance imaging (MRI),
simultaneous acquisition over the same anatomical site allows assessment of acute
cardiac inflammation and early cardiac irradiation functional changes non-invasively and
longitudinally after RT. For optimal '®FDG/PET assessment of the cardiac inflammatory

response, suppressing the normal myocardial uptake of 'FDG is required.!°

Functional MR imaging including cine imaging assesses left ventricular function
throughout the cardiac cycle with a short breath-hold of about 15 seconds. It is
considered the gold standard for quantifying left ventricular ejection fraction (LVEF),
end-diastolic volume (LVEDV) and end-systolic volumes (LVESV).!! In addition, T1-
mapping has the ability to detect pre-clinical myocardial fibrosis. The combination of
pre-and post-contrast T1 maps can give a measure of the extracellular volume (ECV),
where an increase relates to myocardial fibrosis and correlates to an increasing likelihood
of cardiac events.!> The optimal means of quantifying ECV is during a slow constant
infusion of a gadolinium tracer, where a constant concentration of a tracer is supplied to
the myocardium during the capture of 3D T1 maps.'? Lastly, T2 relaxation rate increases

correlate with an increase in extracellular water, i.e., edema.

Serial blood work such as high-sensitivity Troponin T (hs-TnT), high-sensitivity C-
reactive protein (hs-CRP) and erythrocyte sedimentation rate (ESR) are the common
surrogate markers of myocardial injury and inflammation. Hs-TnT level has great

diagnostic accuracy in detecting acute myocardial infarction.'* Meanwhile, hs-CRP with
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a level greater than 3 mg/L is associated with higher cardiovascular risk.!> ESR can
identify acute inflammation by measuring the plasma viscosity.!® These biomarkers can

provide subclinical evidence of cardiotoxicity during RT.

4.1.1 Aim

In this study, we investigate the utility of hybrid PET/MRI and serial blood work to
detect an early inflammatory response/cardiac functionality changes after radiation

therapy in patients with left-sided breast RT.

4.2 Methods

4.2.1 Radiation Treatment and delivery

The clinical pilot study (NCT03748030) was approved by the Western University Human
Research Ethics Board (HSREB ID 112991). Of 17 recruited left-sided breast cancer
patients, stage TO-T3, one patient was ineligible, and one did not consent. All patients did
not have a prior cardiac disease history and one patient was diagnosed with diabetes

mellitus. None of the patients received any prior RT to the thorax or breast.

Patients in the study received their RT during 2020-2021. The majority of patients (73%)
received standard deep inspiration breath-hold (DIBH) forward planned intensity-
modulated radiotherapy (IMRT), 42.5 Gy in 16 fractions and did not receive adjuvant
chemotherapy (67%). 7 of the 11 DIBH RT patients received additional boost doses of 10
Gy in 5 fractions. One patient only completed the first five fractions of her radiation

treatment and discontinued due to breast swelling, pain and erythema.

Fifteen left-sided breast cancer patients treatment plans were retrospectively reviewed.
Treatment planning optimization was performed using the Pinnacle® treatment planning
system (Philips Radiation Oncology Systems, Fitchburg, USA). Contours of the heart,
left ventricle (LV), and left anterior descending artery (LAD) were manually delineated
on the treatment planning CT performed on the Philips Brilliance Big Bore CT scanner
(Philips Medical Systems) using Mim maestro (Mim Software Inc., Cleveland, USA).
The mean values for each dose metrics are shown in table 4.1. Note that this cohort of

patients received a low dose in the reported cardiac regions compared to literature.
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4.2.2 Imaging

PET/MR imaging was performed on a 3T-hybrid PET/MRI scanner (Biograph mMR
Siemens Medical Systems, Malvern, USA) at baseline, within 1-month and within 1-year
following the completion of RT. Patients were imaged in the supine position, with serial

blood work drawn before imaging. In this paper, we are reporting the results at 1-month

follow-up.
Baseline Week 0 Within | month post RT
PET/MR imaging Radiotherapy PET/MR imaging
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Figure 4.1 Overview of the timeline and hybrid PET/MR imaging protocol
4.2.21 PET imaging (Myocardial inflammation)

The suppression of glycolysis was achieved through fasting (12 hours prior imaging) and
a 24-hour diet which was high in fat, low in carbohydrate and low in protein prior to the
PET scan. Furthermore, the injection of heparin at 45 minutes (5 pg/kg) and 30 minutes
(10 pg/kg) was performed prior to the injection of '*FDG. A 60-minute list-mode scan of
BFDG with a bolus injection at 5 MBq/kg was conducted. All PET data were
reconstructed using an iterative three-dimensional ordered subset expectation
maximization algorithm (OSEM)!” with 3 iterations, 21 subsets, 10-minutes intervals,
172 x 172 x 127 matrix size and a 4 mm-Gaussian smoothing filter, yielding a voxel size
of 2.08 x 2.08 x 2.03 mm. Attenuation was corrected for all PET scans using a two-point
Dixon MR imaging pulse sequence (MRAC), which automatically segments and
substitutes discrete attenuation coefficients of the lung, adipose tissue and soft tissue.!
Myocardial contours were manually delineated on the PET images fused with the MRAC
images using Mim maestro, according to the American Heart Association 16-segment

model."
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Myocardial inflammation was assessed using the change from the baseline pre-radiation
treatment study in the mean 'SFDG/PET standard uptake based on body weight
(meanSUVyy) in the myocardial tissue between 40-60 minutes post tracer injection. SUV
at l-month follow-up compared to baseline was calculated where the change was
segmented based on each coronary vascular territory: left anterior descending (LAD),

left-circumflex (LCX) or right coronary (RC) artery.

4.2.2.2 MR Imaging

T2-weighted images of the heart using 3 slice locations (apex, mid and base) were
acquired concurrently with PET imaging using TrueFISP 2D sequence with 224.03 ms
repetition time, 1.31 ms echo time, flip angle: 60, FOV matrix of 288 x 360 and slice
thickness of 6 mm.

The T2-weighted images were followed by a 2D stack of standard non-contrast steady
state free precession cine images and T1-weighted images of the whole heart before and
during a gadolinium contrast (Gadovist; Bayer Inc, Mississauga, ON) infusion. The cine
images of the whole heart were acquired using TrueFISP sequence, ECG-gated end-
diastolic phase, flip angle: 50 degrees, 43.5 ms repetition time, 1.58 ms echo time, FOV
matrix = 253 x 300, and a slice thickness of 6 mm.

The gadolinium contrast was injected as a bolus over 2 minutes (0.1 mmol/kg) and then
followed by a constant infusion over 30 minutes 0.002 mmol/kg/min). The T1-weighted
post gadolinium constant infusion images were acquired 10 minutes into the constant
infusion. Both sets of T1-weighted images were acquired using the MOLLI sequence
with 293.92 ms repetition time, 1.22 ms echo time, flip angle: 35 degrees, FOV matrix =
255 x 300 and slice thickness 6 mm.

Circle CVI42 v5.11 (Circle Cardiovascular Inc., Calgary, Canada) was used to assess
cardiac function, including LV functional parameters (LVEDV, SV and LVEF) and a
radiologist (Al) provided clinical assessment of the T2-weighted and T1-weighted post-
contrast images. The extracellular volumes (ECV) were calculated using equation (1)
with the extraction of T1 values of the blood pool and the myocardium between pre- and
during- constant infusion, grouped based into three slices locations (apex, mid and basal).

The hematocrit ratio was determined from the blood sample.
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1 1
. . Post contrast T1 myocardium " native T1 myocardium
(1)Ecv = (1 — hematocrit ratio) I 1

Post contrast T1 LV blood pool " native T1 LVblood pool
4.2.3 Bloodwork

Blood for the parameters noted earlier were drawn prior to the baseline pre-radiation scan

and measured at 1-month follow-up.

4.2.4 Statistical Analysis

Statistical analyses were performed using SPSS IBM v.23 (IBM SPSS Statistics for
Windows, Armonk, NY). Shapiro-Wilk normality test was utilized to check for normality
among the values of standard uptake of '"*FDG per supplied coronary region, left
ventricular functional parameters, blood work and ECV measurements before and 1-
month after RT. Based on the Shapiro-Wilk test, all the blood work measurements (hs-
TnT, hs-CRP and ESR) were not normally distributed (p < 0.03). Consequently, tests of
significance for these parameters were performed using the Wilcoxon signed rank test. A
paired t-test was performed for all other parameters. A bivariate correlation test was
performed to compare these changes to relevant dosimetric parameters of the heart and
substructures presented in table 4.1.

Dosimetric parameters of the heart and its substructures were tested for significance
between the DIBH and free-breathing-RT group using Mann-Whitney U test. If any of
the changes of the '®FDG regional uptake, LV functional parameters, blood work and
ECV measurements were significant at follow-up, Mann-Whitney U test was further

performed to check for significance between the DIBH and Free-breathing-RT group.
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4.3 Results

Table 4.1 Patient demographics of fifteen left-sided breast cancer patients along with the

radiation dose metrics of the heart, left ventricle and the left anterior descending artery.

The mean value is indicated with *

Age of patients n=15 *60y/o (38 - 79)
Staging
Ters 3
Tl 8 (1 recurrence BC)
T2 3
T3 1
Radiation Treatment (RT)
Free-breathing RT 4 (27%)
Tomotherapy 2
IMRT 1
VMAT 1
DIBH IMRT 11 (73%)
Prescription dose
42.5 Gy in 16 fractions 14
With 10 Gy in 5 fractions boost 7
48 Gy in 16 fractions 1
Mean Heart Dose *1.79 Gy
Mean LV Dose *2.07 Gy
Mean LAD dose *2.78 Gy
V5gy Heart *9.46%
Max Heart Dose *19.31 Gy
Max LAD dose *8.41 Gy
Adjuvant chemotherapy
Yes 5 (33%)
Herceptin 4
No 10 (67%)

Patient demographics of the observational study are shown in table 4.1. Results of
regional uptake of 'SFDG/PET, LV functional parameters, ECV and blood work
measurements are presented in figures 4.2 — 4.5. A significant increase in the 'SFDG/PET
mean standard uptake (meanSUVbw) in the LAD territory (p = 0.04, 10%) was seen on
average across patients (9 of the 10 patients) at 1-month follow-up. A non-significant
correlation was observed between the increase of '*FDG/PET uptake in the LAD territory
and the LAD dose metrics (mean and max) with a r-value range of - 0.23 to - 0.24, p >
0.5. A non-significant correlation was observed with the heart dose metrics (mean heart

dose and V5gyHeart) with a r-value of 0.12 - 0.17, p > 0.6 (see table 4.2). The SV was
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significantly reduced (p <0.02, 7%, 9 of 12 patients) at 1-month follow-up while LVEDV
and LVEF were not significantly changed (p >0.08) The majority of the LV functional
parameters were within the normal range, except one patient who had borderline LV
dilation.?’ The reduction in stroke volume (SV) was insignificantly correlated to all the
heart and substructure dose metrics (r-value of 0.14 - 0.27, p > 0.27). In addition, a
significant increase for ECV in apex and basal slices were identified (Apex: p <0.02 by
6%, 10 of 12 patients and basal: 5%, 11 of 12 patients), while no significant change of
ECV was observed for mid slices of the heart (p >0.5). The ECV in apex and basal slice
locations were weak to moderately correlated to all the heart, LV and LAD dose metrics
(r-value of 0.19 - 0.57).

No significant changes (p >0.3) of all blood work (hs-TnT, hs-CRP, ESR) measurements
were reported. No gross abnormal enhancement, fibrosis or edema measured with T1-
and T2-weighted images at both baseline and 1-month follow-up were detected. One
patient had borderline LV dilation at 1-month follow-up.

For dose metrics, only the mean heart dose (p = 0.04) was significantly higher in free-
breathing RT compared to DIBH RT patients. Maximum heart and LAD dose,
V5gyHeart, mean LV and LAD dose were insignificant (p >0.06). Changes of '*FDG/PET
uptake at the LAD territory, SV, ECV in apex and basal slices were not different (p >0.2)
between RT groups.

25 Baseline 1- month post RT
*

2.0 T
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Figure 4.2 "*FDG/PET mean standard uptake values of the myocardium based on body
weight (SUVbw) of fifteen patients at baseline and 1-month follow-up. The uptake
values for the entire myocardium were broken down to regions supplied by the LAD,
LCX and RC. Note the mean standard uptake value is indicated with  + > and the median
value is indicated as the median bar in the boxplot, any significant differences at 1-month

follow-up were marked with *
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Figure 4.3 Mean cardiac functional parameters including the left ventricular end-diastolic
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volume (EDV), stroke volume (SV) and the left ventricular ejection fraction (EF) for the
fifteen patients before and 1-month after radiotherapy. Significant reduction at 1-month

post-RT was shown in SV.
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Figure 4.4 Mean Extracellular volume before and 1-month after radiotherapy. Significant

increases of ECV in apex and basal slices were observed at 1-month follow-up.
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Figure 4.5 Mean blood work measurements of high-sensitivity Troponin T (hs-TnT)

high-sensitivity C-reactive protein (hs-CRP) and erythrocyte sedimentation rate (ESR)

before and 1-month after radiotherapy.

Table 4.2 Mean values of '®FDG/PET standard uptake of the myocardium based on body

weight (SUVbw) sorted according to the respective supplying coronary arteries using the

AHA heart model, LV functional parameters (EDV, SV and EF), extracellular volume

matrix values (at apex, mid and basal slice locations of the heart) and blood work

measurements of high-sensitivity Troponin-T, high-sensitivity C-reactive protein and

erythrocyte sedimentation rate at baseline and 1-month follow-up. The percentage

comparing baseline and 1-month follow-up change of each respective measurement were

reported.

N=15 LCX LAD RC
BFDG/PET baseline 1.52 1.47 1.61
meanSUVbw 1-month follow-up 1.62 1.61 1.67
% change 6% 10% 4%
EDV SV EF
(ml) (ml) (%)
Mean values of baseline 123 79.27 65.4
LV functional | I-month follow-up | 115.92 74 64.25
parameters % change -6% -1% -2%
Apex Mid Base
Mean baseline 0.289 0.271 0.268
extracellular I-month follow-up | 0.307 0.275 0.279
volume (ECV) % change 6% 3% 5%
hs-TnT | hs-CRP | ESR
(ng/L) | (mg/L) | (mm/h)




Mean value of
Blood Work
measurements

baseline 10 3.39 12.64
1-month follow-up |  7.92 2.53 11.42
% change -21% -25% -10%
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Table 4.3 Pearson bivariate correlation coefficient r-values and p-values between the

changes of '"SFDG/PET standard uptake value in LAD supplied myocardial segments,

stroke volume and extracellular volume matrices at apex and basal slices compared to

the heart and substructure dose metrics.

Change mean mean mean max max

of Heart LV LAD VSay Heart LAD

parameter dose dose dose Heart dose dose
BEpG | r-value 0.12 0.04 -0.23 0.17 0.07 -0.24
LAD p-value 0.74 0.91 0.53 0.63 0.85 0.51
SV r-value 0.25 0.32 0.22 0.21 0.14 0.37
p-value 0.46 0.34 0.52 0.53 0.69 0.27
ECV r-value 0.34 0.38 0.19 0.30 0.36 0.33
apex p-value 0.28 0.22 0.55 0.35 0.26 0.30
ECV r-value 0.44 0.44 0.57 0.41 0.41 0.55
base p-value 0.17 0.18 0.07 0.21 0.21 0.08

4.4 Discussion

Currently, dose-sparing guidelines for cardiac substructures are not well established in

breast RT. In terms of the whole heart, consensus guidelines recommend that the volume

of the heart irradiated should be minimized as much as possible without compromising

the breast target coverage. Quantitative Analyses of Normal Tissue Effects in Clinic

(QUANTEC) recommended limiting the volume of heart receiving at least 25 Gy (V25ay)

to less than 10% to maintain the risk of cardiac mortality under 1%.%' In our study, the

cardiac dose values among patients were lower than the QUANTEC guideline with a

mean whole heart V5gy of 9.46%. However, it is important to note that the LAD and LV

can still receive a substantially higher dose than the remainder of the heart structures.’

The mean LAD dose in our study was 2.78 Gy, which was recognized as a high regional

dose region compared to the overall heart (mean heart dose of 1.79 Gy, see table 4.1).
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While cardiac risk reduction strategies including the role of active breathing modalities,?

2324 or accelerated partial breast irradiation®> are discussed, few

patient positioning,
efforts in randomized controlled trials have validated the cardiac-sparing techniques or
looked into the cardiac substructure early response to radiation in breast RT. In exploring
differences that three patients received a higher mean heart dose in free-breathing RT, but
no differences in other dosimetric parameters of the heart and its substructures compared
to DIBH RT patients, this may have implications that DIBH RT can achieve better
sparing in terms of the whole heart. With the use of hybrid PET/MRI, the significantly
elevated uptake of 'FDG/PET in LAD segments along with the increase of ECV in
apical and basal slices with a reduction of SV suggested acute regional
inflammation/functional changes in the myocardium as early as 1-month after the end of
RT. It is important to note that the changes were observed in patients even with low dose

myocardial irradiation compared to the recommended guidelines regardless of breath-

hold techniques.

Jo et al.?® conducted a retrospective study evaluating the irradiated myocardium
segmented based on dose threshold in both the staging and post-RT PET/CT images of
breast cancer patients who underwent 3D-CRT. The '*FDG/PET uptake of the
myocardium irradiated with more than 30 Gy significantly increased after RT even at the
one-year follow-up. The degree of 'FDG/PET uptake increase significantly correlated
with the radiation dose to the myocardium. However, glucose suppression was not
performed. In our study, where glucose was suppressed and the radiated dose to the
myocardium was low, the 'SFDG/PET uptake increase in the LAD segments was weakly
correlated to the whole heart dose metrics. Also of note, the myocardium was segmented
according to the AHA heart model, which can provide better location of the

radiosensitive substructure of the heart, i.e. the LAD myocardial segments.

In terms of MR functional parameters, our study demonstrated a significant reduction of
SV at I-month follow-up, no significant changes were shown in LVEDV and LVEF. This
corresponds to the results of a systematic review conducted by Kaidar-Person et al., ?’
which reported five out of six studies without LVEF reduction using SPECT imaging at

1.28

6-months follow-up and four studies with perfusion defects. Bergom et al.*® evaluated
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ECV and LV functional parameters in a pilot study of breast cancer patients who received
3D-CRT and adjuvant anthracycline-based chemotherapy using cardiac MR and did not
report any clinically abnormal findings at a median follow-up of 8.3 years post RT. No
evidence of increased ECV with increasing heart or ventricular radiation doses was
reported,”® contrary to our study which identified a weak to moderate correlation between
the increase of ECV (at apex and basal slice locations) and the heart and substructure
metrics. However, this study only performed a median long-term follow-up scan; hence,
the changes in the LV functional parameters and ECV were not determined. Without
measurements performed prior to 6 months, any early postulated effects of radiation on

myocardial metabolism are purely conjecture.

Limitations of our study reported here include two patients had insufficient glucose
suppression in their baseline '®FDG/PET scan and two patients did not complete the one-
month post-RT imaging. However, in the literature, it is reported that five percent of the
time the suppression fails even under the best diet and fasting protocols.?® The sample
size of patients between breath-hold and free-breathing RT techniques was small; hence,
in future a larger sample size is needed to increase the power of comparison of early

cardiac response between RT techniques.

It is unlikely that the 70-minute hybrid PET/MRI protocol used in our study would be
routinely used for patient management. Furthermore, it is noted that within 1-month post-
RT, none of the patients have had clinically significant cardiac events, and therefore, we
do not recommend that these findings influence present clinical practice. However, scar
could manifest at a later stage, such that additional care to minimize the volume of
cardiac substructure (LAD/LV) in the RT field and longitudinal follow-up are
recommended. With patients returning for their 1-year post-RT imaging, longitudinal 1-
year follow-up would increase the power to detect subsequent inflammation changes into
cardiac sequelae such as progressive fibrosis or scar formation. Such evidence-based
information can help establish guidelines to determine the need of cardiovascular risk

assessment of patients prior to initiation of RT and long-term cardiovascular monitoring
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of breast cancer survivors, in addition to the modification of the cardiovascular risk-based

RT regimen.

4.5 Conclusion

In summary, we were successfully able to detect a significant increase of 'SFDG/PET
uptake in the myocardial territory of the LAD along with a significant increase of
extracellular volume matrices at the apex and basal locations of the heart at 1-month
following the end of left-sided breast cancer radiotherapy. This may be related to a
significant decrease in the left ventricular stroke volume noted at follow-up. No
significant changes in blood work measurements including Troponin T, high-sensitivity
C-reactive protein and erythrocyte sedimentation rate were seen. Among the fifteen left-
sided breast cancer patients, our pilot study demonstrated the feasibility of using hybrid
PET/MR imaging to assess cardiac responses to radiotherapy as early as one month
follow-up. Validation of these metrics in the prediction of radiation-induced cardiac
disease in a larger cohort could prompt a change in management of left-sided breast

cancer patients with early cardiac changes detected with non-invasive imaging.
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Chapter 5

5  Multimodality Imaging Assessment of the Heart Before
and After Stage Ill Non-small Cell Lung Cancer Radiation
Therapy

In this chapter, through collecting comprehensive functional imaging data with imaging
sessions before and 6-weeks after NSCLC RT in 2 patients, here we are able to
demonstrate the capability of these methods to assess early functional response in the

heart after RT.
5.1 Introduction

Radiation may induce unintentional injury of myocardial tissue during and after treatment
of non-small cell lung cancer (NSCLC) due to the close proximity of the heart to the
target. The Radiation Therapy Oncology Group 0617 clinical trial showed a reduction in
median overall survival (OS) for higher radiation doses compared with standard doses in
the treatment of NSCLC, with VsgyHeart being an OS predictor in the first year and
median long-term follow-up at the fifth year.! Radiation therapy (RT)-related cardiac
damage may occur through acute inflammation in both the myocardium and
microvasculature and may not be diagnosed until a late stage of the disease. Previously,
our laboratory demonstrated, in canines imaged with ['®F] fluorodeoxyglucose
("SFDG)/positron emission tomography (PET), a progressive global inflammatory
response during the initial year after RT.? The response was detected as early as 1 week
post single fraction irradiation and was confirmed with immunohistochemistry at 12

months.?

Early diagnosis of acute myocardial functional responses to RT has allowed timely and
appropriate treatment with cardio-protective drugs such as angiotensin-converting
enzyme—inhibitors and/or beta-blockers to reduce the mortality associated with
radiation.>* However, if inflaimmation occurs early, preceding but predictive of
subsequent functional changes, then there may be a role for early treatment with anti-

inflammatory and/or cardio-protective medication.
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With the use of multimodality imaging, we aimed to assess the effects of RT on
inflammatory response, left ventricular function, and myocardial perfusion noninvasively
as early as 6 weeks post RT. 8FDG/PET with glucose suppression of normal myocytes
can identify an inflammatory reaction, as the activated proinflammatory macrophages
preferentially sequester glucose, for example, cardiac sarcoidosis.’ In addition, both
functional computed tomography (CT) and magnetic resonance imaging (MRI) are often
used to quantitatively measure cardiac function to assess cardiac injury after RT. CT
perfusion has been shown to have good diagnostic accuracy to identify hemodynamically
significant coronary lesions in comparison to the catheter-based fractional flow reserve
technique.® Huang et al. previously reported mean CT myocardial perfusion reserve
(MPR) values in nonischemic (2.53 + 0.7) and ischemic segments (1.56 = 0.41).” The
capability of functional MRI to acquire cine images of wall motion throughout the
cardiac cycle during short breath holds of 10 to 20 seconds has developed as the gold
standard for the quantitation of left ventricular ejection fraction (LVEF), end-systolic,
end-diastolic, and stroke volumes (SV).® Marceira et al. established reference ranges for
healthy men (normal 95% confidence interval of LVEF: 58%-75%; left ventricle end-
systolic volume (LVESV): 30-75 mL; left ventricle end-diastolic volume (LVEDV): 115-
198 mL; and LVSV: 76-132 mL).” The reproducibility of cine MRI in identifying

patients with heart failure was also verified.!'”
5.2 Case Presentations

In this report, 2 NSCLC patient cases are presented. The patients included in this study
were recruited under the clinical trial (RICT-Lung: NCT03416972) in 2019 and under the
Western University Health Sciences research ethics board approval (109084). Patient 2 of
this study was also recruited under the Canadian PET-BOOST clinical trial
(NCT02788461)!!, which was funded by the Canadian Pulmonary Radiotherapy

Investigators Group and under the Ontario Cancer research ethics board approval (1215).


https://www.sciencedirect.com/topics/medicine-and-dentistry/non-small-cell-lung-cancer
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5.2.1 Patient Characteristics

Patient 1 (65 years of age) presented with a 4.7x32x42 cm moderately
differentiated stage I1I squamous cell carcinoma, T3N2MO,!? of the left upper lobe, PD-
L1 negative (Fig 5.1). Apart from RT, patient 1 received concurrent chemotherapy
with carboplatin and paclitaxel for 6 consecutive weeks followed by 1 year
of durvalumab immunotherapy. Patient 1 had a history of coronary artery disease (CAD)
with 3 prior myocardial infarctions treated with a total of 5 stents in the left circumflex
(LCX) and right coronary (RC) arteries (Fig 5.2a). Extensive calcified plaque in the left
anterior descending artery (LAD) was also identified in the baseline CT image (Fig 5.2b).

\
Patient 1

B -

'Prescrip'tion:
[7750cGy in 30fx

, A
Mean(heart): 1002 cGy .
Mean(lungL): 3049 cGy i} ; F’atlgnt 2

Figure 5.1 Dose distribution obtained from the Pinnacle!® treatment planning system

(Philips Radiation Oncology Systems, Fitchburg) and treatment prescription of each
patient, along with their mean heart and left lung doses. Both patients were treated on the
6 MV TrueBeam linear accelerator (Varian Medical Systems, Palo Alto) using
volumetric-modulated arc therapy (VMAT). Patient 1 (65 years of age) received standard
60 Gy in 30 fractions. Patient 2 (63 years of age) received 60 Gy in 30 fractions with a
simultaneous integrated boost up to 77.5 Gy to the metabolic active tumor subvolume.

Note patient 2 received a greater mean heart dose than patient 1.


https://www.sciencedirect.com/topics/medicine-and-dentistry/stage-3
https://www.sciencedirect.com/topics/medicine-and-dentistry/carboplatin
https://www.sciencedirect.com/topics/medicine-and-dentistry/paclitaxel
https://www.sciencedirect.com/topics/medicine-and-dentistry/durvalumab
https://www.sciencedirect.com/topics/medicine-and-dentistry/immunotherapy
https://www.sciencedirect.com/topics/medicine-and-dentistry/coronary-artery-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/computer-assisted-tomography
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Figure 5.2 (a) Patient 1 presented with a history of coronary artery disease including 3
previous myocardial infarctions and intervention with 5 stents. (b) Patient 1 presented

with extensive calcified plaque in the left anterior descending artery.

Patient 2 (63 years of age) presented with a 5.2 x 5.2 x8 cm poorly differentiated
adenocarcinoma, T4N2MO, in the left upper lobe with mediastinal invasion. The tumor
was EGFR-negative, ALK-negative, and PD-L1 strongly positive. Patient 2 was treated
with concurrent chemotherapy of cisplatin and vinblastine every 21 days for 4 cycles,

followed by 1 year of durvalumab immunotherapy.

5.3 Treatment planning and delivery

Both patients were treated with 6 MV beams from a medical linear accelerator
(TrueBeam Varian Medical Systems, Palo Alto, CA) using volumetric modulated arc
therapy. Treatment planning optimization was performed using the Pinnacle'® treatment
planning system (Philips Radiation Oncology Systems, Fitchburg, MA). Patient 1 was
prescribed a standard 60 Gy in 30 fractions to the left upper tumor. For Patient 2, the
planning target volume received a dose of 60 Gy in 30 fractions, while a simultaneous
integrated radiation boost of 77.5 Gy was delivered to the metabolic active tumor
subvolume. The regions of interest for both patients satisfied the dosimetric guidelines of
a standard 60 Gy in 30 fractions NSCLC RT plan in our clinic.

Patient 1 received a mean dose of 7.2 Gy to the heart, 1.1 Gy to the left ventricle (LV),
29.8 Gy to the LAD, 2.0 Gy to the LCX, and 1.0 Gy to the RC artery. Patient 2 received a
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mean dose of 10.0 Gy to the heart, 4.2 Gy to the LV, 39.8 Gy to the LAD, 2.2 Gy to the
LCX, and 1.8 Gy to the RC artery.

In terms of dose distributed in the myocardial segments according to the coronary
artery vascular territory, patient 1 received 1.3 Gy to the LCX territory, 0.8 Gy to the
LAD territory, and 0.5 Gy to the RC territory, which was less than patient 2, who
received 4.2 Gy to LCX territory, 2.8 Gy to the LAD territory, and 1.3 Gy to the RC
artery territory.

5.4 Multimodality imaging
Multimodality functional imaging sessions were performed in a single institution at

baseline and 6 weeks post RT (see Fig 5.3 for imaging protocol).

Baseline 6 weeks Total \6 weeks after End o
Radiation Treatment
. Radiation ]
* CT perfusion Treatment Planning * CT perfusion
a * Hybrid PET/MR and Delivery * Hybrid PET/MR
IV Contrast Adenosine Infusion (0.14 pg/kg/min)
Bolus Injection < 4 mins
iy PRETLR | ||| [[]]]]
Rest Dynamic CTP IV Contrast 7 Stress Dynamic CTP
b 45 seconds Bolus Injection 45 seconds
Heparin
* (5 units/kg) 45 minutes prior
* (10 units/kg) 15 minutes prior to the
injection of 8FDG bolus (5 MBq/kg)
< 60 mins
MRI : Late Gadolinium 20 mins
set up i Cine I T2 Eenhancementimagel e list mode
C olus injection of Gd-DO3A-butrol over 2 mins

Figure 5.3 Overview of the (a) timeline, (b) CT perfusion, (c¢) hybrid PET/MRI imaging

protocol

5.4.1 CT perfusion
Initially, an electrocardiogram-gated dynamic contrast-enhanced CT (Iopamidol 370;

Bracco Diagnostics, Plainsboro, NJ) was performed on a 256 slice-GE Revolution CT
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scanner (GE Health care, Waukesha, WI). The scan parameters were the following: 50
cm FOV, 100 kV, 100 mA, 15 passes, minimum 0.8 seconds between passes, 0.28 second
rotation time, for a total exposure time of 47.7 seconds. Two free-breathing dynamic
scans were obtained including a rest and an adenosine-induced (0.14 pg/kg/min) stress
scan. Mid-diastolic phase CT images were selected, non-rigidly registered, and averaged
into a slice thickness of 2.5 mm. Myocardial perfusion maps were generated with a
model-based deconvolution method!* using the CT Perfusion software (GE Healthcare),
with segments delineated according to the approximately horizontal long-axis 6-segment
115

heart mode

as well as MPR.

Absolute myocardial perfusion at rest and post-adenosine was determined

5.4.2 Myocardial inflammation

The "*FDG/PET imaging protocol was performed on a 3T-hybrid PET/MR scanner
(Biograph mMR; Siemens Medical Systems, Malvern, PA). Both patients fasted for 12
hours before imaging. Intravenous heparin (5 units/kg) was injected initially 45 minutes
and then (10 |units’kg) 15 minutes before the injection of ®FDG (5
MBg/kg). PET imaging acquisition was performed in list mode 1 hour after the second
injection for 20 minutes, whereas a bellows device was used for respiratory triggering.
All PET data were reconstructed using an iterative 3-dimensional (3D) ordered subset
expectation maximization algorithm!® with 3 iterations, 21 subsets, 172 x 172 x 127
matrix size, and a 4-mm Gaussian smoothing filter, yielding a voxel size of
2.08 x 2.08 x 2.03 mm. Attenuation was corrected for all PET scans using a 2-point
Dixon MRI pulse sequence. Mean standardized uptake based on body weight of
each myocardium segment was analyzed and compared using MIM v7.0.5 (MIM

Software Inc, Cleveland, OH).

5.4.3 MRI

The MR 2D stack of standard non-contrast steady state free precession cine imaging of
the whole heart was also performed in the same imaging session as PET. The cine images
were collected using the TrueFISP sequence (6 mm slice thickness, 50.82 ms repetition
time, 1.58 ms echo time, FOV matrix = 300 x 300). Late gadolinium enhancement (LGE)

images were collected using the T1-weighted postcontrast agent (Gadovist; Bayer Inc,
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Mississauga, ON) Flash3D sequence, 421.09 ms repetition time, 1.2 ms echo time, flip
angle 20, and FOV matrix = 270 % 320. T2-weighted images were acquired using
TrueFISP 2D sequence with 262.35 ms repetition time, 1.36 ms echo time, and FOV
matrix = 300 % 300. Circle CVI42 v5.11 (Circle Cardiovascular Inc, Calgary, Canada)
was used to obtain cardiac functional measurements including the LVEDV,

LVESV, LVEF, and SV, and for a radiologist (A.I.) to provide clinical assessment of the
LGE and T2-weighted images.

5.5 Results

Both patients manifested a global increase in the 'FDG/PET myocardial uptake at 6
weeks post RT (Table 5.1 and Fig 5.4). For CT MPR measurements, different responses
were seen between patient 1 who had CAD and patient 2 who did not. Patient 1 had MPR
reduction in half of the segments, while patient 2 had a reduction of MPR in all segments

(Tables 5.1 and 5.2).



108

Table 5.1 'SFDG/PET mean SUVbw and CT MPR values of the 2 patients are presented.

Segments with reduction of MPR at 6 weeks post RT were underlined. The uptake and

MPR values were sorted according to the respective supplied coronary arteries using the

approximately horizontal long-axis heart model."> 'FDG/PET increase factor is the

calculated ratio of mean 'SFDG uptake between follow-up and baseline. MPR value is the

ratio between adenosine-induced stress perfusion and rest perfusion

Left Left anterior Right
circumflex descending coronary
Basal Mid Apical Apical Mid Basal
lateral lateral lateral septal septal septal
BEDG Patient 1 Baseline 192 156 1.02 133 146 1.63
myocardial Follow-up 3.45 328 2.6 325 411 3.44
mean
standard Increase factor 1.8 21 255 244 282 211
mean
uptake Patient2  Baseline 1 0.56 021 073 1.03 1.21
based on Follow-up 1.78 1.52 1.02 141 192 1.97
body weight
(SUVuw) Increase factor 1.78 271 486 193 186 1.63
CT Patient 1 Baseline 242 155 134 158 1.74 207
myocardial Follow-up 177 228 107 165 2.1 174
perfusion
reserve Percentage
— stress change (%) -26.9 47.1 =202 44 20.7 =159
erfusion/
fest Patient 2 Baseline 261 227 239 243 278 281
perfusion Follow-up 137 171 1.8  1.66 1.63 141
Percentage 475 547 247 317 414 498

change (%)
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Figure 5.4 Baseline and 6-week follow-up of rest computed tomography (CT) myocardial
perfusion images and ['®F]fluorodeoxyglucose (!*FDG)/positron emission tomography
(PET) images of the heart. Note global increase of myocardial uptake can be seen in post

radiation therapy (RT) PET imaging of both patients.
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Table 5.2 CT myocardial perfusion values under rest and adenosine-induced stress scans

of the 2 patients are presented. The perfusion values are sorted according to the

respective supplying coronary arteries using the approximately horizontal long-axis heart

model. '
Left circumflex Left anterior descending Right coronary
CT perfusion Basal Mid Apical Apical Mid Basal septal
(mL/min/100g) lateral lateral lateral septal septal
Patient 1 Rest 344.72 351.17 605.13 576.93 423.24 471.08
bascline Stress 83422 54432 810.87 91155 73644  975.14
Patient 1 Rest 142.50 125.72 182.63 178.18 142.69 166.88
follow-
up Stress 251.62 287.18 195.04 294.15 298.99 290.67
Patient 2 Rest 56.02 70.48 81.30 9251 67.61 60.29
baseline Stress 146.14 159.67 19425 22483 18789  169.55
Patient 2 Rest 119.90 113.14 121.29 161.95 122.03 129.24
follow-
up Stress 164.81 193.17 218.86 268.40 198.36 182.18

For both patients, the LVEF was reduced and LVESV was increased at 6 weeks post RT

(Table 5.3). For patient 1, an increase in LVEDV and SV was observed, while for patient

2, a reduction in LVEDV and SV was observed at 6 weeks post RT. At follow-up

imaging of patient 2, there was a small mid myocardial focus of LGE in the basal

inferolateral segment that was not observed at baseline. This corresponded to the region

of lowest MPR value. The area of the scar (see Fig 5.5 for scar with LGE) demonstrated a

borderline increase in quantitative T2 relaxation up to 53 ms.
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Table 5.3 Presented are cardiac functional parameters including the LVESV, LVEDV,
SV, and the LVEEF for the 2 patients before and after radiation therapy

LVESV (mL) LVEDV (mL) SV (mL) LVEF (%)

Patient 1 Baseline 49 138 89 65
Follow-up 55 151 96 64
% change 11.5 9.2 8 -1.5
Patient 2 Baseline 64 166 102 61
Follow-up 75 164 89 54
% change 16.7 -14 —12.8 -11.4

Figure 5.5 6-weeks follow-up Late Gadolinium Enhancement Image of Patient 2

demonstrating a small mid myocardial focus in the basal inferolateral segment

Within 1 year post RT, patient 1 developed increasing cough, shortness of breath after 5
minutes of walking, and hypotension. At 18 months post RT, a slight increase in the size
of small pericardial and pleural effusions along with innumerable bilateral pulmonary
nodules and new lesions were observed on a follow-up CT thorax image. Based on the
evidence of disease progression in the lungs while on durvalumab, patient 1 did not
qualify for immunotherapy and passed away at 19 months post RT. For patient 2, no
respiratory symptoms, dyspnea on exertion, or chest pain was reported at 1 month follow-
up and at every 3 months follow-up to 30 months post RT. No further cardiac functional

imaging was performed beyond 6 months for either patient.
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5.6 Discussion

Currently in the literature, there is no study comparing the cardiac effects before and after
NSCLC RT using multimodality imaging. Most of the studies that assessed cardiac
functional response of RT were performed in breast and Hodgkin lymphoma patients.!”-!
Demissei et al. reported a significant increase in cardiovascular biomarkers in patients
after completion of lung cancer RT; however, the changes in biomarkers were not
significantly associated with the changes in echocardiography-derived measures of
cardiac functional parameters (LVEF, longitudinal circumferential strain).!® Vinogradskiy
et al. evaluated 'SFDG/PET imaging changes in terms of the whole heart, with the
Kaplan-Meier curves showing an overall trend of improved OS, corresponding with
increasing mean standard uptake cardiac values.?’ However, the study did not use a
protocol for suppression of myocyte glucose uptake, and the time interval between
baseline and follow-up imaging (range, 201-1131 days) was inconsistent. Our study is the
first to report cardiac functional changes after NSCLC RT using multimodality imaging.
Patient 1 CT MPR <2, particularly in the LAD-supplied apical segments at both
timepoints, were consistent with the impaired hyperemic response documented in the
literature, as indicative of a functionally significant luminal narrowing >50% on CT
angiography.?! Patient 2 baseline MPR values were consistent with no hemodynamically
significant attenuation of hyperemia, as reported by Huang et al.” Different responses
were observed in MPR in patient 1 compared with patient 2, who did not have CAD. A
global reduction of MPR, with the range of 1.37 to 1.8 at follow-up as measured for

patient 2, could now be considered to be indicative of an impaired hyperemic response.’

In terms of MR functional parameters, both patients had a reduction in LVEF and
increase in LVESV; however, different responses were observed in LVESV and SV in
patient 1 compared with patient 2, who did not have CAD. At both imaging timepoints,
the MR functional measurements reported for patient 1 were within the normal range,
whereas for patient 2 at follow-up, the LVEF was slightly under the normal range by
4%.° The LGE of myocardial focus in patient 2 at follow-up may be consistent with local

edema suggestive of acute inflammation in the cardiac region, which received the highest
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radiation dose. From the 'SFDG/PET results, the elevated global myocardial uptake

suggested an acute inflammation response to RT for both patients.

It is unlikely that such a complex set of tests used here would be routinely used for
patient management. Current routine tests typically include echocardiography and blood
work. As a scar would be expected to develop only subsequent to inflammation, the
BFDG/PET signal suggesting inflammation may be more sensitive to a pathologic
response to RT than MR, which is looking for scar development. However, the additional
step of suppression of myocardial uptake of 'FDG is required for optimal '*FDG/PET
test results. The assessment of MPR with any modality (performed here with CT)
requires the use of a pharmacologic stressor such as adenosine, which was used in this

study.

Our pilot study with 2 patients with NSCLC representing 2 different baseline cardiac
conditions demonstrated the feasibility of using multimodality imaging in detecting early
functional changes of the heart. The presence of these changes might indicate a risk for
late manifestations and may be a focus of future therapeutic interventions to improve
radiation-mediated outcomes. Therefore, further long-term follow-up studies in a larger
cohort need to confirm the functional responses ("*FDG/PET, MPR, and LV function) as
accurate predictors of radiation-induced clinically important cardiac toxicity before the
routine use of these expensive imaging modalities. If validated, we expect mitigation
strategies could be applied and/or developed to protect the heart from radiation toxicity at

an early timepoint.

5.7 Conclusions

In summary, these 2 cases demonstrate the feasibility of using multimodality imaging to
assess cardiac responses to radiation therapy as early as 6 weeks after the end of radiation
therapy. Quantitative assessment included CT perfusion, 'FDG/PET measured
inflammation uptake, and MR cardiac functional metrics before and after radiation
therapy (6 weeks) that were obtained from 2 dynamic imaging sessions. Both patients
with NSCLC experienced a global increase in '*FDG/PET myocardium uptake, increase

in LVESV, and decrease in LVEF, while CT MPR and MR functional measurements
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suggested a different response in the patient with a history of CAD (regional ranges of
CT MPR and increase of LVEDV and SV) compared with the patient with no history of
CAD (global MPR, LVEDV, and SV reduction). Validation of these results in additional

patients with and without CAD can advance decision making for NSCLC treatment.

This article was published in Advances in Radiation Oncology, 7(4), by Oi-Wai Chau, A
Islam, E Yu, M Qu, J Butler, H Biernaski, A Sun, J-P Bissonnette, A MacDonald, C
Graf, A So, G Wisenberg, T-Y Lee, F S Prato and S Gaede, titled “Multimodality
Imaging Assessment of the Heart Before and After Stage III Non-small Cell Lung Cancer
Radiation Therapy”, 100927, Copyright Elsevier (2022)
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Chapter 6

6 Conclusion and Future work

6.1 Future Work

6.1.1 Longitudinal studies

A larger sample size and longitudinal follow-up studies for both cancer type survivors
should be considered to assess the clinical significance of the cardiac dose sparing
techniques presented in this thesis (in chapter 3) using multi-modality imaging (presented
in chapter 4 and 5) and serial biomarkers, such as troponin, high sensitivity C-reactive
protein and natriuretic peptide. It is aimed to detect any clinical end-points (presented in
the introduction chapter) which confirms the diagnosis of radiation-induced cardiac
disease after treatment and further correlate on cardiac morbidity and cardiac dose

sparing distribution.

In this proceeding section, the l-year follow-up results of the pilot study - RICT-
BREAST (NCT03748030, presented in chapter 4) for left-sided breast cancer patients are
featured to investigate and demonstrate the clinical feasibility of assessing the medium
long-term inflammation response and cardiac functionality changes at 1-year post

radiotherapy using hybrid PET/MRI.

In summary, PET/MR imaging cardiac is performed on a 3T-hybrid PET/MRI scanner
(Biograph mMR Siemens Medical Systems, Malvern, USA), with serial blood work
drawn at baseline, within 1-month and within 1-year following the completion of RT of a
total of 15 left-sided breast cancer patients. (see figure 6.1 for the imaging timeline and
PET/MRI protocol) A list-mode '®FDG/PET scan with glucose suppression is acquired.
Myocardial inflammation is quantified by the change of mean "*FDG standard uptake and
analyzed based on the coronary vascular territory (left anterior descending (LAD), left
circumflex or right coronary artery). MR assessments, including LV functional and
extracellular volume matrices (ECV), are extracted from T1 (pre and during-constant
infusion of gadolinium) and cine images, respectively, acquired simultaneously during

PET acquisition. Cardiac injury and inflammation biomarker measurements of hs-TnT,
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hs-CRP and erythrocyte sedimentation rate are compared at follow-up. At the current
stage, five patients had returned for their 1-year follow-up scan. The results of blood

work and imaging functional parameters were compared and presented in the following

Baseline Week D Within | month post RT
PET/MR imaging Radmtherapy PET/MR imaging

rH'EI'J;r'm'"“'! 012 a8 60 70mins

section.

*

15 pg/kg 45mins
.Il] ug/kg 30 min*

MR A I [ -
i7ati slices | Whole heart MOLLI Bolus (0 Tmmal/kg over 2 mins) MOLL

Localization Breath- |3|.|U e fear Full short | Followed b 3E|m|ﬁs constant infusionff Full short

Setup Hold (BH) Axis BH 8 (0. Umenfl/kg/mm) Axis BH

Figure 6.1 Overview of the timeline and hybrid PET/MR imaging protocol for RICT-
Breast pilot study

6.1.2 Updated Results for RICT-BREAST (1-year follow-up)

Table 6.1 Patient demographics of the first five left-sided breast cancer patients along
with the radiation dose metrics of the heart, left ventricle and the left anterior descending

artery. The mean value is indicated with *.

Age of patients n=5 *62y/o (38 - 79)
Staging
Tl 2 (1 recurrence BC)
T2 2
T3 1
Radiation Treatment (RT)
Free-breathing RT 3
Tomotherapy 1
IMRT 1
VMAT 1
DIBH IMRT 2
Prescription dose
42.5 Gy in 16 fractions 2
With 10 Gy in 5 fractions boost 2
48 Gy in 16 fractions 1
Mean Heart Dose *2.75 Gy
Mean LV Dose *3.38 Gy
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Mean LAD dose *1.29 Gy
V5cy Heart *15.6%
Max Heart Dose *24.14 Gy
Max LAD dose *6.19 Gy
Adjuvant chemotherapy

Yes 3

Herceptin 3
No 2

The patient demographics of the first five patients who returned for their 1-year follow-
up imaging session are shown in table 6.1. Note that these patients (stage 1 to stage 3)
were treated with a variety of treatment techniques including IMRT, VMAT and
Tomotherapy with a combination of DIBH or free-breathing RT. Results of regional
uptake of 'SFDG/PET, LV functional parameters, extracellular volume matrix (ECV) and

blood work measurements are presented in table 6.2, 6.3 and in figures 6.1 — 6.4.

At 1-year follow-up, one patient (38y/0) who was treated with Tomo Therapy (42.5 Gy in
16 fractions with 10 Gy in 5 fractions boost) was reported with LV borderline dilation but
normal in shape and wall thickness. All patients were assessed by a Radiologist (A.L.). No
segmental wall motion abnormality or no gross abnormal enhancement, scar, fibrosis or

edema measured with T1- and T2-weighted images were detected at 1-year follow-up.



120

Table 6.2 Presented are the mean values of 'FDG/PET standard uptake of the
myocardium based on body weight (SUVbw) sorted according to the respective
supplying coronary arteries using the AHA heart model, LV functional parameters (EDV,
SV and EF), extracellular volume matrix values (at apex, mid and basal slice locations of
the heart) and blood work measurements of high-sensitivity Troponin-T (hs-TnT), high-
sensitivity C-reactive protein (hs-CRP) and erythrocyte sedimentation rate (ESR) at
baseline, 1-month and 1-year follow-up. The percentage change comparing baseline, 1-

month and 1-year follow-up of each respective measurement are reported.

N=5 LCX LAD RC
baseline 1.42 1.34 1.55
1-month follow-up 1.53 1.48 1.57
BEDG/PET l-yi/ar i)llow-up 1.38 1.33 1.48
meanSUVbw 0 onEe 238 | -098 | -48
(1-year vs baseline)
% change
(I-year vs 1-month) -9.89 -10.33 -6.14
EDV SV EF
(ml) (ml) (%)
baseline 132 86.6 66.6
Mean values 1-month follow-up 124 79 64.6
1-year follow-up 120 66.2 62.2
of LV % ch
functional 0ounEs 9.09 | -23.56 | -6.61
parameters (1 -ye(e)l/r V}s1 baseline)
o change i i i
(I-year vs 1-month) 3.23 16.2 3.72
Apex Mid Base
baseline 0.295 0.267 0.272
1-month follow-up 0.311 0.283 0.286
Mean 1-year follow-up 0.315 0.288 0.288
extracellular % change
volume (ECV) | (1-year vs baseline) 6.94 787 366
% change
(1-year vs 1-month) 1.5 177 0.48
hs-TnT | hs-CRP | ESR
(ng/L) (mg/L) | (mm/h)
baseline 14.2 1.1 7.3
1-month follow-up 8 1.2 9.5
Mean value of | 1-year follow-up 9.6 1.55 9.5
Blood Work % change
measurements | (1-year vs baseline) -32 48 30
% change
(1-year vs 1-month) 20 32 0
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Table 6.3 Summary table of individual patient results are presented, with worsening

changes at follow-up compared to baseline highlighted in red.

Stage T2NO | TINO T2NO T3N1 | TINO
Treatment DIBH |4D-CT 4D-CT | DIBH
technique IMRT | IMRT Tomotherapy | VMAT | IMRT
42.5Gy in 42.5Gy in
Dose 42.5Gy | 42.5Gy | 16fx, 48Gy 16fx,10Gy
Prescription in 16fx | in 16fx | 10Gy in 5fx | in 16fx | in 5fx
Adjuvant
chemotherapy
with Herceptin | Yes No Yes Yes No
mean Heart 0.541 59.5 8.347 3.71 0.56
HeartV5ay (%) 0 0 66 12 0
Par]zr‘l’f;ers max Heart 8.692 | 24.309 38.64 | 40.609 8.456
(Gy) mean LV 0.782 79 8.275 6.527 0.53
mean LAD 1.233 1.518 0.658 2.16 0.88
max LAD 2.916 5.068 1.395 | 20.146 1.414
Lmonth LCX -0.13 0.28 0.39 -0.03 0.08
vs baseline | FDG LAD -0.18 0.39 0.3 0.06 0.13
(mean | RC -0.15 0.25 0.18 -0.12 -0.05
Iyear vs SUVbw) | LCX -0.06 -0.22 -0.07 -0.18 0.35
baseline LAD -0.16 -0.20 -0.04 0.00 0.34
RC -0.17 -0.16 -0.10 -0.15 0.21
EDV (ml) -13 -7 1 -4 -25
V; lﬁserﬁe SV (ml) 2 8 4 I 25
EF (%) 5 -2 -2 -2 -9
I-year vs EDV (ml) -29 -2 -11 -6 -12
baseline SV (ml) -22 -45 -11 -5 -19
EF (%) -4 -7 -2 0 -9
L-month apex -0.001 0.035 0.031 | 0.028 -0.014
vs baseline mid 0.016 0.005 0.018 | 0.023 0.019
ECV basal 0.001 0.017 0.024 | 0.013 0.015
I-year vs apex | 0.0016 | N/A -0.0035 | 0.0212 0.0549
baseline mid 0.0032 | N/A 0.0053 | 0.0322 0.0589
basal | 0.0043 | N/A -0.0050 | 0.0147 0.0491
l-month hs-TnT -12 0 -16 -3 0
vs baseline hs-CRP -0.1 0.2 0 0.4 0.3
ESR -3 -3 20 2 -1
I-year hs-TnT -14 -2 -19 10 2
vs baseline hs-CRP 0.9 0.2 0 0.9 | N/A
ESR 3 0 13 0| N/A
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A global reduction of overall '®FDG/PET mean standard uptake (meanSUVbw) was
observed in the first five patients, comparing 1-year follow-up to baseline (-2.38% in the
LCX territory, -0.98% in the LAD territory and -4.8% in the RC territory) and 1-month
follow-up (-9.89% in the LCX territory, -10.33% in the LAD territory and -6.14% in the
RC territory). (See figure 6.2)
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Figure 6.2 'SFDG/PET mean standard uptake values of the myocardium based on body
weight (SUVbw) (n = 5) at baseline, 1-month and 1-year follow-up. The uptake values
for the entire myocardium were broken down to regions supplied by the LAD, LCX and
RC. Note the mean SUV is indicated with ¢ + ° and the median value is indicated as the

median bar in the boxplot.

Reduction of LV functional parameters were manifested in the first five patients,
comparing 1-year follow-up to baseline (-9.09% in end-diastolic volume (EDV), -23.56%
in stroke volume (SV) and -6.61% in ejection fraction (LVEF)) and 1-month follow-up (-
3.23% in EDV, -16.2% in SV and -3.72% in LVEF). (See figure 6.3)
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Figure 6.3 Mean cardiac functional parameters including the left ventricular end-
diastolic volume (EDV), stroke volume (SV) and the left ventricular ejection fraction

(EF) before, 1-month and 1-year after radiotherapy (n = 5).

Regarding extracellular volume matrix (ECV) values, at 1-year follow-up, only 4 out of
the 5 patients results were analyzed due to technical difficulties in generating T1 maps for
one patient. A global elevation ECV across all slices were shown comparing 1-year
follow-up to baseline (6.94% in apex slices, 7.87% in middle slices and 5.66% in basal
slices location) and comparing 1-year follow-up to 1-month follow-up (1.5% in apex

slices, 1.77% in middle slices and 0.48% in basal slices location). (See figure 6.4)
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Figure 6.4 Mean Extracellular volume before, 1-month and 1-year after radiotherapy (n =

5).

Blood work results of high-sensitivity C reactive protein (hs-CRP) and erythrocyte
sedimentation rate (ESR) of one patient at 1-year follow-up were excluded considering an
expected total knee surgery inflammation response. At 1-year follow-up, high-sensitivity
troponin T level was reduced (-32%) compared to baseline but elevated (20%) compared
to 1-month follow-up. hs-CRP was reported up to 48% elevation compared to baseline
and 32% compared to 1-month follow-up. Whereas, ESR was reported with 30% increase

compared to baseline but no change compared to 1-month follow-up. (See figure 6.5)
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Figure 6.5 Presented are the mean blood work measurements of high-sensitivity
Troponin T (hs-TnT) high-sensitivity C-reactive protein (hs-CRP) and erythrocyte
sedimentation rate (ESR) before,1-month and 1-year after radiotherapy (n =5).

Overall, our hybrid PET/MR imaging protocol is capable of detecting median-long term
(1-year follow-up) functional changes in the first five patients, particularly in the
reduction of LV functional parameters, the elevation of MR extracellular volume matrix,
along with serial blood work changes of hs-CRP. However, myocardial inflammation
response, which was determined from "*FDG/PET, showed global reduction at 1-year
follow-up. It is important to note that the changes may be attributed to advanced
mitigation strategies of breast cancer radiation treatments or inflammation does not
generally persist in this first five patients at one year follow-up. To validate the clinical
significance of the advanced mitigation strategies, a larger sample size of the patient
population should be considered, along with a cardiac-specific significant clinical end-

point detection at a longer-term follow-up using hybrid PET/MRI.
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6.1.3 Pre-treatment risk stratification

With the confirmation of clinical significance, multi-modality cardiac imaging can be
utilized to perform pre-treatment risk stratification on both breast and NSCLC cancer
patients as well as other cancer types including esophagus cancer, Hodgkin lymphoma
and other thoracic cancer; in adjunct with serial blood work and standard screening such
as echocardiography. With non-invasive cardiac imaging assessment at baseline
including tests on myocardial blood flow, MR extracellular volume matrix (ECV) or cine
imaging for left ventricle functional, this can further provide additional information on
patients’ cardiac condition, which is required to design and deliver a patient-specific

treatment.

6.1.4 Automation

With a possible large sample dataset to be collected, an automated cardiac atlas for
cardiac substructure can be generated. This can enhance the contouring efficiency during
treatment planning. Note contrast-enhanced CT images are required for better
visualization of the cardiac substructure and accurate contouring, hence a large sample

CT dataset with contrast is also needed.

6.1.5 Anti-inflammation treatment

With the detection of early inflammation, early treatment with anti-inflammatory and/or
cardioprotective medication can be issued. This includes standard cardioprotective drugs
such as angiotensin receptor blockers, beta-blockers and ACE-inhibitors, which can
prevent the deterioration of the heart toward heart failure. Furthermore, canakinumab, a
therapeutic monoclonal antibody agent currently tested in clinical trials which targets a
cytokine that is central to the inflammatory response, can be potentially issued and

assessed for clinical efficacy using multi-modality imaging.!

6.2 Conclusion

In this thesis, we established a clinically feasible protocol to assess early cardiac
functional changes and inflammation response to current radiation treatment techniques

that are dedicated to minimizing cardiac dose and radiation-induced cardiac toxicity. This
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included multi-modality cardiac imaging assessment using hybrid PET/MR and CT
perfusion imaging with serial blood work performed and obtained from animal model to
patient pilot studies for both left-sided breast cancer and non-small cell lung cancer.
Additionally, an extensive dosimetric heart sparing comparison of free-breathing, 4D-CT
based treatment planning, including robust optimization and deep-inspiration breath-hold
based treatment planning with combinations of forward and inverse-IMRT and VMAT
was completed to present clinical feasible free-breathing options for patients who are

non-compliant with breath-hold treatment.
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