
The Role of Exercise in the Diagnosis 

and Treatment of Long-Term and Late 

Effects of Childhood Cancer 

 

Treya Maree Long 

Bachelor of Science (Honours) 

Graduate Diploma in Exercise Rehabilitation 

 

 

 

This thesis is presented for the degree of Doctor of Philosophy 

 The University of Western Australia 

School of Human Sciences: Exercise and Sport Science 

July, 2019 



ii 

Thesis Declaration 

I, Treya Maree Long, certify that: 

This thesis has been substantially accomplished during enrolment in the degree. 

This thesis does not contain material which has been accepted for the award of any other 

degree or diploma in my name, in any university or other tertiary institution. 

No part of this work will, in the future, be used in a submission in my name, for any other 

degree or diploma in any university or other tertiary institution without the prior approval of 

The University of Western Australia and where applicable, any partner institution responsible 

for the joint-award of this degree. 

This thesis does not contain any material previously published or written by another person, 

except where due reference has been made in the text.  

The work(s) are not in any way a violation or infringement of any copyright, trademark, 

patent, or other rights whatsoever of any person. 

The research involving human data reported in this thesis was assessed and approved by The 

University of Western Australia Human Research Ethics Committee and The Princess 

Margaret Hospital Human Research Ethics Committee.  

UWA Reference Numbers: RA/4/1/9090 and RA/4/1/6436 

PMH Approval Numbers: 2016108EP and 2013059 

Written patient consent has been received and archived for the research involving patient data 

reported in this thesis. 



iii 

The following approvals were obtained prior to commencing the relevant work described in 

this thesis:  

Completion and approval following oral presentation and written proposal. 

Approval from The University of Western Australia Ethics Committee and 

Princess Margaret Hospital Ethics Committee for all studies. 

Informed written consent from all participants. 

The work described in this thesis was funded by: 

Heart Foundation Vanguard Grant, No. 101412 

Princess Margaret Hospital Foundation Early Career Investigator Grant, No. 9324 

Telethon New Children's Hospital Research Fund, No. 4749600 

The student would like to acknowledge the following scholarship support: 

Australian Government Research Training Program Scholarship 

UWA Safety-Net Top-Up Scholarship 

This thesis contains published work and/or work prepared for publication, some of which has 

been co-authored.  

 

Signature: 

Date:  3-07-2019  



iv 

Abstract 

 

Childhood cancer survivors are at risk of developing cardiovascular disease (CVD) due to 

long-term and late consequences resulting from malignancy and treatment. Guidelines for 

follow-up provide recommendations for cardiovascular screening; although, the suggested 

screening measures may miss the early stages of adverse health. Furthermore, there is no 

consensus on the best intervention once risk-factors for CVD become evident. Survivors of 

childhood leukaemia and brain cancer represent a large majority of the population at risk of 

CVD. For leukaemia survivors, CVD results from direct cardiovascular injury from 

anthracycline chemotherapy. Conversely, brain cancer survivors are predisposed by lifestyle 

risk-factors and health consequences secondary to cancer and treatment. Early detection, 

prevention and intervention are paramount for disease remedy in these cohorts. In a series of 

studies, we investigated whether the use of contemporary screening methods and a supervised 

exercise intervention could improve screening and health outcomes in these populations.  

 

Study 1: Early markers of cardiovascular injury in childhood leukaemia survivors 

treated with anthracycline chemotherapy. 

Late-onset anthracycline toxicity has an extended latency period and may not be detected 

until resultant CVD is advanced. We utilised cardiac magnetic resonance imaging (cMRI) 

with late gadolinium enhancement and flow mediated dilation (FMD) to assess 

cardiovascular function in childhood leukaemia survivors who were free from cardiac injury 

and CVD, determined using echocardiography. Twenty-two survivors and 22 controls were 

assessed. The cancer survivors had a significantly reduced left ventricular (LV) ejection 
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fraction (EF) compared to the controls. Five survivors had a clinically reduced LVEF. Left 

ventricular end systolic volume was augmented when normalised for body surface area, 

whilst FMD was impaired in the survivors. These subclinical changes indicate early 

cardiovascular dysfunction in our leukaemia survivor population and highlight the 

importance of early detection and characterisation of underlying disease for more timely 

intervention. 

 

Study 2: Exercise echocardiography and secondary health measures detect subclinical 

cardiovascular dysfunction in anthracycline-treated survivors of childhood leukaemia. 

Exercise stress echocardiography may cause an increase in cardiovascular workload that 

helps to unmask structural and functional abnormalities not seen at rest. We paired an 

exercise protocol with advanced strain imaging in an attempt to detect subclinical 

abnormalities in childhood leukaemia survivors without diagnosed cardiac pathology. 

Secondary measures of cardiovascular health included FMD, body composition and peak 

cardiorespiratory fitness ( O2peak). Nineteen survivors were compared to 17 controls.  There 

was evidence of early diastolic dysfunction in the survivors, detected primarily during the 

recovery period of the exercise stress echocardiography protocol. Additionally, the survivors 

displayed endothelial dysfunction, increased fat mass and cardiorespiratory deconditioning. 

Including measurement of these variables into follow-up screening may provide a more 

accurate analysis of CVD risk in leukaemia survivors than resting echocardiography alone. 
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Study 3: Fitness, body composition and vascular health in adolescent and young adult 

survivors of childhood brain cancer and cranial radiotherapy. 

Established risk-factors for CVD include obesity, endothelial dysfunction and diminished 

fitness. We characterised these risk-factors in childhood brain cancer and/or cranial 

radiotherapy (CRT) survivors. Twenty survivors were compared to 19 controls.  Survivors 

demonstrated deficits in minute ventilation, O2peak, muscular strength and muscular 

endurance. Survivors also had greater waist-to-hip ratios, resting HR and higher fat 

percentages than controls. Lean body mass and bone density were lower in the survivor 

group. These findings indicate a significant predisposition to CVD in long-term childhood 

brain cancer and/or CRT survivors.  

 

Study 4: Exercise training improves vascular function and secondary health measures 

in survivors of childhood brain cancer and cranial radiotherapy. 

After establishing that survivors of childhood brain cancer and/or CRT experience side-

effects that enhance CVD risk, we investigated whether a supervised exercise intervention 

could remediate endothelial function, fitness, body composition, musculoskeletal function 

and physical activity levels in this population. Additionally, we assessed efficacy and 

tolerability of long-term exercise. Exercise sessions were 90 min long and held thrice-weekly 

for 24-weeks. Compared to baseline, FMD and bicep-curl strength increased following 

exercise, while submaximal measures of O2peak decreased. Breaks in sedentary time 

increased following exercise compared to the control period. This study demonstrates that 

exercise is achievable and has positive results in a population of childhood brain cancer 

and/or CRT survivors.  
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There are numerous novel and clinically relevant findings presented here. We have 

demonstrated that cMRI and exercise stress echocardiography are worthwhile for the early 

detection of latent cardiac injury in childhood leukaemia survivors exposed to cardiotoxic 

agents such as anthracycline chemotherapy. Additionally, assessment of body composition, 

O2peak and FMD has proven beneficial for determining future CVD risk in this population. 

Similarly, we have demonstrated reduced physical fitness and abnormal body composition in 

childhood brain cancer and/or CRT survivors. We provide evidence that assessment of these 

variables should be included into standard follow-up protocols to determine survivors at 

increased risk of morbidity. Notably, our research highlights the feasibility and benefits of 

supervised exercise for long-term health in survivors of childhood brain cancer and/or CRT.  



viii 

Table of Contents 

 

Thesis Declaration………………………………………………………………………..……ii 

Abstract……………………………………………………………………………………….iv 

Acknowledgements…………………………………………………………………………...ix 

Authorship Declaration……………………………………………………………………….xi 

Conference Communications………………………………………………………………..xvi 

List of Figures…………………………………………………………………………….....xix 

List of Tables…………………………………………………………………………..…..xxiii 

Abbreviations………………………………………………………………………………xxvi 

Chapter 1: General Introduction……………………………………………………...………..1 

Chapter 2: Literature Review………………………………………………………...………..8 

Chapter 3……………………………………………………..………………………………72 

Chapter 4……………………………………………………………………………………..96 

Chapter 5………………………………………………………...………………………….126 

Chapter 6……………………………………………………………………………………153 

Chapter 7: General Discussion……………………………………………………………...190 

References………………………………………………………………………………..…204 

Appendix……………………………………………………………………..……………..246 

 

 

 

 

 

 



ix 

Acknowledgements 

  

This PhD would not have been possible without the continuous support and guidance of my 

wonderful supervisory team and the numerous experts who kindly offered their assistance in 

helping me produce a thesis that I am immensely proud of. I would particularly like to say a 

special thanks to: 

Louise – it has been a great privilege to have been one of your research students over the past 

few years. Your supervision has been invaluable in helping me learn how to conduct and 

write impactful research, as well as know how to navigate the often intimidating world of 

academia. Thank you for always pushing me to be my best and for having faith in my ability 

to get the job done. 

Karen – along with your immense amount of knowledge and experience, you have provided 

wise counsel on all of the ups and downs of life as a PhD student. Thank you for never 

hesitating to lend me an ear to chew and a shoulder to cry on. 

Cathy – you have inspired me with your fierce passion for child and adolescent health, and 

have provided vital assistance with writing ethics and grant applications. Thank you for 

teaching me to look beyond my thesis and out into the bigger world of translational research. 

Tom – I sincerely appreciate the time that you have dedicated towards helping me with my 

PhD. Your expertise in haematology and oncology has been instrumental in helping me to 

conduct and write the cardio-oncology studies within this thesis.  Thank you for your never-

ending patience and for inviting me to continue being a part of your ongoing research. 



x 

I would not be where I am today without the amazing friends and family I am lucky enough 

to have cheering me on throughout all aspects of my life. My sincerest thanks go out to: 

My Uni Crew – I cannot thank you enough for your friendship, support and understanding 

over the past few years. Cheers to my office ‘bruzz’ Lauren, who always made sure I was 

well fed and caffeinated during my time as a student, and who never shied away from a good 

bout of procrastination conversation. To Channa – my number one cheerleader and the best 

adventure partner I could have asked for – thanks for taking me out and keeping me sane! A 

big thanks to Andy and Lois, who put up with a great deal of my silliness but who seem to 

still love me all the same. And finally, thank you to Tessa, who has been with me since my 

honours year and who I always knew was there for me in the background, if I ever needed.   

My Family – you have carried me throughout this entire, crazy journey. I would not be half 

the person I am today without your unwavering love, support and guidance. Thank you for 

always being there. 

  



xi 

Authorship Declaration: Co-Authored Publications 

This thesis contains work that has been published. 

 

Title: Early markers of cardiovascular injury in childhood leukaemia survivors treated 

with anthracycline chemotherapy. 

Authors: Treya M. Long, Channa E. Marsh, Lawrence G. Dembo, Philip Watson, Karen 

E. Wallman, Thomas S. Walwyn, Catherine S. Choong, Louise H. Naylor 

Journal: Cardio-Oncology 

Date: 2019 

DOI: 10.1186/s40959-019-0047-4 

Details of the work: This study aimed to determine whether cardiac magnetic resonance 

imaging with late gadolinium enhancement and flow mediated dilation could be used to 

detect and characterise pre-clinical stages of cardiovascular disease in paediatric leukaemia 

survivors who had been treated with anthracycline chemotherapy and who had normal 

resting echocardiography.  

 

Location in thesis: 

Chapter 3 

 

Student contribution to work: 

All aspects of the work were carried out by the student. This included participant 

recruitment and communication, creation of study documents and spreadsheets, data 

collection, data analysis and interpretation, and primary authorship of the manuscript. 

 

 

 

 

 

 

 



xii 

 

Title: Cardiovascular testing detects underlying dysfunction in childhood leukemia 

survivors. 

Authors: Treya M. Long, Felicity Lee, Kaitlyn Lam, Karen E. Wallman, Thomas S. 

Walwyn, Catherine S. Choong, Louise H. Naylor 

Journal: Medicine & Science in Sports & Exercise 

Date: 2019 

DOI: In Press 

Details of the work: This study aimed to determine whether exercise stress 

echocardiography could be used to detect and characterise pre-clinical stages of 

cardiovascular disease in paediatric leukaemia survivors who had been treated with 

anthracycline chemotherapy and who had normal resting echocardiography. Secondary 

measures of cardiovascular health were used to determine predisposition to additional 

disease. 

 

Location in thesis: 

Chapter 4 

 

Student contribution to work: 

All aspects of the work were carried out by the student. This included participant 

recruitment and communication, creation of study documents and spreadsheets, data 

collection, data analysis and interpretation, and primary authorship of the manuscript. 

 



xiii 

 

Title: Fitness, body composition and vascular health in adolescent and young adult 

survivors of paediatric brain cancer and cranial radiotherapy. 

Authors: Treya M. Long, Shoshana R. Rath, Tessa D. Maroni, Karen E. Wallman, Helen 

C. Atkinson, Nicholas G. Gottardo, Catherine H. Cole, Catherine S. Choong, Louise H. 

Naylor 

Journal: International Journal of Adolescent Medicine and Health 

Date: 2017 

DOI: 10.1515/ijamh-2017-0082 

Details of the work: This study utilised standardised and well-recognised protocols to 

define cardiorespiratory fitness, muscular strength and endurance, anthropometry, heart 

rate and blood pressure, endothelial function, body composition and bone mineral density 

in a population of long-term, adolescent and young adult paediatric brain cancer and/or 

cranial radiotherapy survivors. 

 

Location in thesis: 

Chapter 5 

 

Student contribution to work: 

All aspects of the work were carried out by the student. This included participant 

recruitment and communication, creation of study documents and spreadsheets, data 

collection, data analysis and interpretation, and primary authorship of the manuscript. 

  



xiv 

 

Title: Exercise training improves vascular function and secondary health measures in 

survivors of pediatric oncology related cerebral insult. 

Authors: Treya M. Long, Shoshana R Rath, Karen E Wallman, Erin K Howie, Leon M 

Straker, Andrew Bullock, Thomas S Walwyn, Nicholas G Gottardo, Catherine H Cole, 

Catherine S Choong, Louise H Naylor 

Journal: PLOS One 

Date: 2018 

DOI: 10.1371/journal.pone.0201449 

Details of the work: This study assessed the feasibility and effectiveness of a 24-week 

exercise intervention on cardiovascular, physical and metabolic outcomes in a population 

of adolescent and young-adult survivors of paediatric oncology-related cerebral insult. 

 

Location in thesis: 

Chapter 6 

 

Student contribution to work: 

All aspects of the work were carried out by the student. This included participant 

recruitment and communication, creation of study documents and spreadsheets, 

implementation of the exercise intervention, data collection, data analysis and 

interpretation, and primary authorship of manuscript. 

  



xv 

 

Title: Metabolic and psychosocial impact of a pragmatic exercise intervention program in 

adolescent and young adult survivors of pediatric cancer-related cerebral insult.  

Authors: Shoshana R Rath, Treya M. Long, Natasha L Bear, Gordon CP Miles, Andrew 

M Bullock, Nicholas G Gottardo, Catherine H Cole, Louise H Naylor, Catherine S Choong 

Journal: Journal of Adolescent and Young Adult Oncology 

Date: 2018 

DOI: 10.1089/jayao.2017.0105 

Details of the work: This study assessed the feasibility and effectiveness of a 24-week 

exercise intervention on psychological and metabolic outcomes in a population of 

adolescent and young-adult survivors of paediatric oncology-related cerebral insult. 

 

Location in thesis: 

Appendix 

 

Student contribution to work: 

Student contribution included participant recruitment and communication, creation of 

study documents and spreadsheets, implementation of the exercise intervention, data 

collection, and secondary authorship of manuscript. 

 

 

 

 

 

Student signature:                                             Date:  3-07-2019 

 

I, Louise Naylor, certify that the student statements regarding their contribution to each of 

the works listed above are correct 

As all co-authors signatures could not be obtained, I hereby authorise inclusion of the co-

authored work in the thesis. 

Coordinating supervisor signature:      Date:  3-07-2019 

 

https://doi.org/10.1089/jayao.2017.0105


xvi 

Conference Communications: Oral and Poster Presentations 

This thesis contains work that has been presented at conferences. 

 

 

Presentation Type: Poster Presentation 

Title: Characterisation of aerobic fitness, muscular strength and muscular endurance in 

adolescent and young adult survivors of childhood brain cancer and cranial radiotherapy. 

Authors: Treya M. Long, Tessa D. Maroni, Catherine S. Choong, Catherine H. Cole, 

Louise H. Naylor 

Conference: Exercise and Sport Science Australia: Research to Practice 2016 

Location: Melbourne, Australia 

Date: 14
th

 April, 2016 

Awards: Young Investigator Award: Nomination 

 

 

Presentation Type: Mini Oral Presentation 

Title: Characterisation of physical activity, functional fitness and body composition in 

young survivors of childhood brain cancer and cranial radiotherapy.  

Authors: Treya M. Long, Tessa D. Maroni, Catherine S. Choong, Catherine H. Cole, 

Karen E Wallman, Louise H. Naylor 

Conference: 21
st
 Annual Congress of the European College of Sport Science 

Location: Vienna, Austria 

Date: 7
th

 July, 2016 

Awards: Young Investigator Award: Nomination 

 

 

 



xvii 

 

Presentation Type: Poster Presentation  

Title: Exercise testing improves early detection of cardiac injury in asymptomatic cancer 

survivors.  

Authors: Louise H Naylor, Treya M. Long, Thomas S Walwyn, Catherine S. Choong, 

Kaitlyn Lam 

Conference: Exercise and Sport Science Australia: Research to Practice 2018 

Location: Brisbane, Australia 

Date: 27
th

 March, 2018 

 
 

Presentation Type: Mini Oral Presentation  

Title: Cardiovascular disease risk factors in adolescent and young adult survivors of 

childhood acute lymphoblastic and acute myeloid leukaemia.  

Authors: Treya M. Long, Karen E Wallman, Thomas S Walwyn, Catherine S. Choong, 

Louise H Naylor 

Conference: 23
rd

 Annual Congress of the European College of Sport Science  

Location: Dublin, Ireland 

Date: 5
th

 July, 2018 

 

 

 

 

 

 

 

 

 



xviii 

 

Presentation Type: Oral Presentation  

Title: Cardiac magnetic resonance imaging detects subclinical cardiotoxicity in apparently 

healthy adolescent and young adult survivors of childhood leukaemia.  

Authors: Treya M. Long, Lawrence G Dembo, Philip Watson, Thomas S Walwyn, 

Channa E Marsh, Karen E Wallman, Kaitlyn Lam, Catherine S. Choong, Louise H Naylor 

Conference: Telethon Kids Institute and Perth Children’s Hospital 2018 Child Health 

Symposium  

Location: Perth, Australia 

Date: 9
th

 November, 2018 

 
 

Presentation Type: Poster Presentation  

Title: Cardiovascular health in asymptomatic, anthracycline-treated survivors of childhood 

leukaemia: a pilot study. 

Authors: Treya M. Long, Thomas S Walwyn, Lawrence G Dembo, Kaitlyn Lam, Karen E 

Wallman, Catherine S. Choong, Louise H Naylor 

Conference: Clinical Oncology Society of Australia: Cancer Survivorship
 
2019  

Location: Sydney, Australia 

Date: 29
th

 March, 2019 

 

 

 

 



xix 

List of Figures 

  

Chapter 2 

Figure 2.1  Incidence of the major childhood cancer types in Australia. Overall, 

childhood acute lymphoblastic leukaemia (dark blue) is the most common paediatric 

malignancy, followed by childhood brain cancer (light blue). Together, these neoplasms 

account for approximately 50% of all childhood cancer diagnoses. Amended from the 

Australian Institute of Health and Welfare [57]. 

 

Figure 2.2  Cellular classification of childhood leukaemia. Leukaemia can occur in a 

range of cells. Classification of leukaemia is determined by the type of stem cell (myeloid or 

lymphoid) that the diseased cells originated from. This figure shows the cells typically 

affected in myeloid and lymphoid forms of leukaemia. Further classification involves 

determination of whether the disease is acute or chronic in nature. Taken from the National 

Cancer Institute [60]. 

 

Figure 2.3  Diagram of the common cardiac effects of anthracycline cardiotoxicity. 

Anthracycline cardiomyopathy has numerous features that are varied between patients. 

Characteristics of both dilated and restrictive cardiomyopathies are often seen in childhood 

leukaemia survivors – for example, ventricular dilation in the presence of myocardial 

hypertrophy. Typically, these complications arise from underlying damage and/or disease to 

the myocytes and associated microvasculature. Fibrosis, myocarditis and infiltrative diseases 

may be observable in late stages of the disease. Amended from Jordan et al. [96]. 



xx 

 

Figure 2.4  Löffler and Salerno [104] highlight the numerous features of cMRI. High 

quality images and state-of-the-art analysis software make cMRI the gold-standard for the 

evaluation of anatomical structure and function. Contrast agents such as gadolinium also 

allow for examination of myocardial tissue composition, which helps in the diagnosis of 

disease and abnormalities such as fibrosis. 

 

Figure 2.5  Foundations of myocardial strain. Myocardial strain measures tissue 

deformation and is defined as the change in tissue length (L1-L0) normalised to the initial 

length (L0) of the region of interest. The information strain provides on underlying 

myocardial mechanical activity may make it a more precise index of left ventricular function 

than ejection fraction. Amended from Abraham et al. [98]. 

 

Figure 2.6  Diagram of the different types of brain cancer. Metastatic brain tumours, 

represented in the picture on the left, typically invade healthy tissue and so are difficult to 

treat without consequences. In contrast, benign tumours, presented in the picture on the right, 

have distinct borders and so can often be easily resected. Amended from Drugs.com [142]. 

 

Figure 2.7  Effects of radiotherapy on the vascular endothelium. Along with reducing 

the bioavailability of endothelial-derived nitric oxide, radiotherapy causes inflammation and 

produces reactive oxygen species (ROS) that are toxic to the vascular endothelium. Once 

damaged, the permeability of the endothelium to circulating lipids increases and survivors 

become more at risk of developing atherosclerotic plaques. Amended from Di Lisi et al. [79]. 

 



xxi 

Chapter 3 

Figure 3.1  Leukaemia survivor recruitment diagram. There were 132 leukaemia 

survivors in the Princess Margaret Hospital (Western Australia) oncology database that were 

deemed eligible to participate in the study. Initial contact was made by study clinicians 

during follow-up appointments or via phone call. Primary reasons for non-participation were 

loss to follow-up and time constraints. Overall, 22 survivors agreed to participate and 

completed all assessments. 

 

Figure 3.2  Endothelial function data for leukaemia survivors (n = 22) and controls (n 

= 22). Error bars represent standard deviation for each measure. 

 

Figure 3.2  Left and right ventricular absolute and normalised blood volumes for 

leukaemia survivors (n = 22) and controls (n = 22). Error bars represent standard deviation 

for each measure. 

 

Chapter 4 

Figure 4.1  Body fat distribution for the leukaemia survivors (n = 19) and the 

controls (n = 17), presented as percentage and mass. Central fat encompasses the trunk 

and android region, while peripheral fat incorporates the arms, legs and gynoid region.  

 

 



xxii 

Figure 4.2  Impact of exercise stress protocol on mitral valve peak flow velocity in 

late diastole (MV Peak A) for leukaemia survivors (n = 19) and controls (n = 17) at rest, 

immediately after exercise and following recovery. Error bars represent standard deviation. 

*Denotes significant (p ≤ 0.05) difference between groups for time-point. °Denotes 

significant (p ≤ 0.05) difference within group between rest and exercise. 
┼
Denotes significant 

(p ≤ 0.05) difference within group between exercise and recovery. •Denotes significant (p ≤ 

0.05) difference within group between rest and recovery. 

 

Figure 4.3  Impact of exercise stress protocol on mitral valve (MV) Peak E to Peak A 

velocity (MV E/A) for leukaemia survivors (n = 19) and controls (n = 17) at rest, 

immediately after exercise and following recovery. Error bars represent standard deviation. 

*Denotes significant (p ≤ 0.05) difference between groups for time-point. 
┼
Denotes 

significant (p ≤ 0.05) difference within group between exercise and recovery. •Denotes 

significant (p ≤ 0.05) difference within group between rest and recovery. 

 

Chapter 6 

Figure 6.1  Change in endothelial function over the course of the study. Error bars 

represent standard deviation for each measure. N = 13. 

 

Figure 6.2  Percentage of time per day spent in different levels of physical activity. 

Error bars represent standard deviation for each measure. N = 13. 

 



xxiii 

List of Tables 

  

Chapter 2 

Table 2.1 Recommended frequency of echocardiogram in survivors of childhood cancer 

who are exposed to cardiotoxic therapies.
┼ 

 

Table 2.2 Summary of studies utilising cMRI with or without late gadolinium 

enhancement for the detection of late cardiotoxicity in childhood cancer survivors who have 

no diagnosed cardiovascular disease or abnormalities. 

 

Table 2.3 Summary of studies utilising exercise stress echocardiography for the 

detection of late cardiotoxicity in childhood cancer survivors who have no diagnosed 

cardiovascular disease or abnormalities. 

 

Chapter 3 

Table 3.1 Characteristics of the leukaemia survivors. 

 

Table 3.2 Cardiac MRI parameters for leukaemia survivors and controls. 

 

 



xxiv 

Chapter 4 

Table 4.1 Cancer treatment details for the leukaemia survivors. 

 

Table 4.2 Vascular function and cardiorespiratory fitness in the leukaemia survivors and 

controls. 

 

Table 4.3 Echocardiographic measures that responded similarly within and between 

groups over the course of the exercise stress echocardiogram. 

  

Chapter 5 

Table 5.1 Characteristics of the cancer survivor group.   

 

Table 5.2 Heart rate, blood pressure and endothelial function data for the cancer 

survivors and controls. 

 

Table 5.3 Anthropometric, body composition and bone mineral density data for the 

cancer survivors and controls. 

 

Table 5.4 Muscular strength, muscular endurance and cardiorespiratory fitness data for 

the cancer survivors and controls. 



xxv 

Supplementary Table 5.5 Comparison data for cancer survivors who received surgery 

and/or chemotherapy and cancer survivors who received radiotherapy only. 

 

Supplementary Table 5.6 Comparison data for cancer survivors with and without 

hormone deficiency. 

 

Chapter 6 

Table 6.1 Participant Characteristics. 

 

Table 6.2 Accelerometer, body composition and muscular strength and endurance data. 

 

Table 6.3 Submaximal and maximal cardiorespiratory fitness data. 

 

Supplementary Table 6.4 Comparison data for benign and malignant tumour survivors. 

 

 

 

 

 



xxvi 

Abbreviations 

  

ALL  acute lymphoblastic leukaemia 

AML  acute myeloid leukaemia 

AYA  adolescent and young adult 

BMD  bone mineral density 

BMI  body mass index 

BP  blood pressure 

cMRI  cardiac magnetic resonance imaging 

cpm  counts per minute 

CRT  cranial radiotherapy 

CVD  cardiovascular disease 

DEXA  dual x-ray absorptiometry 

EF  ejection fraction 

E/A  ratio of peak E to peak A flow velocity 

FMD  flow mediated dilation 

GH  growth hormone 



xxvii 

GHD  growth hormone deficiency 

HR  heart rate 

kg  kilogram 

LBM  lean body mass 

LV  left ventricle/left ventricular 

MV  mitral valve 

PA  physical activity 

RER  respiratory exchange ratio 

RPE  rating of perceived exertion 

RV  right ventricle/right ventricular 

E  minute ventilation 

O2peak/max peak/maximal oxygen uptake 

2D  two-dimensional



 

 

Chapter 1 
 

 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 
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1.0 Childhood Cancer Survivors 

Childhood cancer is a significant health burden worldwide, causing an estimated 80,000 

deaths per year [1]. Importantly, advances in treatment over the past three decades have seen 

an increase in childhood cancer survival, with as many as 85% of patients becoming five-year 

survivors [2-5]. Unfortunately, chronic diseases in childhood cancer survivor populations far 

exceed those in the normal, healthy population [4, 6-8]. Primarily, this is due to cancer and 

treatment side-effects that persist long-term or present following an extended latency period 

[9-13]. Among the most common long-term and late side-effects of childhood cancer and its 

treatment are those that affect the cardiovascular system [13-16]. These side-effects not only 

cause a variety of acute complications that can disrupt normal, everyday functioning but also 

predispose the individual to early cardiovascular disease (CVD) and associated mortality. 

Currently, CVD is the leading cause of non-malignancy related death in childhood cancer 

survivors [4, 6, 13]. 

 

1.1 Long-Term Follow-Up 

In order to prevent the development and/or progression of cardiovascular long-term and late 

effects, guidelines have been established for the follow-up of all childhood cancer survivors 

[17]. However, despite these guidelines, detecting early cardiovascular abnormalities before 

they develop into serious disease is problematic [18, 19].  Further, there is no overall 

consensus on the best management or treatment option for childhood cancer survivors who 

are at risk of, or already presenting with, numerous CVD risk-factors – especially those that 

manifest secondary to long-term and late effects or that develop as a result of a poor lifestyle 
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[20]. As such, there is a growing need for the evaluation of innovative screening methods and 

holistic interventions that may allow for the more timely detection and treatment of long-term 

and late effects resulting from childhood cancer and its therapy.  

 

1.2 The Need for Early Detection and Intervention 

Existing research into the early detection of, and intervention for, long-term and late 

consequences of childhood cancer and its treatment has primarily involved groups of 

survivors that are heterogeneous in cancer diagnosis and/or treatment. Few studies have used 

homogenous groups of survivors to determine the ideal methodology to screen for 

cardiovascular injury, and fewer studies have assessed the efficacy of interventions in those 

who suffer from specific morbidity. Two groups of survivors who are at an especially 

increased risk of CVD due to the nature of their cancer and/or treatment are childhood 

leukaemia and childhood brain cancer survivors.  

Childhood leukaemia survivors are treated with therapies that are toxic to the cardiovascular 

system and so CVD typically develops in this population as a result of direct injury [18, 19, 

21-23]. This disease process can remain latent for years following treatment, only becoming 

clinically apparent once it has progressed into a significant disease that is difficult to treat 

[18, 19, 21, 22]. This emphasises the importance of early detection for the prevention of 

cardiovascular mortality in this population. Unfortunately, emerging evidence suggests that 

timely detection is not always achieved using currently recommended cardiovascular 

screening measures [21, 24, 25].  

On the other hand, those who have suffered a cerebral insult from childhood brain cancer and 
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treatment with cranial radiotherapy (CRT) develop numerous long-term and late effects that 

interact to create a detrimental downward spiral of deconditioning [9, 12, 19, 26].  This not 

only makes participation in everyday life difficult but greatly predisposes to inactivity-

induced disease [9, 12, 19, 26]. Despite this, very few of these side-effects have been 

accurately characterised in the existing literature or are routinely assessed in long-term 

follow-up. Additionally, there is still a need to identify optimal interventions that can be 

implemented early into survivorship to prevent the progression of, or to reverse, these 

consequences before they develop into CVD. The childhood leukaemia and childhood brain 

cancer survivor populations represent the primary concerns surrounding efficacy of current 

long-term follow-up guidelines for childhood cancer survivors and are ideal study 

populations for assessing whether contemporary screening techniques and interventions may 

be more useful for future protocols.  

 

1.3 Advanced Cardiovascular Imaging Techniques and 

Exercise as Medicine 

Recent advances in cardiovascular imaging have provided new techniques that may provide a 

pathway for the early detection of underlying abnormalities and dysfunction in childhood 

leukaemia survivors who have been treated with anthracyclines but appear to be healthy. 

Such imaging modalities may include cardiac magnetic resonance imaging (cMRI), exercise 

stress echocardiography, strain imaging, and flow mediated dilation (FMD).  Numerous 

studies have evaluated the effectiveness of these imaging techniques for detecting subclinical 

cardiovascular abnormalities in cancer survivors treated with cardiotoxic therapies, albeit 

there are mixed findings regarding their efficacy [21, 22, 27, 28]. Importantly, there are no 
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studies to date that have evaluated these measures in an isolated cohort of adolescent and 

young adult (AYA) survivors of childhood leukaemia who have been treated with 

anthracycline chemotherapy but no radiotherapy, and who are free of signs and symptoms of 

cardiovascular pathology. Additionally, most existing studies do not include healthy control 

groups, relying instead on normative data for comparisons. 

Accurate characterisation of long-term health in childhood brain cancer survivors is essential 

for establishing effective interventions. Furthermore, effective interventions are crucial for 

preventing chronic disease and cardiovascular mortality in this population. Due to the vast 

range of benefits for the metabolic, musculoskeletal, cardiorespiratory and cardiovascular 

systems, exercise is becoming increasingly utilised in clinical studies to determine its efficacy 

as a therapy [29-33]. To date, exercise interventions have yielded promising results with 

regards to the remedy of long-term and late effects in cancer survivor populations [3, 34-37]. 

However, it is yet to be determined whether similar benefits can be conferred in AYA 

survivors of childhood brain cancer once baseline health has been established. 

 

1.4 Thesis Aims and Hypotheses 

The current thesis has two central objectives: 1) to determine whether advanced 

cardiovascular screening measures can be used to detect late-onset cardiovascular toxicity in 

childhood leukaemia survivors, and 2) to characterise long-term and late side-effects of 

childhood brain cancer and/or cerebral insult and then determine whether these side-effects 

can be ameliorated using a long-term, multi-modality exercise program.  The specific aims 

and hypotheses of each chapter are as follows: 
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Chapter 3 

Aims          Primary)  To determine whether cMRI with late gadolinium enhancement 

is able to detect subclinical cardiac abnormality and dysfunction in 

asymptomatic AYA survivors of childhood leukaemia who are free from 

cardiac damage (as determined by resting echocardiography).   

Secondary)  To determine whether the FMD technique can be used to detect 

subclinical vascular endothelial dysfunction in asymptomatic AYA 

survivors of childhood leukaemia.   

Hypothesis:       Contemporary screening measures will detect underlying structural 

abnormalities in the heart, as well as a reduced ejection fraction and FMD 

in asymptomatic, apparently healthy AYA survivors of childhood 

leukaemia. 

Chapter 4 

Aims:                 Primary)  To determine whether exercise stress echocardiography using 

advanced strain imaging is able to detect subclinical cardiac abnormality 

and dysfunction in asymptomatic AYA survivors of childhood leukaemia 

who are free from cardiac damage (as determined by resting 

echocardiography).   

Secondary)  To characterise secondary cardiovascular risk-factors (body 

composition, cardiorespiratory fitness and vascular health) in asymptomatic 

AYA survivors of childhood leukaemia in order to determine predisposition 

to early CVD.  
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Hypotheses:      While normal at rest, the leukaemia survivors will experience contractile 

dysfunction and abnormal myocardial strain at peak exercise using an 

exercise stress echocardiography protocol.  Risk of CVD will be further 

elevated in this population due to the presence of secondary cardiovascular 

risk-factors. 

Chapter 5 

Aim:                  To use established and reproducible measures to characterise 

cardiorespiratory fitness, body composition and vascular health in a 

population of long-term AYA childhood brain cancer and/or CRT 

survivors. 

Hypothesis:       Long-term AYA survivors of childhood brain cancer and/or CRT will 

present with significant deficits in fitness, abnormal body composition and 

poor vascular health compared to healthy, matched controls. 

Chapter 6 

Aim:                  To determine whether a long-term, supervised exercise intervention can 

ameliorate long-term and late effects observed in AYA survivors of 

childhood brain cancer and/or CRT. 

Hypothesis:       Long-term, regular exercise will improve measures of cardiovascular 

(Chapter 6), metabolic and psychological (see Appendix) health in AYA 

survivors of childhood brain cancer and/or CRT. 

The following Literature Review provides a basis for understanding the rationale behind each 

of these studies.  



 

 

Chapter 2 
 

 

Literature Review 
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2.0 Childhood Cancer: An Overview of the Problem 

 

2.0.1 Childhood Cancer: Statistics and Survival 

Recent data collected by the International Agency for Research on Cancer [1] indicates that 

the worldwide incidence of childhood cancer is the highest ever reported. While 2014 figures 

estimated that approximately 175,000 new children were diagnosed per year, 2016 figures 

reported that the number is now closer to 215,000 [1]. Childhood cancer is defined by the age 

interval in which it occurs. In Australia, this is accepted as any cancer diagnosed between 

birth and 15 years [5].   

Despite an increase in incidence, mortality from childhood cancer has fallen by 60% over the 

past 30 years as a result of numerous medical advances [2, 5]. Further, five-year survival 

rates for childhood cancer in Australia, America and the United Kingdom are approaching 

85% [2-5]. Thus, the prevalence of long-term survivors is increasing [2]. 

Cancer survival begins at diagnosis and is characterised by three phases or ‘seasons’ 

depending on time [38, 39]. Acute survival is the first of these seasons and is recognised as 

the time in which diagnosis and subsequent therapy are fundamental [38, 39]. Extended 

survival occurs shortly after acute survival when cancer is in remission, while permanent 

survival is long-term and associated with ‘cure’ [38, 39].  
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2.0.2 Long-Term and Late Side-Effects of Childhood Cancer and its 

Treatment 

Unfortunately, improved survival rates for childhood cancer are undermined by increased 

incidences of chronic disease and early mortality [4, 6-8]. Recent reports suggest that, as a 

result of their cancer and treatment side-effects, 62% of childhood cancer survivors will 

present with at least one chronic health condition within 17 years of diagnosis [8]. 

Furthermore, by the age of 50, it is estimated that 99.9% of survivors will suffer a chronic 

disease related to their cancer and/or treatment [8, 40]. While there are numerous factors that 

contribute to this increased morbidity, the primary constituent is recognised to be treatment-

induced toxicity and/or damage to the developing organs and biological systems of childhood 

cancer patients [8]. Compromised health and deficiencies in primary functioning are 

regularly observed in this population, with complications arising during treatment and often 

persisting well into permanent survival [9-12]. However, as the nature of pharmacological 

injury is complicated and unpredictable, even those survivors who appear healthy following 

cessation of therapy may develop side-effects following an extended latency period [9-12].  

 

2.0.3 The Solution? 

Long-term and late effects of childhood cancer and its treatment pose a serious problem to 

the health and well-being of survivors. Notably, developments have been made towards 

reducing drug toxicity and damage through alterations in administration techniques and 

scheduling of therapy [14, 17, 41-43]. However, treatment cannot always be abated for 

aggressive or advanced cancers and side-effects will often arise despite attempts to reduce 

injury [14, 17, 41-43]. Evidently, the solution appears to rest in early detection of long-term 
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and late effects, and intervention prior to the development of advanced disease; although, 

there is still no consensus as to the most optimal strategies to do this [17, 21, 24, 25].  

 

2.0.4 Long-Term Follow-Up 

The Children's Oncology Group [17] have developed risk-based, exposure-related clinical 

guidelines for the screening and management of long-term and late effects in survivors of 

childhood cancer.  These guidelines have proven to be successful for detecting side-effects 

once they are clinically evident; however, the cost of treating already established conditions 

and diseases is high and, once established, prognosis is poor [17, 40, 44]. As a result, there 

has been an emerging call for the introduction of more sensitive screening measures into 

follow-up protocols that are able to detect subclinical changes that precede late effects [18, 

19].  This would not only allow for earlier, less costly intervention but would provide better 

outcomes for the survivors involved.  

 

2.0.5 Therapeutic Interventions for Childhood Cancer Survivors 

Long-term and late effects of childhood cancer and its treatment directly predispose to 

chronic disease [9-12]. Moreover, disease may develop as a consequence of health 

complications and lifestyle risk-factors that arise secondary to these side-effects [8, 45-47]. 

As a result, intervention is often complex and multifaceted in this cohort. The most common 

interventions for the management or treatment of long-term and late effects are 

pharmacological [11, 13, 17, 48]. Medications have numerous benefits but, when prescribed 

alone, may only treat a fraction of the problem or have short-lived success [13, 49-51]. This 
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is particularly apparent when it comes to the treatment of secondary health complications and 

risk-factors that arise from a poor lifestyle – pharmaceuticals have greatest effect when 

prescribed alongside wellness interventions that aim to increase awareness around these life 

choices [33, 52]. The Children's Oncology Group [17] recommend counselling, diet and 

exercise interventions for the additional management of cancer-related side-effects and/or 

subsequent disease but these guidelines are seldom translated into clinical practice [35, 36]. 

Moreover, there is little in the way of preventative medicine for childhood cancer survivors, 

and education about lifestyle is often disregarded or not effectively implemented in follow-up 

despite the standing recommendations [53, 54]. It is fundamental to identify holistic 

interventions for this population that are realistic, cost-effective and successful at maximising 

outcomes in all areas of health.  

  

2.0.6 The Heart of the Matter 

The two most common childhood cancers in Australia are leukaemia and brain tumours 

(Figure 2.1) [5, 55]. Together, these neoplasms account for almost half of all paediatric 

cancer diagnoses in the country [55]. Accordingly, survivors of these malignancies are 

numerous. Compared to all other childhood cancer survivor populations, the combined 

leukaemia and brain cancer cohort experience the highest rate of premature mortality [55]. 
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Figure 2.1   Incidence of the major childhood cancer types in Australia. 

Overall, childhood acute lymphoblastic leukaemia (dark blue) is the most 

common paediatric malignancy, followed by childhood brain cancer (light blue). 

Together, these neoplasms account for approximately 50% of all childhood 

cancer diagnoses. Amended from the Australian Institute of Health and Welfare 

[55]. 

 

Cardiovascular disease (CVD) presents a significant health burden in this population. Recent 

statistics show that the number of cardiac-related deaths during the third decade of life is 3.4 

times higher in childhood cancer survivors than in the general population [40]. Despite this, 

the pathophysiology of CVD is unique in both survivor groups. While cardiovascular injury 

from toxic cancer agents frequently incites the progression of CVD in childhood leukaemia 

survivors [19, 26], the brain cancer population tends to develop the disease as a result of the 

accumulation of numerous lifestyle risk-factors and health consequences that develop 
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secondary to cancer and treatment side-effects [9, 12]. In the leukaemia survivor population, 

there is often a long latency period during which CVD develops; unfortunately, many 

survivors who are deemed healthy for years following treatment will suddenly and 

unexpectedly present with clinically significant disease [18, 19, 21-23].  For childhood brain 

cancer survivors there are often detectable signs and symptoms of potential CVD during 

follow-up; although, it is rare for a medical intervention to be implemented when risk-factors 

are based on deconditioning and poor lifestyle. As such, early detection becomes paramount 

for the remedy of disease in childhood leukaemia survivors, while timely prevention and 

intervention are central to the management of childhood brain cancer survivors. These two 

very different populations of childhood cancer survivors represent the current primary 

concerns with regards to long-term follow-up care in childhood cancer survivors. A further 

exploration of the issues at hand for each survivor cohort is presented in the following 

sections. 
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2.1 Childhood Leukaemia 

 

2.1.1 Disease Burden 

Leukaemia is the most common paediatric malignancy, accounting for one in three childhood 

cancer diagnoses [56].  Although incidence is high, worldwide survival rates for childhood 

leukaemia have increased dramatically over the past 30 years as a result of advances in 

treatment [56, 57]. In fact, the 5-year survival rate for those with childhood acute 

lymphoblastic leukaemia (ALL) is currently sitting above 85% in developed countries [56, 

57].  

 

2.1.2 Pathology 

Leukaemia is a cancer of the blood cells that is characterised by the rate of development and 

type of cell affected [58]. Acute, or fast-growing, leukaemia is the most common form in 

children [58]. In acute leukaemia, the affected cells are unable to mature and perform vital 

functions such as fighting infections [57, 58]. Chronic, or slow-growing, leukaemia is rare 

and typically develops in older adults [58]. Leukaemia is further classified as lymphoid or 

myeloid depending on which cells are affected (Figure 2.2) [59].  In children, ALL accounts 

for 75% of all leukaemia cases [57, 58]. Acute myeloid leukaemia (AML) is the second most 

common form of leukaemia in children, followed by mixed-lineage, chronic and juvenile 

forms of the disease [59].  
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Figure 2.2  Cellular classification of childhood leukaemia. Leukaemia can 

occur in a range of cells. Classification of leukaemia is determined by the type of 

stem cell (myeloid or lymphoid) that the diseased cells originated from. This 

figure shows the cells typically affected in myeloid and lymphoid forms of 

leukaemia. Further classification involves determination of whether the disease is 

acute or chronic in nature. Taken from the National Cancer Institute [59]. 

 

2.1.3 Treatment 

The primary treatment for childhood leukaemia is multi-agent chemotherapy; although, other 

therapies such as stem cell transplant and radiotherapy may also be required to ensure 

containment of the disease and/or complete remedy [57, 58].  
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2.1.3.1 Chemotherapy 

Dosage of chemotherapy is dependent upon diagnosis and is administered to the patient in 

cycles over a designated period of time [57].  These cycles usually occur as part of three 

phases of treatment: induction, consolidation and maintenance [60]. Induction therapy 

usually lasts 4-6 weeks and involves an intense schedule of treatment to kill as many cancer 

cells as possible and induce remission [60]. Consolidation therapy follows to eliminate any 

remaining disease and/or to prevent relapse [60]. Maintenance therapy is the final stage of 

treatment and involves a milder schedule of chemotherapy administered over an extended 

time period to ensure cure [60]. Typically, treatment of ALL involves milder dosages of 

chemotherapy drugs and longer phases of therapy (~2-3 years total treatment) [57, 59]. 

Conversely, treatment for AML follows an intensive regime of aggressive chemotherapy 

drugs administered over a limited time-frame (<1 year total treatment) [57, 59]. Commonly 

used chemotherapeutic agents include anthracyclines (eg. Doxorubicin, Daunorubcin), 

alkylating agents (eg. Cyclophosphamide, Temozolomide), vinca alkaloids (eg.Vincristine, 

Vinblastine), peptide antibiotics (eg. Bleomycin, Actinomycin), platinum-based agents (eg. 

Cisplastin, Carboplatin) and nucleotide analogues (Cytarabine, Fluorouracil) [61, 62]. As 

cytotoxic drugs are not cancer specific, both malignant and healthy cells can be affected by 

chemotherapy [63, 64]. As a result, there are numerous short-term, long-term and late side-

effects, associated with this treatment. Common short-term consequences include nausea 

and/or vomiting, diarrhoea, mouth sores, ulcers, bruising, infections, fatigue, hair loss, 

muscle weakness, skin sensitivity, dry eyes and loss of appetite [63, 64]. These symptoms are 

especially pronounced in paediatric patients as their immune systems are compromised by 

immaturity [56]. Further, chemotherapy drugs target rapidly dividing cells so growing organs 

and systems are attacked in the same way that cancerous cells are [63]. This can result in 

abnormal organ structure and impaired function during treatment [19, 63]. While these 
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abnormalities typically resolve following cessation of chemotherapy, underlying damage may 

lay latent for many years before eventually manifesting in late consequences; this not only 

impacts health and well-being but significantly predisposes to chronic disease [19, 26, 65, 

66].  

 

2.1.3.2 Stem Cell Transplant 

A stem cell transplant is used when leukaemia prognosis is poor [61]. In this procedure, high-

dose chemotherapy and/or radiation is used to kill both healthy and cancerous cells in the 

bone marrow [67]. Healthy autologous or allogenic stem-cells are then infused to replace the 

dead cells and fight any remaining disease [67]. Side-effects are typically caused by the 

chemotherapy and/or radiation therapy administered before the transplant [67]. Therefore, 

short-term side-effects are similar to those experienced when receiving these therapies alone 

[67]. Long-term side-effects can be serious due to the high dosages of each therapy required 

and include infertility, endocrine dysfunction, and bone, lung or heart disease [61]. For 

patients receiving allogenic transplants, graft-versus-host disease is a major concern [61, 67]. 

Graft-versus-host disease occurs when the donor stem cells attack the host cells instead of 

forming new bone marrow [61, 67]. This can result in major organ damage and fatality if left 

untreated [61, 67]. 

 

2.1.3.3 Radiotherapy 

Radiation therapy is rarely used for the direct treatment of childhood leukaemia; although, it 

may be utilised to prevent metastasis to the central nervous system or to increase 

effectiveness of stem cell transplants [68]. In the case of metastases prevention, cranial 

radiotherapy (CRT) and/or spinal irradiation are generally employed, while total body 
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irradiation is used to aid stem cell transplant [69]. Spinal and total body irradiation are 

administered as external beams directed at the site/s of interest [68]. Complications with total 

body irradiation arise based on the organs located in the line of treatment, which usually 

include the lungs, heart, eyes, kidneys, liver and spleen [43]. To reduce damage, careful 

selection of dosages (organ, single and total dosages) is vital, as well as ensuring that 

adjacent therapies do not interact [43]. Long-term side-effects of spinal and total body 

irradiation include growth deficiencies (short stature and scoliosis), endocrine dysfunction 

(numerous hormone deficiencies and infertility), cardiovascular toxicity (cardiac toxicity and 

endothelial toxicity) and pulmonary sequelae [70, 71].  

 

2.1.4 Long-Term and Late Effects: Pathophysiology 

Childhood leukaemia survivors are at risk of numerous long-term and late side-effects as a 

result of the aggregated therapies they receive [45, 66, 72-74]. Treatment with total body 

radiotherapy predisposes to numerous complications due to the number of organs and 

systems within the line of insult [43]. Additionally, those leukaemia survivors who are treated 

with CRT as a preventative therapy are at risk of suffering the same long-term and late 

morbidities experienced by childhood brain cancer survivors (discussed in Section 2.2) [75, 

76]. Despite the numerous complications related to radiotherapy, the most prevalent 

treatment side-effects in this population are generally related to chemotherapy and involve 

the cardiovascular system. Specifically, the anthracyclines have long been associated with 

cardiac toxicity that can lead to life-threatening heart disease. Further to this, there is 

emerging evidence to suggest that these agents are also damaging to the endothelial cells that 

line the vasculature, causing dysfunction [77-79]. Anthracycline induced cardiac toxicity may 

develop acutely during treatment (acute toxicity), within the first year following treatment 
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(early-onset chronic progressive toxicity) or more than a year after treatment (late-onset 

chronic progressive toxicity) [19, 44, 80-84]. For the interest of this thesis we have focused 

solely on late-onset chronic progressive cardiac toxicity caused by treatment with 

anthracyclines. It is unknown whether anthracycline-mediated endothelial toxicity follows a 

similar pattern of progression to cardiac toxicity; however, endothelial dysfunction has been 

observed both during treatment with anthracyclines and years following the conclusion of 

treatment [72, 78, 79, 85, 86]. Likewise, this thesis has focused on late-onset (>1 year 

following treatment) endothelial dysfunction following exposure to anthracyclines. 

 

2.1.4.1 Late Cardiovascular Side-Effects of Anthracycline Chemotherapy 

2.1.4.1.1 Cardiac Toxicity 

Late-onset cardiac toxicity is persistent and generally progressive [18, 19, 21, 22]. However, 

it is characterised by an extended latency period where there are no overt structural and 

functional changes or accompanying signs and symptoms [18, 19, 21, 22].
 
As a result, late-

onset cardiac toxicity may not be clinically apparent for more than 25 years following 

cessation of anthracycline therapy, at which point advanced stages of disease may have 

already developed and be difficult to manage and treat [18, 19, 21, 22]. 

There are numerous hypotheses regarding the mechanism behind anthracycline-induced 

cardiac toxicity; however there is no current consensus on aetiology or pathogenesis and 

more than one mechanism is most likely involved [13, 19, 41, 42, 87]. On the cellular level, 

anthracycline-induced cardiac toxicity is characterised by myocyte damage and death, with or 

without accompanying fibrosis [87, 88]. One of the most universally accepted theories as to 

the underlying molecular causes relates to the production of reactive oxygen species during 

cellular metabolism of anthracyclines [19, 80, 87]. It is thought that the generation of these 
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reactive oxygen species causes lipid peroxidation of the cell membrane, peptide depletion, 

sarcomere degradation, mitochondrial dysfunction and deoxyribonucleic acid damage that 

subsequently leads to myocyte injury and/or death via apoptosis or necrosis [19, 87].  

However, there is also evidence to suggest that the interaction between anthracyclines and 

topoisomerases – enzymes that are involved with the maintenance of genomic cell stability 

via deoxyribonucleic acid expression and repair – can also be attributed to the observed 

myocyte damage [13, 41, 42]. As cardiomyocytes rarely proliferate after 6 months of age, it 

has been suggested that the remaining healthy cells hypertrophy to compensate for the 

damage and loss caused by anthracycline treatment [19, 26, 80]. In the short-term, this is 

beneficial as it allows for the maintenance of resting cardiac function. However, the 

continuous cardiovascular demands of life can eventually lead to deterioration and failure in 

subsequent years, which possibly explains the reason behind the delayed manifestation of 

late-onset cardiac toxicity [19, 26, 80].  

2.1.4.1.2 Endothelial Toxicity 

As with cardiac toxicity, there are numerous mechanisms that are thought to be responsible 

for the endothelial toxicity seen during and after anthracycline treatment [77-79]. Primarily, it 

is believed that the generation of reactive oxygen species causes damage to the endothelial 

cells, resulting in dysfunction [78, 79]. This may occur through the inhibition of critical 

metabolic enzymes and depletion of adenosine triphosphate [79]. However, anthracycline-

mediated endothelial toxicity may also be influenced by drug accumulation, abnormalities in 

deoxyribonucleic acid repair and topoisomerase inhibition, as is the case with cardiac toxicity 

[78]. Another common hypothesis is that anthracyclines interrupt signalling of vascular 

endothelial growth factor – a cytokine that has numerous isoforms that are involved in 

angiogenesis, promotion of cell survival, and growth and proliferation of endothelial cells; 
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hence, toxicity ensues via an inability to perform these actions [77, 78]. As endothelial 

dysfunction has no immediate signs or symptoms, it generally goes undetected until the 

development of more advanced vascular toxicity and atherosclerotic disease many years after 

treatment. 

 

2.1.5 Late-Onset Anthracycline Cardiovascular Toxicity: Presentation of 

Disease 

Late-onset anthracycline cardiovascular toxicity has numerous manifestations [16, 19, 23, 

49]. Unfortunately, these manifestations are rarely predictable or consistent among exposed 

individuals [16, 19, 23, 49].
 
Severe forms of late-onset toxicity appear to be more common in 

those childhood leukaemia survivors who have been treated with cumulative anthracycline 

dosages >250mg·m
2
, who are below 4 years of age at time of exposure, or who are female 

[15, 16, 19, 23, 48, 49]. The presence of secondary cardiovascular risk-factors such as 

obesity, dyslipidaemia, hypertension and cardiorespiratory insufficiency may also exacerbate 

outcomes [19, 77]. While it is acknowledged that underlying cardiovascular changes are 

progressive, time of clinical presentation of late-onset cardiovascular toxicity is seldom 

uniform among childhood leukaemia survivors [19, 66, 89]. In fact, indicators of disease have 

been reported in survivors as early as 5 years and as late as 20 years post treatment [16, 90]. 

  

2.1.5.1 Anthracycline Cardiomyopathy 

Late-onset cardiac toxicity has numerous presentations inclusive of arrhythmias, hypotension, 

myocarditis and pericarditis [19]. The most recognised manifestation is anthracycline 

cardiomyopathy, which may eventually lead to congestive heart failure [15, 18, 19, 23, 26, 
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48]. In childhood leukaemia survivors, anthracycline cardiomyopathy will often have 

characteristics of the dilated form in the years immediately following treatment [19, 26, 91]. 

However, late anthracycline cardiomyopathy most typically presents as restrictive disease, 

despite this initial dilated presentation [19, 26, 91]. Dilated cardiomyopathy is characterised 

by ventricular chamber enlargement, thinning cardiac walls and contractile dysfunction, all 

resulting from treatment-induced myocyte damage and death [26, 92-94]. Conversely, 

restrictive cardiomyopathy is typified by smaller sized, thicker ventricles and inhibited 

relaxation, most likely due to compensatory myocyte hypertrophy [26, 84, 95-97]. As such, 

early signs of late-onset anthracycline cardiac toxicity are varied and can include systolic 

and/or diastolic dysfunction, increases or decreases in ventricular cavity dimensions and 

volumes, and/or increases or decreases in myocardial mass [18, 95-97]. However, these early 

signs often have no associated symptoms and so anthracycline cardiomyopathy may not be 

detected until it has become clinically significant many years following treatment [18]. 

Figure 2.3 demonstrates the various possible features of a survivor heart suffering from 

anthracycline cardiomyopathy [94]. Typically, observable structural and functional cardiac 

changes – such as ventricular dilation and myocardial hypertrophy – are attributable to some 

form of underlying injury to, and/or disease of, the myocytes and associated microvasculature 

– for example, fibrosis or myocarditis. 
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Figure 2.3  Diagram of the common cardiac effects of anthracycline 

cardiotoxicity. Anthracycline cardiomyopathy has numerous features that are 

varied between patients. Characteristics of both dilated and restrictive 

cardiomyopathies are often seen in childhood leukaemia survivors – for example, 

ventricular dilation in the presence of myocardial hypertrophy. Typically, these 

complications arise from underlying damage and/or disease to the myocytes and 

associated microvasculature. Fibrosis, myocarditis and infiltrative diseases may 

be observable in late stages of the disease. Amended from Jordan et al. [94].  
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2.1.5.2 Atherosclerosis and Atherosclerotic Disease 

Endothelial injury from anthracyclines results in increased permeability of the arterial wall 

and a reduction in the bioavailability of endothelium-derived nitric oxide, which can lead to 

thrombosis, leukocyte adhesion and proliferation of smooth muscle cells in the intima media, 

as well as impaired vasodilation [72, 78, 98, 99].  Late-onset anthracycline endothelial 

toxicity in childhood leukaemia survivors may present as atherosclerosis and associated 

complications and disease [98].  Presence of secondary cardiovascular risk-factors such as 

obesity, dyslipidaemia, hypertension and cardiorespiratory insufficiency may advance this 

disease, resulting in earlier presentation of signs and symptoms [77].  

 

2.1.6 Long-Term Follow-Up: Guidelines for Detection and Treatment of 

Cardiovascular Late Effects 

The Children's Oncology Group [17] have developed comprehensive guidelines for the long-

term follow-up of all paediatric, adolescent and young-adult cancer survivors. The guidelines 

are produced so that practitioners can develop long-term care plans that are personalised for 

each individual based on their specific diagnosis and treatment regimen [17]. For survivors of 

childhood cancer who have received anthracycline chemotherapy, the Children's Oncology 

Group [17] recommend a historical evaluation of fatigue, bleeding and easy bruising, as well 

as a dermatological exam (pallor, petechiae, purpura) yearly for up to 10 years following 

exposure. The current guidelines (version 5.0) also recommend a comprehensive, annual 

evaluation of cardiac health (historical examination of chest pain, palpitations, orthopnoea 

and resting and/or exertional dyspnoea, blood pressure assessment, and physical cardiac 

exam) with no restrictions on the length of follow-up [17]. Echocardiography is 
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recommended as the primary screening tool for cardiovascular side-effects [17]. Frequency 

of screening is primarily determined by the total dosage of anthracyclines administered and 

the use of adjuvant radiotherapy (Table 2.1); however, secondary risk-factors such as young 

age at time of exposure, negative health behaviours (eg. smoking) and presence of pre-

morbid or co-morbid health conditions may affect this [17]. Guidelines state that cardiac 

magnetic resonance imaging (cMRI) may be used as an adjunct imaging modality when 

echocardiographic images are suboptimal [17]. Similarly, electrocardiograms are only 

utilised when clinically indicated [17]. There are currently no established measures included 

in long-term follow-up protocols for assessment of vascular health. 

 

 

Table 2.1    Recommended frequency of echocardiogram in survivors of childhood cancer 

who are exposed to cardiotoxic therapies.
┼
  

Anthracycline Dose* Radiation Dose** Recommended Frequency 

None 

<15Gy or none No screening 

≥15 – <35 Gy Every 5 years 

≥35 Gy Every 2 years 

<250 mg·m
2
 <15 Gy or none Every 5 years 

 ≥15 Gy Every 2 years 

≥250 mg·m
2
 Any or none Every 2 years 

┼
Amended from the Children's Oncology Group [17] Version 5.0 Long-Term Follow-Up 

Screening Guidelines for those at risk of cardiovascular toxicity. 

*Based on doxorubicin isotoxic equivalent dose 

**Based on radiation dose with potential impact to heart (radiation to chest, abdomen, spine 

[thoracic, whole], total body) 
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2.1.6.1 Cardiovascular Screening: Resting Echocardiography 

The benchmark screening tool for assessing cardiac health in long-term survivors of cancer is 

resting, two-dimensional (2D) transthoracic echocardiography [17, 21]. This method is non-

invasive and highly accessible, making it optimal for assessing structure and function post-

anthracycline therapy [21, 100]. Guidelines and reference standards for imaging have been 

provided by the American Society for Echocardiography and the European Association of 

Cardiovascular Imaging [100]. Chamber sizes and function are typically quantified through 

measurement of linear dimensions, volumes, systolic and diastolic function, and left 

ventricular (LV) mass indices using tissue harmonic imaging and Doppler [100]. Probably 

the most widely referenced measure of cardiac health in long-term cancer survivors treated 

with anthracyclines is LV ejection fraction (LVEF), a marker of systolic function [96, 97, 

101]. A commonly accepted definition of late-onset cardiac toxicity currently used in clinical 

practice is a decrease in LVEF of >10% to an LVEF less than 53% in survivors with a normal 

baseline LVEF [22, 28, 102, 103].  

 

2.1.6.2 Treatment for Cardiovascular Late Effects 

There is currently no consensus on the best management or treatment options for late 

cardiovascular complications of anthracycline chemotherapy [13, 49-51]. To date, studies 

have trialled pharmacological interventions commonly used for non-cardiotoxic heart 

disease; although, success seems to be varied and beneficial effects may only be short-lived 

[13, 49-51]. Additionally, mortality from cardiac complications such as restrictive 

cardiomyopathy can be as high as 50% within two years of diagnosis, leaving minimal time 

to actually treat anthracycline-mediated disease once it has been established [44]. However, a 

study in adult cancer survivors showed better outcomes with earlier initiation of treatment for 
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patients with diagnosed anthracycline cardiomyopathy [104]. While it is currently unknown 

whether early detection and intervention will change the trajectory of the disease process, this 

study emphasises the importance of early intervention for optimising disease management. 

Implementing precise screening measures in long-term follow-up that will allow for early 

detection of subclinical changes before they progress to significant disease may further 

enhance treatment success. 

 

2.1.7 Cardiovascular Screening Protocols: Are They Effective? 

Increasingly, studies are showing that resting 2D echocardiography may not be optimal as a 

follow-up screening tool as this particular form of assessment cannot detect subclinical 

cardiac injury before it evolves to a detrimental stage of toxicity [21, 24, 25]. Recent 

advancements in cardiac imaging may provide an alternative screening method that allows 

for earlier detection of abnormalities and, hence, earlier initiation of treatment. 

While mortality from ischaemic heart disease is not a significant concern in the leukaemia 

survivor population (death from cardiomyopathy and heart failure is much more likely),  the 

lack of vascular-specific screening measures in long-term follow-up prompts the question as 

to whether deaths or complications from atherosclerotic diseases could be further minimised 

in this population with the implementation of such measures [14].  

 

2.1.7.1  Advanced Cardiac Imaging: Potential Advantages 

Contemporary cardiac imaging techniques may provide a more comprehensive picture of 

cardiac health following anthracycline chemotherapy and allow for earlier detection of 
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underlying dysfunction in childhood leukaemia survivors who are asymptomatic, have no 

diagnosed cardiac pathology, and have normal resting echocardiography (ie. apparently 

healthy hearts). Assessments that may offer additional benefits to standard imaging include 

cMRI, exercise stress echocardiography and speckle-tracking strain echocardiography. 

2.1.7.1.1 Cardiac Magnetic Resonance Imaging 

Cardiac magnetic resonance imaging is the gold-standard for the assessment of cardiac 

function and morphology [22, 102, 105, 106]. It has high spatial resolution and superb 

contrast resolution; it also has very low inter and intra-observer variability [22, 102, 105, 

106].  Additional advantages of cMRI include the ability to determine myocardial mass, 

visualise cardiac and pericardial structures, as well as to detect myocardial oedema and 

fibrosis (Figure 2.4) [102]. Visualisation of structures and evaluation of myocardial 

composition is primarily done using contrast agents such as gadolinium. Gadolinium, cannot 

cross the myocyte cell membranes and so rests in the extracellular space of tissues [107]. As 

healthy myocardium is densely packed with viable myocytes that do not permit entrance of 

gadolinium into the tissue, there is little gadolinium enhancement of normal myocardium 

[102, 107]. However, pathologies resulting in increased extracellular space (e.g. fibrosis, 

inflammation, infiltration) may be detected and defined based on the volume and distribution 

of gadolinium within these tissues [102, 107]. Cardiac magnetic resonance imaging offers a 

more accurate and comprehensive analysis of cardiac health than echocardiography [21, 22]. 

Studies have shown that echocardiography has high false-negative rates and often 

overestimates true LVEF when compared to cMRI values, which provide the reference 

standards for all other cardiac imaging modalities [21, 102]. As such, cMRI could provide an 

optimal and accurate way of assessing cardiac health in childhood leukaemia survivors 

following treatment with anthracycline chemotherapy. However, at present access to MRI is 
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somewhat limited and, therefore, the cost of scans is relatively high compared to other 

imaging techniques. As a result, cMRI may not provide the most realistic technique for 

regular follow-up of childhood leukaemia survivors treated with anthracyclines at the present 

time. Notably, Armstrong et al. [21] suggested using cMRI as a secondary investigation when 

survivors record an LVEF of 50-59% by 2D echocardiography. This graded system of 

screening could provide an efficient and robust method for the identification of survivors 

with subclinical injury and/or who are at risk of future disease. 

 

 

Figure 2.4  Löffler and Salerno [102] highlight the numerous features of 

cMRI. High quality images and state-of-the-art analysis software make cMRI the 

gold-standard for the evaluation of anatomical structure and function. Contrast 

agents such as gadolinium also allow for examination of myocardial tissue 

composition, which helps in the diagnosis of disease and abnormalities such as 

fibrosis. 
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2.1.7.1.2 Exercise Stress Echocardiography 

Echocardiography is accessible and relatively easy to administer on a regular basis for the 

long-term follow-up of childhood leukaemia survivors. However, as previously mentioned, 

resting protocols may not be accurate enough for the timely detection of late cardiac toxicity. 

Exercise stress echocardiography involves ultrasound assessment of the heart before and after 

participation in a progressive exercise test [108, 109]. During heavy exercise, cardiovascular 

demand increases in order to provide the working muscles with enough oxygen for 

metabolism and to remove waste [110]. When disease and/or cardiovascular injury are 

present, the progressive increase in physical activity can eventually overstress or 

decompensate the system, resulting in a supply-demand deficit that can lead to functional 

deficiencies and/or symptoms of cardiac insufficiency [111]. Therefore, the advantage of 

exercise stress echocardiography lies in its ability to unmask underlying disease, as well as 

structural and functional cardiac abnormalities, that may not be apparent in a typical resting 

state [108, 109]. Exercise stress echocardiography is a reliable method for diagnosis and risk-

stratification in patients with known or suspected ischaemic heart disease [109, 112]. 

Exercise stress echocardiography has also proven to be useful in the evaluation of patients 

with suspected diastolic dysfunction and hypertrophic cardiomyopathy [109, 112]. As 

myocyte hypertrophy in childhood leukaemia survivors initially occurs to allow for 

maintenance of normal cardiac function following anthracycline insult, it follows that the 

physiological stress of exercise may help to unmask abnormalities not otherwise observed 

[24-26, 113-115]. This could allow for the earlier detection of latent cardiac dysfunction, 

before the hypertrophied myocytes fail to the point of being unable to maintain normal, 

resting cardiac output.  
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2.1.7.1.3 Strain Imaging 

Strain is a robust and reproducible measure of global and regional myocardial function; it is 

defined as the change in tissue length normalised to the original length (Figure 2.5) [27, 96]. 

Strain can be measured in the three primary directions of cardiac contraction (longitudinal, 

circumferential and radial) and therefore is an effective measure of systolic function [96].  

 

 

 

Figure 2.5  Foundations of myocardial strain. Myocardial strain measures 

tissue deformation and is defined as the change in tissue length (L1-L0) 

normalised to the initial length (L0) of the region of interest. The information 

strain provides on underlying myocardial mechanical activity may make it a more 

precise index of left ventricular function than ejection fraction. Amended from 

Abraham et al. [96]. 
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Currently, LVEF is the most widely used measure of systolic function in clinical practice [96, 

97, 101]. However, regardless of imaging technique used, LVEF is unable to provide 

information on regional function and underlying myocardial mechanical activity; it is also 

limited by geometric assumptions, load dependency, reproducibility, inter-observer 

variability, and the influence of heart rate and translational motion [21, 27, 101]. As a result, 

numerous studies have reported myocardial strain to be a more precise index of LV function 

than LVEF [27, 101]. In addition to this, myocardial strain may be a more accurate 

prognostic marker in clinical populations who have a preserved LVEF or who only 

experience a reduced LVEF following substantial injury and/or an extended time period; 

therefore, strain measures should be additive and complimentary to LVEF measurement [27, 

101, 116]. The inclusion of strain analysis into long-term follow-up imaging may allow for 

earlier detection of abnormal myocardial mechanics and systolic dysfunction in 

asymptomatic childhood leukaemia survivors, especially if they appear to have a preserved 

LVEF or normal global systolic function. 

 

2.1.7.2 Vascular-Specific Assessment: Potential Advantages 

Echocardiography is the primary measure used in long-term follow-up to screen for 

cardiovascular late effects, with electrocardiography used as a secondary measure when 

clinically indicated [17]. Echocardiography provides no information on vascular health and 

electrocardiogram can only identify atherosclerosis once it has become established and/or has 

caused a cardiac event; therefore, there are no effective screening measures in place for 

assessing presence of vascular toxicity following treatment with anthracyclines. Early 

detection of vascular toxicity is essential for preventing morbidity from atherosclerotic 

disease in childhood leukaemia survivors. Flow mediated dilation (FMD) is a non-invasive 

measure of endothelial function and a surrogate measure of coronary endothelial function 
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[99, 117]. Therefore, FMD may be useful for detecting early anthracycline injury to the 

endothelium [99].  

2.1.7.2.1 Flow Mediated Dilation 

Flow mediated dilation is an endothelium-dependent and nitric oxide-mediated index of 

conduit artery function; essentially, it assesses the vasodilatory response during reactive 

hyperaemia [98, 99]. Flow mediated dilation strongly predicts cardiovascular events (a 1% 

decrease in FMD results in a 13% increase in risk of experiencing a cardiovascular event), 

hence providing valuable prognostic information for those with suspected or established 

disease [98, 99, 118]. It is currently the most reliable and widely used measure of endothelial 

function in humans, which is an early sign of atherogenesis [119]. However, FMD is still 

only a research tool and is not used in clinical practice.  

 

2.1.8 Advanced Cardiovascular Imaging Techniques in Childhood Cancer 

Survivors 

Early detection of subclinical changes in cardiovascular structure and function is integral for 

the prevention of more advanced anthracycline-related complications that currently cannot be 

effectively detected or treated. There is evidence supporting the viability of the 

aforementioned advanced imaging techniques at detecting cardiovascular abnormalities in a 

timely manner and numerous studies have attempted to determine whether these modalities 

are useful in cancer survivor populations at risk of latent dysfunction [21, 22, 27, 28]. 

Currently, studies utilising these advanced imaging techniques in childhood cancer survivor 

populations have shown mixed results regarding their ability to detect underlying 
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abnormalities indicative of late-onset anthracycline toxicity. 

 

2.1.8.1 Evidence for the Efficacy of Cardiac Magnetic Resonance Imaging 

A number of studies that have utilised cMRI in childhood cancer survivor populations have 

confirmed its ability to detect cardiac abnormalities before they advance to significant disease 

(Table 2.2) [21, 90, 105, 120]. Notably, in a heterogeneous group of childhood cancer 

survivors who had previously been undiagnosed with cardiac toxicity, cMRI uncovered 32% 

of survivors with a LVEF more than two standard deviations below the age and sex-stratified 

norms [21]. In addition to this, cMRI also revealed 27% of this cohort had stroke volumes 

and 48% had cardiac masses more than two standard deviations below the norms [21]. In a 

similar study utilising cMRI in anthracycline-exposed survivors of childhood cancer who 

were free from cardiac injury and more than 5 years post-treatment, 18% had abnormal 

(<45%) LVEF and 27% had abnormal right ventricular (RV) EF [90]. There was also 

evidence for significantly increased LV and RV end systolic volumes and augmented LV end 

diastolic volume in the survivor cohort [90]. These findings were reiterated in a later study by 

the same author, which found that 78% of childhood cancer survivors treated with known 

cardiotoxic therapies (ie. anthracyclines and radiotherapy) had cMRI LVEF <55% [120]. 

When the “abnormal” LVEF cut-off was further lowered to <50%, half of the cohort still had 

abnormal values [120]. In a study quantifying ventricular function using cMRI in 

anthracycline-treated childhood cancer survivors at various stages of survivorship, 54% 

presented with LVEF <55% [105]. 

Interestingly, those studies that have included gadolinium into their cMRI protocols report 

inconsistent findings in childhood cancer survivor populations [90, 121]. Ylänen et al. [90] 

failed to identify late gadolinium enhancement in a heterogeneous group of childhood cancer 
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survivors (median follow-up of 7.8 years) who had received anthracyclines and radiotherapy. 

The authors concluded that the short time since treatment cessation was most likely 

attributable to the lack of fibrosis detected in their survivor cohort [90]. However, a study in 

longer-term (16.6 years from treatment cessation) survivors of childhood leukaemia who also 

received aggregated therapies reported fibrosis in 9% of LVs and 38% of RVs, suggesting 

that gadolinium may still be useful in populations within the 20 year survivorship time-frame 

[121]. 

To our knowledge, there are no studies that have isolated survivors of childhood leukaemia 

who received anthracyclines but no radiotherapy and who are free from cardiac injury and 

symptoms to assess whether similar subclinical changes in cardiac structure and function can 

be found using cMRI with late gadolinium enhancement. This is important for assessing late 

anthracycline-specific injury that is not confounded by other treatment types and for 

determining whether early stages of anthracycline toxicity can be identified before they 

progress to advanced disease. 
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Table 2.2    Summary of studies utilising cMRI with or without late gadolinium enhancement for the detection of late cardiotoxicity in childhood cancer survivors who have no 

diagnosed cardiovascular disease or abnormalities. 

Study 

Reference 

Sample 

Size 

Age at 

Diagnosis*  

Age at Study 

Participation* 

Survival 

Duration* 

Type of 

Cancer 

Control 

Group 

Cum. 

Anthracycline 

Dosage 

(Range) 

XRT 

Dosage 

(Range) 

cMRI Study 

Variables 
Summary of Findings 

Armstrong et 

al. [21] 
n = 114 10.5 ± 5.8 y 38.3 ± 6.3 y 27.7 ± 4.6 y Mixed 

Normative 

Data; 

Alfakih et al. 

[122] 

0 - 803 mg·m
2
 

0 – >30 

Gy 

LVEF, 

LVEDV, 

LVESV, 

LVSV, CO 

and LV mass 

32% with LVEF, 27% with 

LVSV and 48% with LV mass 

>2 SD below norms 

Ylänen et al. 

[90] 
n = 62 

3.8 y           

(0.0 – 13.8 y) 
14.6 ± 3.2 y  

7.8 y           

(4.9 – 18.0 y) 
Mixed 

Normative 

Data; 

Robbers‐
Visser et al. 

[123] and 

Sarikouch et 

al. [124] 

80 – 419 

mg·m
2
  

3.6 – 12 

Gy 

LV and RV 

EF, EDV, 

ESV and SV; 

LV mass and 

LGE  

18% with LVEF and 27% with 

RVEF <45%. Significantly 

increased LVEDV, LVESV, 

RVESV and RVSV. No LGE 

Ylänen et al. 

[120] 
n = 58 

Anthracyclines 

4 y (0 – 14 y)  

Anthracyclines 

& XRT           

5 y (0 – 13 y) 

Anthracyclines

14 ± 3 y  

Anthracyclines 

& XRT         

13 ± 3 y 

>5 y Mixed 

Normative 

Data; 

Robbers‐
Visser et al. 

[123] 

80 – 454 

mg·m
2
 

3.6 – 12 

Gy 

LVEF, 

LVEDV and 

LVESV 

78% with LVEF <55% and 50% 

with LVEF <50% 

Oberholzer et 

al. [105] 
n = 28 - 16.4 y 

3 y                 

(1 month – 20 

y) 

Mixed 
Normative 

Data 
0 Gy Nil 

LV and RV 

EF, EDV, 

ESV and SV; 

LV mass 

Increased LVESV index and 

decreased LVEF and RVEF 

during therapy. 54% with LVEF 

<55% 

Cheung et al. 

[121] 
n = 58 7.6 ± 4.7 y 24.5 ± 4.4 y 16.6 ± 5.8 y 

Acute 

Leuk-

aemia 

No Control. 

EF ranges 

based on 

those used 

by Ylänen et 

al. [90] 

10 – 541 

mg·m
2
 

Dosage 

Not 

Specified 

LV and RV 

EF, EDV and 

ESV. LGE 

9% with LVEF between 45 – 

<55%. 34% with RVEF between 

45 – <55% and 12% with RVEF 

<45%. 9% with LV and 38% 

with RV fibrosis. 

cMRI, cardiac magnetic resonance imaging; Cum., cumulative; XRT, radiotherapy; LV, left ventricular; EF, ejection fraction; EDV, end diastolic volume; ESV, end systolic volume; SV, 

stroke volume; CO, cardiac output; RV, right ventricular; LGE, late gadolinium enhancement; SD, standard deviation 

*Presented as either mean ± SD or median (range) 
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2.1.8.2 Evidence for the Efficacy of Exercise Stress Echocardiography 

The current body of literature surrounding the use of exercise stress echocardiography in 

asymptomatic survivors of childhood cancer is inconsistent in its findings (Table 2.3) [89, 

113, 115, 125, 126]. In a study by Cifra et al. [125], anthracycline-treated childhood cancer 

survivors with normal baseline LVEF underwent an exercise stress echocardiogram on a 

supine bicycle. Interestingly, results demonstrated that survivors had similar left and right 

ventricular systolic and diastolic exercise responses compared to controls [125]. Ryerson et 

al. [126] also conducted echocardiograms during bicycle exercise in anthracycline-treated 

survivors of childhood cancer. The authors reported resting diastolic dysfunction that was 

augmented with exercise, with similar improvements observed in systolic function [126]. 

Therefore, they concluded that exercise echocardiography was not a useful surveillance tool 

in this population [126]. In contrast,  Jarfelt et al. [113], Smibert et al. [115] and Guimaraes-

Filho et al. [127] all reported that exercise stress echocardiography was able to detect 

subclinical cardiac dysfunction in survivors of childhood cancer who were free from a 

diagnosed cardiac pathology. Jarfelt et al. [113] reported systolic dysfunction at maximal 

exercise in symptom-free survivors of childhood ALL who were tested using either a supine 

bike or treadmill. Compared to controls, the survivors had lower exercise LVEF, stroke 

volume indexes, cardiac outputs and end diastolic volumes, as well as higher end systolic 

volumes, indicating early signs of cardiomyopathy that were detectable only following stress 

[113]. Comparably, Smibert et al. [115] reported contractile dysfunction, represented by 

reduced exercise fractional shortening, in anthracycline-treated childhood cancer survivors 

compared to controls. A study by Guimaraes-Filho et al. [127] reported cardiac alterations 

with exercise in asymptomatic childhood cancer survivors treated with anthracyclines but 

without diagnosed CVD. Notably, following treadmill exercise the survivor group had a 

decreased LV systolic diameter and smaller changes in LVEF and end systolic stress volume 
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index compared to controls, suggesting reduced functional systolic reserve [127]. 

For the most part, studies implementing exercise stress echocardiography in childhood cancer 

survivors have utilised populations that have been heterogeneous in cancer diagnosis and/or 

cancer treatment (see Table 2.3 for a summary). Additionally, these studies have largely 

relied on M-mode, 2D and/or Doppler echocardiography to capture images, with few 

employing strain analysis. To the best of our knowledge, no one has previously performed 

exercise echocardiography in disease-free survivors of childhood leukaemia who were treated 

exclusively with anthracyclines using comprehensive strain imaging to determine early, 

clinically undetectable cardiac dysfunction.  Further, no studies in this cohort have reported 

recovery measures following maximal exercise. Delayed imaging offers valuable insight into 

how the cardiovascular system recovers following the stress of exercise. This is important for 

detecting abnormalities in fitness, structure and function that may not be detectable at peak, 

either due to a normal exercise response or poor image quality. 
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Table 2.3    Summary of studies utilising exercise stress echocardiography for the detection of late cardiotoxicity in childhood cancer survivors who have no diagnosed cardiovascular 

disease or abnormalities. 

Study 

Reference 

Sample 

Size 

Age at 

Diagnosis*  

Age at Study 

Participation* 
Survival* 

Type of 

Cancer 
Control 

Cum. 

Anthracycline 

Dosage* 

XRT 

Dosage* 

Exercise 

Modality 

Imaging 

Techniques 
Summary of Findings 

Cifra et al. 

[125] 

Total      

n = 151 

 

Survivor 

n = 100 

 

Control   

n = 51  

4.2 ± 2.8 y 

Survivor        

14.4 ± 2.5 y 

 

Control         

14.3 ± 2.7 y  

10.3 ± 3.3 y Mixed 

Healthy,       

Not 

Matched 

212 ± 115 

mg·m
2
 

1580 ± 

499 Gy 

Semi-

supine 

Bicycle 

Ergometer 

M-mode, 

colour 

Doppler and 

speckle-

tracking 

Rest: reduced septal 

thickness and isovolumetric 

relaxation time in survivors 
 

Exercise: reduced LV lateral 

wall and basal septal 

isovolumetric acceleration, 

reduced diastolic velocities, 

and higher GLS response in 

survivors 
 

Recovery: Not reported on 

Ryerson et 

al. [126] 

Total      

n = 80 

 

Survivor 

n = 59  

 

Control   

n = 21 

Survivor         

LR 5.5 ± 2.6 y                   

MR 2.4 ± 1.8 y                     

HR 6.4 ± 4.6 y 

 

Control         

3.0 ± 3.1 y 

Survivor         

LR 16.0 ± 2.9 y                   

MR 14.5 ± 3.2 y                     

HR 16.2 ± 3.6 y 

 

Control         

13.0 ± 3.4 y 

Survivor         

LR 8.0 ± 2.7 y                   

MR 9.6 ± 3.4 y                     

HR 8.3 ± 3.0 y 

 

Control         

8.5 ± 2.7 y 

Mixed 

Survivors,     

No Anthra-

cyclines 

LR            

119.6 ± 43.3 

mg·m
2
        

 

MR           

171.0 ± 40.0 

mg·m
2
  

 

HR            

344.0 ± 62.3 

mg·m
2
 

Nil 
Bicycle 

Ergometer 

M-mode, 

colour 

Doppler and 

segmental 

strain 

Rest: Lower LVSV in MR 

group and lower E/A ratios 

in HR group compared to 

controls 
 

Exercise: Lower LVSV and 

CO in MR group compared 

to controls, lower change in 

oxygen pulse from rest to 

exercise in HR group 
 

Recovery: No imaging 

Jarfelt et 

al. [113] 

Total      

n = 35 

 

Survivor 

n = 23 

 

Control   

n = 12 

5                     

(1 – 8) y 

Survivor          

27 (20 – 31) y 

 

Control         

27.5 (20 – 32) y 

21                 

(17 – 27) y 
ALL 

Healthy,      

Not 

Matched 

100 – 400 

mg·m
2
 

18 – 24 

Gy 

Supine 

Bicycle 

Ergometer 

or 

Treadmill 

M-mode, 

Doppler 

Rest: Lower LVEF and 

LVSV index, and higher 

E/E’ in survivors 
 

Exercise: Lower LVEF, 

LVSV index, CO and 

LVEDV, and higher LVESV 

in survivors 
 

Recovery: Not reported on 
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Table 2.3    Summary of studies utilising exercise stress echocardiography for the detection of late cardiotoxicity in childhood cancer survivors who have no diagnosed cardiovascular 

disease or abnormalities. 

Study 

Reference 

Sample 

Size 

Age at 

Diagnosis*  

Age at Study 

Participation* 
Survival* 

Type of 

Cancer 
Control 

Cum. 

Anthracycline 

Dosage* 

XRT 

Dosage* 

Exercise 

Modality 

Imaging 

Techniques 
Summary of Findings 

Smibert et 

al. [115] 

Total      

n = 141 

 

Survivor 

n = 110 

 

Control   

n = 31 

6.6 ± 4.3 y 

Survivors       

14.7 ± 4.9 y 

 

Controls        

13.8 ± 3.6 y 

6.5 ± 3.2 y Mixed 

Healthy,      

Not 

Matched 

0 – >900 

mg·m
2
 

Nil 

Supine 

Bicycle 

Ergometer 

or 

Treadmill 

M-mode, 

Doppler 

Rest: No differences 

between groups 
 

Exercise: Reduced FS in 

survivors treated with higher 

doses of anthracyclines 

compared to controls 
 

Recovery: No imaging 

Guimaraes

-Filho et 

al. [127] 

Total      

n = 55 

 

Survivor 

n = 29 

 

Control  

n = 26 

- 

Survivors           

9 ± 3 y 

 

Controls            

11 ± 2 y 

3.2               

(1.6 – 4.8) y 
Mixed 

Healthy,     

Age 

Matched 

100 mg·m
2
 Nil Treadmill Doppler 

Rest: No differences 

between groups 
 

Exercise: Decreased cardiac 

dimensions and smaller 

changes in LVEF and end 

systolic stress-volume index 

from rest to exercise in 

survivors 
 

Recovery: No imaging 

Cum., cumulative; XRT, radiotherapy;  LR, low risk; MR, moderate risk; HR, high risk; ALL, acute lymphoblastic leukaemia; LV, left ventricular; GLS, global longitudinal strain; SV, stroke 

volume; E/A, ratio of peak E to peak A flow velocity; CO, cardiac output; EF, ejection fraction; E/E’, mitral valve peak E flow velocity to peak E annular tissue velocity; EDV, end diastolic 

volume; ESV, end systolic volume; FS, fractional shortening; 

*Presented as either mean ± SD or median (range) 
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2.1.8.3 Evidence for the Efficacy of Strain Imaging 

A number of studies have examined the effectiveness of strain imaging at detecting early 

cardiac dysfunction in asymptomatic childhood cancer survivors. Typically, strain is 

measured at rest [97, 128-130]. Two studies performed strain as part of an exercise 

echocardiogram protocol; although, one study was unable to actually collect analysable strain 

images at peak exercise [125, 126]. With regards to resting echocardiography, Armstrong et 

al. [97], Cheung et al. [131], Christiansen et al. [129] and Yu et al. [128] all reported 

abnormal global longitudinal strain in mixed groups of childhood cancer survivors who 

underwent varying treatment regimens but were all asymptomatic. Cheung et al. [131] also 

saw reductions in global circumferential and global radial strain in their cohort of adolescent 

ALL survivors treated with anthracyclines but no radiotherapy. Additionally, Yu et al. [128] 

observed global circumferential strain below normal ranges in survivors of childhood, 

adolescent and young adult cancers treated with various therapies, while Armstrong et al. 

[97] saw reductions in global circumferential strain among childhood cancer survivors who 

had been grouped based on therapy received (although, there was no apparent association 

with treatment dosage). The one study that successfully collected peak exercise measures of 

strain found no difference in exercise global longitudinal strain between anthracycline-treated 

survivors of childhood cancer and controls [125]. Myocardial strain was not measured in any 

other plane in this study [125].  

Imaging is constantly advancing and the quality of peak recordings is becoming progressively 

more reliable. Assessment of latent cardiac dysfunction in asymptomatic and apparently 

healthy childhood leukaemia survivors has yet to be undertaken using comprehensive strain 

analysis in conjunction with an exercise echocardiography protocol.  Additionally, recovery 

measures post-exercise are yet to be reported in this population. 
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2.1.8.4 Evidence for the Efficacy of Flow Mediated Dilation 

There is strong evidence supporting the use of FMD for detecting subclinical vascular 

toxicity in childhood cancer survivor populations [72, 86, 132, 133]. In a study by Dengel et 

al. [72], survivors of childhood ALL were allocated into groups based on treatment before 

having their conduit artery function assessed. Compared to healthy controls, survivors who 

received chemotherapy only and survivors who received chemotherapy and CRT had 

significantly reduced FMD responses [72]. In a similar study by the same researcher, 

childhood leukaemia survivors presented with reduced FMDs compared to healthy controls; 

although, there were no differences between controls and any other cancer diagnosis group in 

FMD [132]. Findings by Järvelä et al. [86] have reiterated the presence of endothelial 

dysfunction in long-term survivors of childhood leukaemia.  

There is yet to be a study in anthracycline-treated childhood leukaemia survivors that 

amalgamates advanced cardiovascular imaging techniques into one study to assess the extent 

of underlying cardiovascular toxicity and risk of future CVD.  

 

2.1.9 Leukaemia Summary and Thesis Relevance 

Anthracycline chemotherapy causes cardiovascular injury that incites the silent but 

detrimental progression of CVD in survivors of childhood leukaemia [13, 18, 19]. Late 

cardiovascular complications are difficult to treat once established, emphasising the 

importance of detecting underlying abnormalities early. Ongoing developments in 

cardiovascular imaging have provided numerous techniques that may allow for more timely 

detection of subclinical dysfunction than current screening procedures. However, some of the 

most contemporary imaging modalities are yet to be utilised in an isolated population of 
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anthracycline-treated childhood leukaemia survivors with normal resting echocardiography. 

Specifically: 

1) It has not been determined whether cMRI with late gadolinium enhancement is able 

to detect subclinical cardiac dysfunction and myocardial abnormalities in apparently 

healthy childhood leukaemia survivors treated with anthracyclines but no 

radiotherapy. 

2) It has not been determined whether exercise stress echocardiography with advanced 

strain analysis is effective at detecting subclinical cardiac dysfunction in apparently 

healthy childhood leukaemia survivors treated with anthracyclines but no 

radiotherapy.  

3) Arterial FMD has not been assessed in conjunction with advanced cardiac imaging 

techniques to provide a comprehensive analysis of cardiovascular health in 

childhood leukaemia survivors treated with anthracyclines but no radiotherapy. 

This thesis will fill these gaps in knowledge by: 

1)  Examining whether cMRI with late gadolinium enhancement, exercise stress 

echocardiography using speckle tracking strain imaging, and arterial FMD are useful 

for detecting underlying changes in cardiovascular structure and function in 

apparently healthy survivors of childhood ALL and AML treated with anthracyclines 

but no radiotherapy. 

Further to this body composition and cardiorespiratory fitness will be measured to provide a 

comprehensive analysis of cardiovascular health in the childhood leukaemia survivor 

population.  
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2.2 Childhood Brain Cancer 

 

2.2.1 Disease Burden 

Over the past 20 years, the incidence of childhood brain cancer has increased by 

approximately 40%, making it the most common solid neoplasm and the second most 

common childhood malignancy after leukaemia [45, 134, 135].  In Australia, childhood brain 

cancer kills more children than any other disease [136]. Despite this, only 5% of Australian 

Government medical research funding is dedicated to brain tumour research [136]. 

 

2.2.2  Pathology 

Childhood brain cancer is characteristically either benign or malignant.  Benign tumours 

consist of slow growing cells and generally have distinct borders [136]. While benign 

tumours do not invade surrounding tissue, they commonly compress sensitive areas of the 

brain which can produce a variety of symptoms (Figure 2.6) [137]. The severity of these 

symptoms is largely dependent on tumour size and location, which can also complicate 

treatment if areas of vital functioning are involved [136, 137]. Malignant tumours are 

typically more complex than benign tumours, varying in the way they both grow and respond 

to treatment [136]. Primarily, this is because malignant tumours tend to invade healthy 

surrounding tissue and/or metastasize to other areas of the body (Figure 2.6) [137]. This can 

result in a variety of consequences which may ultimately be life-threatening if treatment is 

unsuccessful [137]. Childhood brain cancer can be further classified as primary (originating 

in the brain) or secondary (originating from elsewhere in the body) [136].  In paediatric cases, 
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brain cancer is almost always primary; although, late-stage leukaemia or lymphoma may 

metastasize in rare cases [138, 139]. Primary tumours are numerous and are named based on 

the area of the brain where they occur. Glial cell tumours (gliomas) are the most common 

diagnoses, accounting for 70-80% of all brain cancers [136, 140]. Primitive neuroectodermal 

tumours are the second most common tumour, accounting for 15-25% of all brain cancers, 

while craniopharyngiomas account for 2-5% of diagnoses and are the most common tumour 

affecting the hypothalamic–pituitary region in children [140, 141].  

 

 

 

Figure 2.6  Diagram of the different types of brain cancer. Metastatic brain 

tumours, represented in the picture on the left, typically invade healthy tissue and 

so are difficult to treat without consequences. In contrast, benign tumours, 

presented in the picture on the right, have distinct borders and so can often be 

easily resected. Amended from Drugs.com [142]. 
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2.2.3 Treatment  

Treatment for childhood brain cancer depends on the grade and severity of the tumour [141]. 

Generally, regimens involve a combination of surgery, radiotherapy and/or chemotherapy to 

ensure all cancerous cells are targeted [136, 141, 143].  

 

2.2.3.1 Surgery 

Surgery is commonly used as a first-line treatment for childhood brain cancer [136]. It is an 

invasive therapy that usually involves craniotomy and subsequent resection of cancerous cells 

[144]. The main objective of surgery is to remove as much of the tumour as possible whilst 

minimising damage to surrounding, healthy tissue [136, 144]. If it is unsafe or impossible to 

do so, other therapies are utilised to treat the remaining cancer cells [136, 144]. Surgery can 

also be effective at releasing pressure caused by impressing tumours, hence relieving 

symptoms [136, 144]. Preserving brain function is the primary concern when operating [136]. 

Hence, the most conservative method of resection is favoured to limit excessive removal of 

healthy tissue [136]. In uncomplicated cases, surgery can be a highly-effective therapy with 

minimal side-effects;
 
however, if tumours have proliferated or are imposing on vital areas, 

surgery can result in long-term structural and functional brain damage [136, 144].
 
This can 

result in a vast range of sequelae including endocrine dysfunction, vision deficits, cognitive 

impairment, neurological disorders and movement impediments [141, 143, 145]. 

 

2.2.3.2 Radiotherapy 

Radiotherapy used for cancer treatment employs high-energy x-rays to create ions and free-

radicals that damage and change the molecular structure of cancer cells [64, 146]. This results 
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in cell death, either from direct contact with ions or through the inhibition of cellular 

proliferation [64, 146]. The primary radiation therapy used to treat brain cancer is CRT [64, 

146, 147]. Cranial radiotherapy is administered directly over the tumour site in a series of 

short, daily sessions to minimise daily radiation exposure and potential damage to healthy 

tissue; although, short-term, long-term and late consequences are usually inevitable in 

paediatric populations [69]. Primary factors influencing the likelihood of developing 

complications include volume of healthy brain tissue exposed in the treatment area, total 

radiation dose and fractionation schedule [148]. The likelihood of developing complications 

is further increased in patients younger than 5 years and in those receiving concurrent or 

sequential chemotherapy [148]. Short-term side effects of CRT include hair loss, tiredness, 

headache, loss of appetite, dermatitis, nausea and vomiting [69, 148]. Long-term side-effects 

of treatment are often serious due to neurological damage and include vision disorders, 

cognitive impairment and growth deficiencies [69, 148, 149]. 

  

2.2.3.3 Chemotherapy 

Chemotherapy utilises cytotoxic drugs to eradicate cancer cells or inhibit metastasis [63]. As 

many drugs cannot cross the blood-brain barrier, the use of chemotherapy in the treatment of 

childhood brain cancer is often limited [136]. However, depending on the location of the 

tumour chemotherapy may effectively be administered via injection into the cerebrospinal 

fluid or directly into the tumour site [63, 136]. Chemotherapy is typically used for rapidly 

growing brain cancers such as medulloblastoma and lymphoma [150]. Common 

chemotherapy drugs used to treat brain tumours include Carboplatin, Carmustine, Cisplastin, 

Cyclophosphamide, Etoposide, Methotrexate, Procarbazine, Temozolomide and Vincristine 

[150]. Short-term side-effects are similar to those resulting from radiotherapy. 
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2.2.4 Long-Term and Late Effects: Pathophysiology 

Cerebral insult can lead to an array of long-term and late effects that greatly impact the health 

and well-being of childhood cancer survivors [9, 17, 145, 151-156]. While long-term side-

effects persist from treatment cessation, late consequences typically arise between 15-30 

years following initial cancer diagnoses [6]. Arguably, the most common long-term side-

effect of childhood brain cancer and its treatment is endocrinopathy – damage to, or disease 

of, an endocrine gland [17, 157, 158]. Alone, endocrinopathy has a significant impact on the 

health and well-being of survivors; however, it may also contribute to the development of late 

effects such as obesity, muscular wasting and weakness, cardiovascular insufficiency and 

physical inactivity which can further impact on daily function and greatly increase the risk of 

chronic disease [9, 17]. In addition to this, injury from brain cancer and/or its treatment may 

take time to completely manifest, or may instigate a sequence of disordered physiological 

processes that eventually result in late effects years after treatment.  

 

2.2.4.1 Long-Term Side-Effects: Endocrinopathy 

The endocrine system consists of numerous glands that secrete hormones directly into the 

circulatory system for the regulation and integration of bodily processes [157]. The endocrine 

system comprises the pituitary, thyroid, parathyroid, adrenal, pineal and reproductive glands, 

as well as the pancreas [157]. The hypothalamus coordinates endocrine function through the 

stimulation of the pituitary [157, 158]. In survivors of childhood brain cancer endocrinopathy 

typically results from toxicity caused by radiotherapy treatment; although it may occasionally 

be induced by direct damage to an endocrine gland during surgery [134]. The most common 

and serious consequences of endocrinopathy in this population include growth hormone 

deficiency (GHD), hypothyroidism and hypogonadism. 
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2.2.4.1.1 Growth Hormone Deficiency 

Growth hormone deficiency results from injury to the hypothalamus and/or pituitary gland 

and is characterised by partial or total disruption of growth hormone (GH) secretion [11, 

159]. Cranial radiotherapy is currently the strongest individual risk-factor for developing 

GHD following malignancy, with doses >30 Gy associated with injury [46, 134, 159-161].  

The side-effects of GHD are widespread and vary among childhood cancer survivors 

depending on treatment type and duration [162]. Under normal circumstances, GH is 

important for the stimulation of growth, cell reproduction and regeneration [163]. Therefore, 

GHD that originates during childhood primarily results in delayed onset of puberty, 

suboptimal linear growth and a reduced final height [11]. Growth hormone deficiency can 

also result in a variety of metabolic derangements such as decreased lean body mass, 

increased fat mass, insulin resistance and dyslipidaemia [11, 45, 46, 159, 161, 162, 164, 165].   

2.2.4.1.2 Hypothyroidism 

Hypothyroidism is an endocrine disorder in which the thyroid gland becomes underactive, 

resulting in a deficiency in thyroid hormones [166, 167]. In survivors of childhood brain 

cancer, this is most commonly a consequence of damage to the pituitary (secondary 

hypothyroidism) or thyroid gland (primary hypothyroidism) from radiotherapy [168-170]. 

Both the pituitary and the thyroid are highly sensitive to the carcinogenic action of radiation, 

with evidence indicating that doses as low as 0.1 Gy can be enough to cause harm [169, 170]. 

Hypothyroidism has numerous consequences, including reduced metabolic rate and glucose 

absorption, dulled sympathetic nervous system responses (eg. slowed heart rate, decreased 

respiratory rate), lowered body temperature and delayed growth in children [157, 167]. These 

consequences generally manifest as lethargy, depression, forgetfulness, constipation, weight 

gain, shortness of breath and feelings of coldness [157, 167, 168]. For survivors of childhood 
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brain cancer, hypothyroidism can be highly debilitating and lead to more serious health 

complications if not treated. 

2.2.4.1.3 Hypogonadism 

Diminished function of the gonads is termed hypogonadism [166]. Hypogonadism results in a 

reduction in sex hormone biosynthesis, which leads to altered or delayed puberty (ie. puberty 

onset >12 years in females and >13 years in males) and infertility in childhood cancer 

survivors [171-173]. Hypogonadism can be classified as either primary or secondary, 

depending on the area of damage [166, 171]. Primary hypogonadism is a result of direct 

injury to the gonads, which may occur due to alkylating-agent chemotherapy or total body 

irradiation [171, 172]. Secondary hypogonadism occurs as a result of damage to the 

hypothalamus and/or pituitary and is therefore more common in survivors of childhood brain 

cancer [172]. Alterations in pubertal timing have been associated with CRT between 18-24 

Gy, while doses >30 Gy may result in delayed puberty [172].  

 

2.2.4.2 Late Side-Effects 

Growth hormone deficiency, hypothyroidism and hypogonadism have numerous outcomes 

that will present from the onset of the deficiency. However, there are also numerous late side-

effects – such as overweight and obesity, endothelial dysfunction, muscular wasting and 

weakness, cardiovascular insufficiency, and physical inactivity – that may develop as a result 

of the extended and complex interplay between these long-term effects and lifestyle factors 

[46]. Additionally, the full extent of injury from brain cancer and its treatment may not 

become apparent until years after treatment, with some consequences developing from a 

chain of numerous sequelae. 
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2.2.4.2.1  Overweight and Obesity 

Overweight and obesity are varying states of excessive body fat [174]. According to The 

World Health Organisation [174], the condition of being overweight is classified as a body 

mass index (BMI) of 25.0-29.9, while obesity is a classified BMI of ≥30.0. Common 

instigators of an increased fat mass in childhood brain cancer survivors include GHD, 

hypothalamic damage and imbalances between energy consumption and expenditure [10, 46, 

166, 175]. In many cases, there is a combined effect of all three mechanisms [46].  

As previously noted, GH plays an important role in the stimulation of linear growth and 

puberty [11]. It also has influences on fat mobilisation and deposition, hormone-sensitive 

lipase activation, muscle uptake of glucose and protein metabolism [11, 46, 162, 166, 175]. 

Therefore, numerous metabolic derangements result from GHD.  In particular, reduced 

lipogenesis and altered fat storage and distribution give rise to being overweight and obese 

[46, 162, 166].  

Hypothalamic damage secondary to brain surgery may also contribute to the adiposity profile 

seen in survivors of childhood brain cancer [10, 134]. The mechanism behind hypothalamic 

obesity is postulated to be associated with insult to the ventromedial nuclei, which normally 

regulates energy balance [134, 154, 176]. Ventromedial dysfunction typically results in 

hyperphagia and hyperinsulinemia, which inevitably results in an increase in fat mass, albeit 

this may take time to fully manifest [134, 176].   

Imbalances between energy intake and energy expenditure result in weight gain in addition to 

that caused by treatment [134, 177]. An increase in energy intake may result from 

hypothalamic damage and subsequent hyperphagia, or may be influenced by environmental 

and social factors such as family influence or economic status [46, 73, 153]. Similarly, 
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physical activity may be avoided due to treatment side-effects such as fatigue, or due to 

psychological and social influences like a lack of motivation or education [178]. When 

energy expenditure is low and energy intake is normal or high, unused blood glucose is stored 

as fat for later use [110]. If this continues occurring, adipose tissue becomes more widespread 

and overweight and obesity develop [110]. 

2.2.4.2.2 Endothelial Dysfunction and Accelerated Atherosclerosis 

Radiotherapy treatment provokes the formation of lesions and calcifications in vessels within 

the radiation portal, leading to accelerated atherosclerosis [78, 179]. In those treated with 

CRT, this typically is seen within the walls of the cerebral and carotid arteries but plaques 

may also be observed in the ascending aorta and aortic arch [78]. Endothelial dysfunction is 

one of the earliest events in this atherogenic process and is believed to result from a reduced 

bioavailability of endothelium-derived nitric oxide following radiotherapy treatment [180]. 

Although, radiation also causes inflammation and thrombosis, supporting the production of 

reactive oxygen species that may cause alterations to the endothelium that increase its 

permeability to circulating lipids and cholesterol (Figure 2.7) [78]. In addition to these direct 

consequences of childhood brain cancer treatment, the presence of secondary risk-factors 

such as obesity, dyslipidaemia and hypertension contributes to endothelial injury and 

subsequent plaque formation [78, 181, 182]. Adipose tissue in individuals who are 

overweight or obese produces cytokines that cause inflammation of the endothelium, 

increasing permeability [181, 182]. Obesity also alters lipoprotein metabolism, causing 

dyslipidaemia; the augmented levels of circulating triglycerides and cholesterol encourage 

deposition of matter in the vascular intima [183]. Hypertension may occur secondary to 

obesity or other lifestyle factors such as poor diet and physical inactivity [184]. Persistent 

hypertension damages the endothelial walls, encouraging an inflammatory response [184]. 
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Progression of atherosclerosis can take many years and is typically not detected until 

advanced stages of the disease; as such, the disease may not become fully evident until late in 

the childhood brain cancer survivorship timeline.  

 

 

 

Figure 2.7  Effects of radiotherapy on the vascular endothelium. Along 

with reducing the bioavailability of endothelium-derived nitric oxide, 

radiotherapy causes inflammation and produces reactive oxygen species (ROS) 

that are toxic to the vascular endothelium. Once damaged, the permeability of the 

endothelium to circulating lipids increases and survivors become more at risk of 

developing atherosclerotic plaques. Amended from Di Lisi et al. [78]. 

 

 

Endothelial Cells 

Artery 

Radiation Beam 

Circulating Lipids 

Smooth Muscle Cells 

Foam Cells 

ROS Production 

Inflammation 

O2   



Chapter 2 

55 
 

2.2.4.2.3 Muscle Wasting and Weakness 

Reduced lean body mass and subsequent muscular weakness in childhood brain cancer 

survivors can result directly from radiotherapy toxicity or secondary to treatment 

consequences or lifestyle choices [73, 175, 185-188]. During acute survival, aberrant skeletal 

muscle signalling can cause an imbalance between protein synthesis and protein breakdown, 

resulting in muscle wasting and cachexia [186-188]. This is exacerbated by radiotherapy 

treatment, which can cause damage to muscular vascular supply, resulting in tissue sclerosis, 

fibrosis and atrophy that can remain long after treatment ends [73, 189, 190]. In addition to 

this, muscle stem-cell regeneration can be arrested by factors released by the tumour, 

resulting in an inability to repair treatment-induced damage [188]. However, in childhood 

brain cancer survivors radiotherapy is rarely delivered to areas other than the cranium and so 

muscular deficiency and weakness in this population is more likely to be a product of GHD 

[175, 185]. In a healthy body, GH stimulates the synthesis of insulin-like growth factor 1 

which is a significant mediator of muscle growth [175, 185]. In GHD, insulin-like growth 

factor 1 is severely limited, leading to reductions in protein synthesis and increased 

proteolysis; as a result, survivors commonly suffer growth retardation and muscular weakness 

[175, 185].   

Muscular deficiencies from childhood brain cancer treatment and its side-effects can result in 

a range of movement disorders, injuries and physical performance limitations that restrict 

participation in daily tasks and activities [73, 191].
 
Additionally, physical activity restrictions 

may result from other cancer and treatment consequences like fatigue, neurological 

difficulties and obesity, or from psychological and social factors, as previously mentioned. 

Physical inactivity causes muscular atrophy through alterations in protein metabolism that 

lead to increased catabolism [192, 193]. This inactivity-induced loss of muscle mass may 
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further exacerbate treatment or GHD-related losses in muscle, resulting in a cycle of 

deconditioning that may take many years to start seriously affecting daily living and, hence, 

become evident. 

2.2.4.2.4 Cardiorespiratory Insufficiency 

Cardiorespiratory insufficiency rarely occurs as an immediate result of childhood brain 

cancer and its treatment. Instead, it tends to develop as a late effect secondary to treatment 

consequences and poor lifestyle. For example, reduced muscle mass correlates with poor 

cardiorespiratory (or aerobic) fitness, as reductions in skeletal muscle lead to a decreased 

ability to utilise oxygen for the production of energy via the breakdown of adenosine 

triphosphate [194]. Additional factors such as physical inactivity and obesity may also lead to 

cardiac and pulmonary deconditioning, which reduces the ability of the body to transport 

oxygen during exercise [29, 194]. These limitations, in turn, affect peak or maximal oxygen 

uptake ( O2peak/max) – measures of the amount of oxygen an individual can utilise [29, 194].  

2.2.4.2.5 Physical Inactivity 

Inactivity is the term used to define people who do not meet health recommendations 

regarding physical activity [29, 195]. As with cardiorespiratory insufficiency, physical 

inactivity is a late effect that typically results from other treatment consequences and poor 

lifestyle in survivors of childhood brain cancer. The most commonly reported justification for 

physical inactivity in this population is fatigue [191]. Fatigue is a well-documented side-

effect of all cancer treatment, with 96% of cancer patients experiencing it during therapy and 

30% suffering long-term [45, 46, 153, 196-199]. While the direct cause of long-term fatigue 

is unknown, it has been theorised that treatment side-effects such as hypothyroidism and 

reduced muscle mass may be contributing factors in childhood brain cancer survivors [186]. 
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Notably, patients are regularly told to rest in response to fatigue which further exacerbates the 

condition and accelerates physical deconditioning via inactivity [198, 199].  

Physical activity in the childhood brain cancer population may also be avoided as a result of 

visual, neurological, metabolic, cardiovascular and/or musculoskeletal disabilities caused by 

treatment [10]. Vision deficits commonly impair coordination, perception and confidence 

making participation in physical activity difficult [9, 153], while neurological damage 

resulting from surgery can cause chronic movement dysfunction in patients with brain cancer 

[176, 198]. Similarly, paralysis, dystonicity, dyskinesia, ataxia and dystaxia are all 

consequences of brain injury that either partially or completely impair exercise ability [176, 

198]. As previously mentioned obesity and muscular wasting may also increase difficulty of 

participating in physical activity via suboptimal movement and functioning.  

 

2.2.5 Future Disease Risk  

A disease is a physical or mental disturbance that comprises symptoms, dysfunction and/or 

tissue damage that eventuates in ill health [200]. According to the Australian Institute of 

Health and Welfare [200] chronic diseases are those that last long-term (>3 months) and have 

persistent effects. Chronic diseases are the primary cause of illness, disability and death in 

Australia, accounting for 90% of mortalities in 2011 [200, 201]. Obesity, endothelial 

dysfunction, atherosclerosis, cardiorespiratory insufficiency and physical inactivity are all 

strong and independent predictors of chronic disease and all-cause mortality [30, 195, 202-

208]. Hence, survivors of childhood brain cancer are at an increased risk of illness as a result 

of late cancer and treatment side-effects. Indeed, a report by Bhakta et al. [40] found that the 

cumulative burden of mild to fatal chronic health conditions at age 50 was highest in 
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survivors of central nervous system malignancies compared to all other diagnoses.  

 

2.2.5.1 Cardiovascular Disease 

Cardiovascular disease encompasses disorders of the heart and blood vessels [201, 209]. It is 

the number one cause of mortality globally, eventuating in 17.5 million deaths per year [209]. 

The most common CVDs are those that result from atherosclerotic complications and include 

coronary artery disease and stroke [210, 211]. Over time, large plaques begin protruding into 

vessels, reducing blood flow to the heart and/or brain; this causes ischemia and the associated 

symptoms of angina or vision, speaking and movement difficulties [181, 212]. In advanced 

stages of disease a complete coronary or cerebrovascular occlusion may occur, resulting in 

mass necrosis of the myocardium (myocardial infarction) or brain tissue (stroke) [181, 212]. 

Thrombosis is the most common cause of occlusion; however, emboli may also become 

lodged in the small arteries supplying each critical area [181].  

It has been found that survivors of central nervous system tumours are at a significantly 

elevated risk of death from coronary artery disease and stroke when compared to other 

survivor cohorts and to the general population [14]. This is because side-effects such as 

obesity, endothelial dysfunction, atherosclerosis, cardiorespiratory insufficiency and physical 

inactivity all have a common point of action on the heart and blood vessels that leads to 

accelerated CVD [46, 202, 203, 205, 206].  
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2.2.6 Late Effects: What is Already Known? 

Endocrinopathy is well understood and documented in survivors of childhood brain cancer 

[11, 75, 161, 170, 171]. Conversely, there is a sparsity of literature focusing solely on the late 

effects specific to childhood brain cancer and its treatment. Further, the literature that does 

exist regularly utilises measures that are inaccurate and difficult to reproduce – for example, 

self-reporting and field-based estimations. It is integral to thoroughly characterise health in 

long-term survivors of childhood brain cancer in order to determine and then address future 

CVD risk.  

 

2.2.6.1 Evidence for the Assessment of Overweight and Obesity 

Overweight and obesity have been identified as prominent clinical features of childhood brain 

cancer survivorship, with one study showing that 58% of survivors will experience this late 

effect [152, 154, 213, 214]. Currently, the customary way to assess overweight and obesity in 

this population is through the use of BMI and waist circumference. Increases in both 

measures have been reported in survivors of childhood brain cancer when compared to 

control groups and published normative data [152, 213, 215]. While BMI and waist 

circumference are beneficial due to their ease of administration, limited reliance on 

equipment and worldwide reference norms, these methods are an inaccurate assessment of 

body composition and are open to measurement bias [174, 216, 217]. In comparison, dual x-

ray absorptiometry (DEXA) is a widely used and referenced clinical standard for the 

assessment of body composition [218-220]. The ability of DEXA to assess the whole body, 

as well as individual segments, makes it useful for determining fat distribution and regional 

composition [218, 219]. Despite this, no studies to date have characterised body composition 

in an isolated population of childhood brain cancer survivors using this technology.  
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2.2.6.2 Evidence for the Assessment of Endothelial Function 

Assessment of endothelial function is a prime way of characterising vascular health and risk 

of atherosclerotic-induced diseases [98, 99]. Endothelial function is best measured using the 

FMD technique as detailed by Thijssen et al. [99]. To our knowledge, FMD has yet to be 

measured in an isolated population of childhood brain cancer survivors.  However, Dengel et 

al. [132] assessed FMD in survivors of childhood central nervous system tumours as part of a 

mixed cohort study and found no difference in FMD between the central nervous system sub-

group and healthy controls.  

 

2.2.6.3 Evidence for the Assessment of Muscular Mass and Performance 

There are few studies that have assessed muscular performance (eg. strength and endurance) 

in survivors of childhood brain cancer and no consistency regarding the measures used in 

those studies that have. Ness et al. [12] utilised hand-held myometry to assess hand grip and 

knee extension strength in adult survivors of childhood brain cancer. Compared to a control 

group, these survivors had lower measures of strength in both areas [12]. Similarly, Piscione 

et al. [156] observed reduced strength in a select group of paediatric posterior fossa survivors 

when compared to normative data, although this was assessed using the Bruininks-Oseretsky 

Test of Motor Proficiency. There is a gap in the literature regarding the use of clinical 

exercise physiology protocols – such as repetition maximum and time-to-fatigue testing – to 

determine muscular performance in this cohort. The use of such assessments would allow for 

comparison of the brain cancer survivor data to established norms [29] and would improve 

reproducibility. 

While reduced lean body mass has been observed in survivors of other paediatric cancers, it 

has yet to be reported in a population of childhood brain cancer survivors. One study assessed 
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lean body mass in a mixed group of childhood cancer survivors that included survivors of 

central nervous system tumours; this study failed to find significant differences between the 

survivors and controls in lean body mass [215]. No other studies to date have assessed lean 

body mass using DEXA in this population. 

 

2.2.6.4 Evidence for the Assessment of Cardiorespiratory Fitness 

The criterion measure of cardiorespiratory fitness is O2max [29]. Typically, this assessment 

is performed on a treadmill, although cycle and rowing ergometers may be used for sport-

specific testing or for clinical populations who are unable to safely exercise on a treadmill 

[29]. To our knowledge, only one study has assessed O2max in  a population of childhood 

brain cancer survivors [221]. Wolfe et al. [221] reported reduced cardiorespiratory fitness in 

their experimental group when compared to previously published control data. However, 

survivors were limited to those who suffered posterior fossa tumours, making it difficult to 

apply these results to survivors of other brain tumours. Additionally, testing was performed 

on a cycle ergometer, making comparisons to previous studies problematic. In fact, Wolfe et 

al. [221] had to estimate treadmill fitness based on a translation equation in order to 

determine whether their O2max values were comparable to other cancer survivor cohorts. 

Studies by Crom et al. [197] and Ness et al. [12] both reiterate findings of cardiorespiratory 

insufficiency in survivors of childhood brain cancer. Notably, Crom et al. [197] and Ness et 

al. [12] utilised the Duke Activity Status Index [222] which estimates O2max based on a 12-

point questionnaire, making this data similarly unreliable. Assessment of treadmill 

cardiorespiratory fitness in an all-inclusive group of childhood brain cancer survivors is 

warranted for true determination of cardiorespiratory fitness in this population. 
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2.2.6.5 Evidence for the Assessment of Physical Activity 

Numerous reports from The Childhood Cancer Survivor Study have described physical 

performance limitations and physical inactivity in survivors of childhood brain cancer [191, 

223, 224]. Due to the sizeable sample cohorts used, these studies have largely had to rely on 

self-report measures for data collection, limiting validity of these findings. Accelerometers 

provide information on frequency, intensity and duration of exercise and are stored in a 

tamper resistant casing; as such, they are favourable for use in clinical research [225, 226]. 

Accelerometers have been successfully employed in a range of cancer patient and survivor 

populations, with data confirming findings of inactivity [177, 227-230]. In a study by Harz et 

al. [177], children with craniopharyngioma recorded significantly fewer movement 

registrations using accelerometry than healthy controls. There is yet to be a study that 

assesses physical activity levels via accelerometry in a more representative population of 

childhood brain cancer survivors.  

 

2.2.7 Early Intervention 

Early intervention is crucial for preventing chronic disease and cardiovascular mortality in 

survivors of childhood brain cancer. Unfortunately, in addition to being poorly characterised, 

late effects of childhood brain cancer are not effectively treated.  Principal therapy for late 

effects include general counselling and education regarding the importance of a healthy diet 

and active lifestyle [17, 20]. However, as consequences like cardiorespiratory insufficiency, 

muscular weakness and physical inactivity are not explicitly assessed in long-term follow-up 

many of these side-effects go undetected and untreated. If overweight and obesity are directly 

related to endocrinopathy, hormone supplementation and/or other pharmacological 
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interventions may assist with weight loss [231, 232]. Yet, not all studies support the 

effectiveness of these methods, with lifestyle interventions proving just as plausible [141, 

231, 233].  

 

2.2.7.1 Exercise as Medicine: The Evidence 

Exercise has proven to be beneficial for metabolic, musculoskeletal, cardiorespiratory and 

cardiovascular health in clinical and non-clinical populations [29-33, 194, 195]. In a review 

by Pedersen and Saltin [33] exercise was found to be effective at preventing at least 35 

chronic conditions and was recommended as a first-line treatment for 26 diseases spanning 

each major disease category in the medical curriculum. Among these preventable and 

treatable diseases were adiposity, hyperlipidaemia, metabolic syndrome, diabetes, 

hypertension, coronary artery disease, heart failure, asthma, chronic obstructive pulmonary 

disease, osteoarthritis and osteoporosis – all conditions that may develop secondary to 

malignancy and subsequent treatment [4, 33]. As a result, a growing body of research has 

begun to assess the efficacy of using exercise as a therapy for ameliorating the late side-

effects seen in cancer survivor populations [34, 37, 234, 235]. 

Exercise interventions show promising results with regards to improved health in cancer 

survivor populations [3, 34-37]. Evidence presented here was sourced from exercise 

intervention studies utilising childhood cancer survivor populations and was limited to the 

late effects of interest.  

2.2.7.1.1 Exercise for Overweight and Obesity 

While there are numerous studies that provide strong evidence for the positive influence of 

exercise on adiposity in adult cancer survivor populations, few have examined whether 
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similar benefits are conferred in the childhood cancer survivor group and current evidence is 

weak [3, 35-37]. In a study by Järvelä et al. [236], long-term survivors of childhood ALL 

underwent 16-weeks of home-based exercise that included aspects of both resistance and 

aerobic training. Results found a significant decrease in waist circumferences and body fat 

percentages following the exercise program [236]. Similarly, findings reported by Hartman et 

al. [237] indicated a positive influence of exercise on BMI and percent body fat during the 

year following chemotherapy cessation in survivors of childhood ALL. While the control 

group also saw decreases in these measures, declines were greater in the exercise intervention 

group [237]. Conversely, no changes in body fat percentage were found following 12-weeks 

of aerobic conditioning in a group of survivors with a mixture of childhood cancer diagnoses 

[238]. Oldervoll et al. [239] also reported that 20-weeks of thrice-weekly aerobic exercise 

had no effect on BMI in survivors of Hodgkin’s lymphoma. More quality evidence 

surrounding the effect of exercise on measures of adiposity is greatly needed – especially in 

long-term (>5 year) childhood cancer survivor populations who are more at risk of 

experiencing late-onset overweight and obesity. Additionally, there is a gap in the literature 

regarding the influence of exercise on adiposity in those survivor cohorts who may 

accumulate fat mass as part of cancer and/or treatment related endocrine and metabolic 

complications; as such, it is unknown whether such injury will limit the extent of the benefits 

gained from regular exercise. 

2.2.7.1.2 Exercise for Endothelial Dysfunction and Accelerated Atherosclerosis 

Limited studies have characterised endothelial function in survivors of childhood cancer but 

even fewer have assessed whether dysfunction can be ameliorated using an exercise 

intervention [72, 86]. A study by Järvelä et al. [86] measured endothelial function using the 

FMD technique before and after 16-weeks of aerobic and resistance home exercise in 
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survivors of childhood ALL. At 40 seconds post cuff release, survivors experienced an 

increased FMD response following the exercise intervention, although no other FMD time-

points were significantly different to baseline measures [86]. Interventions held in adult 

cancer patients have shown mixed results regarding the usefulness of exercise in improving 

vascular health [240]. Mores studies that assess the efficacy of exercise on endothelial 

dysfunction in all cancer survivors are needed. In particular, investigations into childhood 

cancer populations at an elevated risk of dysfunction and accelerated disease due to treatment 

damage and secondary risk-factors should be prioritised. 

2.2.7.1.3 Exercise for Muscular Wasting and Weakness 

There is high quality evidence for the effectiveness of exercise interventions at combatting 

muscular weakness in survivors of childhood cancer [3, 35-37]. San Juan et al. [241] 

implemented 8-weeks of thrice-weekly, supervised, inpatient exercise training in survivors of 

childhood leukaemia. The intervention included combined aerobic and resistance training, 

with sessions running between 90-120 minutes [241]. Muscle strength was measured using 6 

repetition maximum assessments of the chest (bench press), legs (leg press), and upper limbs 

and back (seated row) [241]. Following exercise training, all measures of strength 

significantly improved in this cohort [241]. Comparatively, Järvelä et al. [236] found 

improved leg strength (30 second squat test), abdominal endurance (60 second sit-up) and 

back extensor endurance (30 second extension) in survivors of childhood ALL following 16-

weeks of combined aerobic-resistance home exercise. Similarly beneficial results have been 

found following 16-weeks of a community-based exercise program in a mixed group of 

adolescent cancer survivors who either were receiving or who had already completed 

treatment [54]. Training sessions in this study were 90 minutes in duration, held once-weekly 

and fully supervised [54]. The program used a combination of aerobic, resistance and 
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flexibility training [54]. At the conclusion of the 16-weeks the investigators saw 

improvements in upper body strength (measured as part of the validated Fitnessgram 

protocol), irrespective of survival timeline [54]. To the best of our knowledge, Piscione et al. 

[234] is the only investigator to date that has assessed muscular performance in survivors of 

childhood brain cancer following an exercise intervention. The Bruininks-Osteretsky Test of 

Motor Performance (2
nd

 Edition) was used to assess physical function in a paediatric (mean 

age 11.53 years) cohort of brain cancer survivors (≥1 year – <10 years survival) [234]. There 

were two training conditions implemented –  one involved 3 x 90 minute sessions per week 

of group training held over 12-weeks, while the other combined 2 x 90 minute sessions per 

week of group training with 2 x 30 minute sessions of home training per week for 12-weeks 

[234]. Results found no improvements in upper body strength following either training 

schedule [234]. Importantly, there is yet to be an assessment of muscular strength and 

endurance following exercise training in an older cohort of long-term (≥5 years survival) 

survivors of childhood brain cancer. 

Despite the vast number of studies that have assessed muscular strength and endurance 

following exercise in survivors of childhood cancer, it is rare to find studies that have 

examined changes in lean body mass with exercise training [36]. Notably, the only studies 

that could be found were conducted in childhood cancer patients during their chemotherapy 

treatment. Specifically, Hartman et al. [237] found no influence of exercise training on lean 

body mass in a group of childhood ALL patients.  However, this study ran over two years and 

programs were home-based, with check-ups only scheduled on a 6-weekly basis; as such, the 

author reported poor compliance which may have influenced these findings [237]. Similarly, 

Moyer-Mileur et al. [242] found no changes in lean body mass with a thrice-weekly home 

based-exercise program run over 12 months in childhood ALL patients. The lack of studies 

assessing lean body mass in childhood cancer survivors following implementation of an 
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exercise intervention warrants more research. Positive results of exercise on lean body mass 

have been found in adult cancer survivor populations, demonstrating that there is promise in 

this area for future studies [243, 244].  

2.2.7.1.4 Exercise for Cardiorespiratory Insufficiency 

While interventions utilising aerobic training for cardiorespiratory health have produced 

mixed results regarding efficacy in survivors of adult cancers, there is strong evidence for the 

benefits conferred in survivors of childhood cancer [34, 37]. In one study, O2peak and 

maximal work load improved significantly following 16-weeks of home-based exercise 

training in survivors of childhood ALL [236]. Similarly, a study by Oldervoll et al. [239] 

reported improved  O2max in survivors of Hodgkins lymphoma following a 20-week aerobic 

intervention consisting of thrice weekly sessions of 30-40 minutes duration. A study by San 

Juan et al. [241] also reported improvements in O2peak following 8-weeks of thrice-weekly, 

supervised, inpatient exercise training in survivors of childhood leukaemia. Sharkey et al. 

[238] observed an 8% improvement in O2peak in a group of childhood cancer survivors 

undergoing a twice-weekly supervised aerobic conditioning program for 12-weeks; although, 

this increase was not statistically significant. With regards to childhood brain cancer 

survivors, Piscione et al. [234] attempted to assess the effect of exercise on O2peak in their 

paediatric population of survivors; however, due to difficulty regarding compliance to the 

assessment they had to estimate cardiorespiratory fitness based on pro-rated work rate. 

Results found improvements in pro-rated work rate after exercise training for survivors in the 

group setting only [234]. No studies have yet determined whether an exercise intervention 

could be used to increase O2peak/max in an isolated cohort of long-term childhood brain 

cancer survivors. 
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2.2.7.1.5 Exercise for Physical Inactivity 

While physical inactivity has been identified as a detrimental late effect in survivors of 

childhood cancer, few studies have examined whether the implementation of an exercise 

program helps to positively influence volitional physical activity (ie. activity undertaken 

external to the intervention). Keats and Culos-Reed [54] assessed physical activity behaviours 

using the Godin Leisure-Time Exercise Questionnaire in a mixed group of adolescent cancer 

survivors who were either undergoing treatment or who had already finished treatment.  After 

8-weeks (half-way) of community-based exercise self-reported physical activity was 

significantly higher than it was at baseline [54]. Further, while self-reported physical activity 

declined again by the end of the 16 week program, it remained above baseline levels [54]. 

Similarly, Ruble et al. [245] saw improvements in moderate-intensity physical activity in 

67% of their paediatric survivors of childhood cancer following a mixed group and home 

intervention. Accelerometers were used to measure physical activity and the intervention 

included a 5 day camp, personalised home exercise programming and monthly camp reunions 

spanning over 6 months [245]. Moyer-Mileur et al. [242] also found improvements in 

physical activity – assessed using a pedometer – in childhood ALL patients after a thrice-

weekly home based-exercise program run over a year. Results showed that, compared to a 

control group, exercise time (minutes) was increased at three different time-points in the 

intervention group [242]. It appears that no studies to date have assessed physical activity 

levels before and after exercise in childhood brain cancer survivors. 
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2.2.8 Brain Cancer Summary and Thesis Relevance 

Survivors of childhood brain cancer are at an elevated risk of CVD due to numerous cancer 

and treatment consequences [40]. Late effects – particularly those relating to physical 

composition, fitness and function – pose a serious threat to the health and well-being of 

survivors due to poor characterisation in the current literature and inadequate intervention in 

long-term follow-up.  Specifically: 

1) While there is commendable work already existing in this area, there are some 

inconsistencies in the measures used to assess body composition, vascular health, 

muscular strength and endurance, cardiorespiratory fitness and physical activity 

levels in childhood brain cancer survivors – this makes it difficult to compare results 

between studies and to make accurate conclusions regarding this population. Use of 

self-reporting has provided important baseline information on many of the 

aforementioned variables but there is opportunity to now use more optimal clinical 

measures that will help to validate the pre-existing data.  

2) It has not yet been assessed whether long-term, individualised exercise can aid the 

remediation of childhood brain cancer side-effects once characterised. Further, it has 

yet to be determined whether long-term exercise is feasible in a population of AYA 

survivors. Exercise has proven to be effective at improving health in other cancer 

survivor populations and needs to be validated in survivors of childhood brain 

cancer. 

The current thesis aims to fill these gaps and provide novel evidence in this field by: 

1) Using recognised and standardised methods to describe anthropometry, body 

composition, vascular health, muscular strength and endurance, cardiorespiratory 
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fitness and physical activity levels in a group of childhood brain cancer survivors. 

2) Implementing long-term, supervised and individualised exercise programs in this 

cohort to determine whether these characteristics can be managed or improved.  

Accurate and established measures will be utilised to allow for comparisons to previous 

literature and to support validity and reproducibility of results.  
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2.3 Literature Review Summary 

Worldwide incidence of childhood cancer is increasing; however, advances in treatment have 

resulted in improved survival rates [1-5]. Unfortunately, improved survival in this population 

is undermined by increased incidences of chronic disease and early mortality [4, 6-8]. 

Notably, 62% of childhood cancer survivors will present with at least one chronic health 

condition within 17 years of diagnosis as a result of their cancer and treatment side-effects 

[8]. Cardiovascular disease presents a significant health burden, especially for those treated 

with cardiotoxic and/or directed therapies [8, 15, 40]. Survivors of childhood brain cancer 

and childhood leukaemia represent two populations at a heightened risk of CVD due to the 

therapies they receive and the long-term and late effects associated with these.  While the 

Children's Oncology Group [17] have developed risk-based, exposure-related clinical 

guidelines for the screening and management of long-term and late effects in survivors of 

childhood brain cancer and leukaemia, there is evidence to suggest that these protocols may 

not be precise enough to detect side-effects before they advance to a more serious disease. 

Additionally, there is no consensus on the most optimal preventative strategy or intervention 

for secondary consequences and/or those related to lifestyle choices, or for those that develop 

into serious complications following many years of silence [18, 19]. As a result, there is a 

need for the introduction of more accurate cardiovascular screening measures into long-term 

follow-up, as well as the need for more trials assessing interventions that are both realistic 

and effective at maximising outcomes in all areas of health.  

The current thesis explores the efficacy of contemporary cardiovascular screening measures 

for the detection of underlying dysfunction in survivors of childhood leukaemia at risk of 

CVD. Further, it will provide new insight into the consequences suffered by survivors of 

childhood brain cancer and the possible benefits of exercise for ameliorating these.
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3.0 Abstract 

Cardiovascular disease (CVD) is the leading non-malignant cause of death in childhood 

cancer survivors. Heightened risk of CVD is often attributable to treatment with 

anthracycline chemotherapy. Anthracycline-mediated cardiac injury may lie latent for years 

following cessation of treatment and is therefore often not detected until disease is advanced 

and aggressive therapy is required. Symptomatic CVD may be preceded by subclinical 

cardiac and vascular dysfunction. This study aimed to determine whether such dysfunction 

could be detected in healthy, anthracycline-treated survivors of childhood leukaemia. Cardiac 

magnetic resonance imaging (cMRI) with late gadolinium enhancement and endothelial 

function were used to characterise pre-clinical stages of CVD. Twenty-two long-term (>5 

years survival; age 21 ± 3 years) childhood leukaemia survivors were assessed. All survivors 

were asymptomatic and had normal resting echocardiography. To exclude potential 

confounding effects of radiotherapy, no survivors had received this treatment. Twenty-two 

similarly aged (25 ± 3 years) gender-matched controls were recruited for comparison. Left 

ventricular (LV) ejection fraction (EF) was lower in the survivors (55.0 ± 4.6%) compared to 

the controls (59.4 ± 6.2%; p = 0.010).  Further, five survivors (23%) had clinically reduced 

(<50%) LVEF. Normalised LV end systolic volume was augmented in survivors (40.0 ± 9.1 

mL·m
2
 vs. 34.5 ± 7.5 mL·m

2
; p = 0.038).  Cardiac MRI did not show any late gadolinium 

enhancement.  High resolution, ultrasound-derived flow mediated dilation was impaired in 

survivors (6.7 ± 2.1% vs. 8.60 ± 1.91%, p = 0.005). We detected subclinical changes in 

cardiovascular structure and function indicative of early disease in anthracycline-treated 

childhood leukaemia survivors with normal echocardiography. Early detection and 

characterisation of underlying disease allows for timely intervention and improved outcomes 

in this at-risk population. 
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3.1 Introduction 

The current five-year survival rate for childhood cancer in developed countries is 

approaching 85% [4, 246, 247]. Unfortunately, these gains come at a cost – the long-term 

impact of malignancy and its treatment is substantial, with 62% of survivors developing a 

chronic health condition within 17 years of diagnosis [8]. Cardiovascular disease (CVD) 

presents a significant burden, with childhood cancer survivors 3.4 times more likely to suffer 

cardiac-related death by their late 30’s compared to the general population [14]. 

Anthracycline chemotherapy has been identified as an independent risk-factor for CVD, with 

studies showing that almost half of exposed survivors will develop injury to the heart [84, 97, 

248, 249]. Unfortunately, there is often a long latency period between anthracycline exposure 

and clinically evident disease where survivors are free of signs and symptoms; this makes 

early prevention problematic [18].  Further, there are currently very few effective ways of 

detecting subclinical cardiac dysfunction in survivors [18].  This emphasises the need to find 

effective follow-up screening measures that will allow for early detection of underlying 

abnormalities before they become too advanced and difficult to treat. 

Cardiac magnetic resonance imaging (cMRI) has high spatial resolution and superb contrast 

resolution; it also has very low inter and intra observer variability and is the gold-standard for 

assessment of cardiac morphology [22, 102, 105, 106]. Contrast agents such as gadolinium 

can be used in conjunction with cMRI to detect changes in myocardial extracellular volume 

that may reflect inflammation or fibrosis. As a healthy myocardium is densely packed with 

viable myocytes that do not permit entrance of gadolinium into the cell, the extracellular 

space is small and thus there is little gadolinium enhancement of a normal myocardium [102, 

107]. However, based on the volume and distribution of gadolinium, pathologies resulting in 

increased extracellular space (e.g. fibrosis, inflammation, infiltration) may be detected and 
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defined with cMRI using late gadolinium enhancement [102, 107]. The few studies that have 

utilised cMRI in cancer survivor populations show promise regarding its ability to detect 

structural and functional abnormalities relating to various cancer therapies [21, 22, 90, 105, 

250, 251]. However, those studies that have included late gadolinium enhancement have 

reported inconsistent results regarding its efficacy at detecting myocardial pathologies 

characteristic of latent injury [90, 250, 251]. Unfortunately, cancer diagnosis and treatment 

type are not always regulated in studies and it can be difficult to make conclusions about 

cardiovascular toxicity with regards to specific populations and/or therapies. Additionally, it 

is rare to see cMRI studies that utilise matched control groups. Leukaemia is the most 

common childhood cancer, with its survivors representing one of the largest cohorts at risk 

of, or currently experiencing, the various complications of late anthracycline toxicity [249, 

252-255]. Despite this, it has not yet been determined whether cMRI with late gadolinium 

enhancement is able to detect signs of underlying anthracycline injury in this survivorship 

group. Further, anthracycline toxicity has not been characterised in this cohort based on 

comparisons with a healthy, matched control group. 

Endothelial dysfunction has been independently established as an early event in the 

progression of CVD [98, 99]. Moreover, there is evidence to suggest that the endothelial cells 

are more sensitive to reactive oxygen species produced during anthracycline treatment than 

the cardiomyocytes [256, 257]. It is unknown whether there is an association between 

vascular health and early cardiac dysfunction in those leukaemia survivors who have been 

treated with anthracyclines. 

Early characterisation of subclinical disease is important for maximising the time available to 

assess interventions commonly used for other types of heart disease, until an appropriate 

course of treatment is identified. In the present study, we used cMRI with late gadolinium 
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enhancement to assess cardiac structure, function and tissue composition in a cohort of 

adolescent and young adult (AYA) survivors of childhood acute lymphoblastic leukaemia 

(ALL) and acute myeloid leukaemia (AML) who were treated with anthracyclines but no 

radiotherapy. Secondary to this, we also performed an assessment of endothelial function. 

These results will allow us to make a novel analysis of cardiovascular health that will 

potentially allow for improved outcomes due to earlier characterisation and more timely and 

targeted intervention. 
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3.2 Methods 

 

3.2.1 Participants  

The Princess Margaret Hospital for Children (Western Australia) oncology database was 

searched in order to identify long-term (≥5 years) AYA (15-30 years) survivors of childhood 

ALL and AML. Those who had received radiotherapy as part of their treatment protocol were 

excluded, as were survivors with any abnormalities of cardiac structure or function (ie. 

presentation of ventricular dilation, systolic and/or diastolic dysfunction, wall thickness or 

wall motion abnormalities, pericardial effusions or endocarditis) in their most recent 

echocardiograms (all within 2 years of the study). Survivors with a history of acute and/or 

early-onset cardiac toxicity were not excluded if current echocardiograms were deemed 

normal by a cardiologist. Eligible survivors were either approached by study clinicians during 

long-term follow-up clinics or were called by study clinicians if appointments had not been 

attended or were not scheduled within the recruitment time-frame. If survivors consented to 

receive further information about the study, the primary researcher emailed them official 

information sheets and then performed a phone call to discuss the study, answer any 

questions and, if necessary, arrange written consent. Of 132 eligible survivors, 22 (11 males, 

11 females; age range 15-25 years) consented to participation and completed all necessary 

assessments. The primary reasons for non-participation were loss to follow-up and a lack of 

time (Figure 3.1). Twenty-two similarly aged (range, 19-29 years), gender matched healthy 

individuals were also recruited from the community to act as a control group for the study. 

Ethical approval for this study was granted by the Princess Margaret Hospital Human 

Research Ethics Committee (approval number, 2016108EP) and the University of Western 

Australia Human Research Ethics Committee (reference number, RA/4/1/9090). All 
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participants (or parents/guardians for those under 18 years) were required to provide 

informed, written consent prior to participation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1  Leukaemia survivor recruitment diagram. There were 132 

leukaemia survivors in the Princess Margaret Hospital (Western Australia) 

oncology database that were deemed eligible to participate in the study. Initial 

contact was made by study clinicians during follow-up appointments or via phone 

call. Primary reasons for non-participation were loss to follow-up and time 

constraints. Overall, 22 survivors agreed to participate and completed all 

assessments. 

Eligible Survivors                       
(n = 132) 

Declined Participation (n = 110) 

 Uncontactable (lost to follow-up or 

no answer) (n = 51) 

 Time constraints (n = 38) 

 No  longer living in Western 

Australia (n = 5) 

 Living rurally/regionally (difficulties 

with travel) (n = 7) 

 Injury (n = 2) 

 Not interested (n = 7) 

Agreed to Participate     
(n = 22) 

Completed all 

Assessments                       
(n = 22) 
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3.2.2 Experimental Design 

Participants were asked to fast for a minimum of 4 hours and to avoid exercise for 24 hours 

prior to their initial testing session. During this session, measurement of anthropometry, 

resting heart rate (HR) and resting blood pressure (BP) occurred, followed by evaluation of 

endothelial function using the flow mediated dilation (FMD) technique. Cardiac MRI’s were 

performed after the survivors were cleared for gadolinium infusion via assessment of renal 

function. Control participants did not receive gadolinium. 

 

3.2.3 Anthropometry 

Height, body mass, waist circumference and hip circumference were assessed according to 

protocols detailed by The American College of Sports Medicine [29]. Height was measured 

using a wall-mounted stadiometer (Seca 216 Measuring Pole, Birmingham, UK), while body 

mass was measured using an electronic scale (Sauter Model EB60, FSE Scientific, New 

South Wales, Australia). A girth tape was used to measure waist circumference and hip 

circumference. Body mass index (BMI) was calculated from measurements of height and 

body mass using formula published by The World Health Organisation [174]. Waist-to-hip 

ratio was calculated by dividing waist circumference by hip circumference.  

 

 

 

 



Chapter 3 

80 
 

3.2.4 Vascular Function 

Participants lay supine for 20 minutes before having their resting HR and BP assessed using 

an automated sphygmomanometer (Dinamap CARESCAPE V100, GE Healthcare, General 

Electric Company, Buckinghamshire, UK). Endothelial function was then assessed using the 

FMD technique described by Thijssen et al. [99]. Recordings of the brachial artery were 

captured using non-invasive, high-resolution ultrasound (uSmart 3300 NexGen, Terason, 

Burlington, Massachusetts, USA). A 1 minute preliminary recording of brachial artery 

diameter and blood flow velocity was taken following the placement of a pneumatic cuff on 

the forearm, distal to the olecranon process. This cuff was then inflated to 220 mmHg for 5 

minutes following baseline imaging, with recordings of diameter and blood flow re-

commencing at 4 minutes 30 seconds and continuing for 3 minutes after cuff deflation. 

Details regarding analysis and analysis software are presented elsewhere [99]. Baseline, peak 

and delta diameter were measured in mm, while FMD was calculated as the percentage of 

diameter change. Time to peak diameter was recorded in seconds and converted to minutes 

for graphical representation. 

 

3.2.5 Cardiac Magnetic Resonance Imaging 

Left and right ventricular (LV and RV, respectively) morphology were assessed using cMRI 

(1.5T MAGNETOM Aera, Siemens, Erlangen, Germany). Participants were scanned in a 

supine position, with the examination taking approximately 30 minutes. To improve image 

quality and spatial resolution over the standard body coil, a posterior phased array spinal coil 

and an anterior flexible phased array body surface coil were used whilst imaging. Standard 

cardiac imaging planes were obtained using multi-plane breath hold True FISP localisers. 
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Breath hold times ranged between 5 and 20 seconds, depending on the participants resting 

HR. In order to assess functional parameters, breath hold True FISP, electrocardiogram-gated 

cine images consisting of 10-15 individual slices (6 mm slices/4 mm gap, FoV 320–350 mm, 

TR = 37.68, TE = 1.29, flip angle 70–80 degrees, resolution 256 × 166, BW 930) were 

acquired. Cine images of the LV and RV were acquired in the short axis plane, perpendicular 

to the ventricular septum. Long axis cine images were acquired in the axial plane (from level 

of pulmonary valve to diaphragm) to better visualise the RV free wall. Four-chamber cine 

views and LV outflow tract cine images (6 mm slices, FoV 300–330 mm, TR = 38.28, TE = 

1.32, flip angle 70–80 degrees, resolution 224 × 224, BW 930) were also taken to assess 

valve function, myocardial wall motion and blood flow through the heart.  

Late gadolinium enhancement imaging was acquired in the leukaemia survivor group to 

detect the possible presence of treatment-induced myocardial tissue pathologies. Gadoteric 

acid (0.15 mmol/kg infused at 3 mL/second, Dotarem, Guerbet, Roissy, France) was 

administered via an intravenous cubital fossa injection. After a 5 minute delay, a short axis 

mid-ventricular inversion time Scout (TrueFISP sequence) was acquired to determine the 

inversion time for the nulling of normal myocardial signal. Within the next 5-10 minutes, the 

late gadolinium enhancement images were obtained using both standard inversion recovery 

and Phase Sensitive Inversion Recovery sequences (inversion time range, 250-350 

milliseconds). A slice thickness of 8 mm was used in the short axis, 2-chamber view (vertical 

long axis through the left atrium and ventricle), 3-chamber view (LV outflow tract) and 4-

chamber view (horizontal long axis). 
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3.2.6 Data Analyses  

Cardiac MRI’s were analysed by the primary researcher using Siemens specialised cardiac 

analysis software (syngo.via VB20A_HF04). In the initial phase of analysis, the primary 

researcher was unable to be blinded to participant status as scans were taken clinically and 

had been saved under each participant’s name. However, an experienced radiographer who 

was blinded to participant status repeated all analysis to reduce bias and ensure consistency of 

figures. Additionally, a blinded cardiologist confirmed the final data set.  

Reported measures were automatically calculated by the analysis software following 

segmentation of appropriate anatomical regions and structures.  Systemic and pulmonary 

outflow tracts were auto-segmented in individual slices on cine images and then manually 

adjusted where necessary using a nudging tool. Short axis cines were visually inspected to 

identify end diastolic and end systolic frames for ventricular analysis. The end diastolic frame 

was selected as the one with the largest ventricular cavity/greatest blood pool (typically the 

first frame of the series), while the end systolic frame had the smallest ventricular 

cavity/lowest blood pool. An accompanying cine volume graph confirmed selection of end 

diastolic and end systolic frames. Marking of the mitral valve on two and four chamber cine 

images for the LV was automated but manually adjustable if tracking was inconsistent over 

frames. Manual placement was required for markers of the tricuspid valve annular plane in 

RV analysis. The basal frame was taken as the first complete slice below the level of the 

mitral and tricuspid valves. Endocardial and epicardial borders of the LV were automatically 

contoured on each individual frame and then manually adjusted using nudging and drawing 

tools. The RV endocardium was manually traced on each short axis frame. Papillary muscles 

were included in the blood pool in both systole and diastole. Data was internally validated by 

confirming that aortic flow, pulmonary flow, LV stroke volume and RV stroke volume were 
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all within 5% of each other. Any deviations resulted in re-analysis and, if required, review by 

a cardiologist. 

All gadolinium scans were visually inspected by a cardiologist who determined whether any 

myocardial morphological abnormalities or intra-cardiac shunts were present. 

 

3.2.7 Statistical Analyses  

Statistical analysis was performed using IBM SPSS version 20.0 (IBM Australia Ltd, New 

South Wales, Australia). Normality was assessed using the Kolmogorov-Smirnov test, with 

assumptions made at a significance level of p ≥ 0.05. Differences between cancer survivors 

and controls were then identified using independent samples t-tests, with significance set at p 

≤ 0.05. Descriptive data is presented as mean ± standard deviation. 
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3.3 Results 

 

3.3.1 Participant Characteristics  

Twenty-two (11 male, 11 female) leukaemia survivors participated in the study and 

completed all assessments. The average age of the leukaemia survivors was 21 ± 3 years 

(range 15-25 years). Mean age at diagnosis was 6 ± 4 years, resulting in an average time 

since diagnosis of 14 ± 4 years. The average time since final treatment was 13 ± 4 years. All 

survivors entered the study with completely normal echocardiograms. Half of the survivors (n 

= 11) had no history of cardiac toxicity, while the other half had a history of acute and/or 

early-onset cardiac toxicity that recovered in the years following treatment. Additional 

treatment and diagnostic information is presented in Table 3.1. Cumulative anthracycline 

dosages were calculated based on guidelines provided by the Children's Oncology Group 

[17]. The control participants were matched based on gender (ie. we recruited 11 male and 11 

female controls). The controls had a mean age of 25 ± 3 years (range 19-29 years). 

The controls had a mean systolic BP of 118 ± 11 mmHg, a diastolic BP of 65 ± 9 mmHg, a 

mean arterial pressure of 85 ± 9 mmHg and a resting HR of 63 ± 9 bpm. The leukaemia 

survivors had similar mean systolic and diastolic BPs (113 ± 11 mmHg, p = 0.089 and 62 ± 6 

mmHg, p = 0.254) and a comparable mean arterial pressure of 82 ± 7 mmHg (p = 0.249). 

However, the survivors had a higher resting HR than the controls (71 ± 9 bpm, p = 0.010). 
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Table 3.1    Characteristics of the leukaemia survivors. 

    

Survivor 

 (n = 22) 

     N % 

Underlying Diagnosis   

Leukaemia 22 100 

ALL 15 68 

Standard Risk° 13  

Intermediate Risk° 0  

High Risk° 2  

AML 7 32 

Standard Risk° 6  

Intermediate Risk° 1  

High Risk° 0  

Treatment   

Chemotherapy 20 91 

Chemotherapy & HSCT* 2 9 

Treatment Details   

Anthracycline Chemotherapy 22 100 

Cumulative Anthracycline Dosage   

<100 mg·m
2
 9 41 

100 – 249  mg·m
2
 6 27 

250 – 399 mg·m
2
 7 32 

ALL, acute lymphoblastic leukaemia; AML, acute myeloid leukaemia; HSCT, 

haematopoietic stem cell transplant 

 

°Long-term follow-up risk stratification based on guidelines provided by the 

Children's Oncology Group [17] 

 

*HSCT was used in the treatment of two AML patients. Total body irradiation was not 

part of the conditioning schedule. 

 

 

 



Chapter 3 

86 
 

3.3.2 Anthropometry 

The leukaemia survivors had an average height of 173.0 ± 7.7 cm, a body mass of 76.15 ± 

19.05 kg and a BMI of 25.2 ± 5.1. Height (173.8 ± 9.1 cm, p = 0.796), body mass (70.07 ± 

14.0 kg, p = 0.287) and BMI (22.9 ± 2.7, p = 0.109) were not significantly different in the 

control group. With regards to circumferences, the survivors and the controls had similar 

waist (84.1 ± 12.6 cm vs. 77.8 ± 10.0 cm, respectively; p = 0.107) and hip measurements 

(98.7 ± 12.1 vs. 92.9 ± 7.1 cm, respectively; p = 0.093). Similarly, waist-to-hip ratio was not 

different between groups (survivors, 0.85 ± 0.07; controls, 0.84 ± 0.07; p = 0.554). 

 

3.3.3 Vascular Function 

The survivors had a lower FMD than the controls (6.7 ± 2.1% vs. 8.6 ± 1.9%, p = 0.005), as 

can be seen in Figure 3.2. Delta diameter was also reduced in the survivor cohort (0.25 ± 0.10 

mm vs. 0.31 ± 0.06 mm, p = 0.030). Despite this, there were no differences between survivor 

and control groups for baseline diameter (survivors, 3.67 ± 0.64 mm; controls, 3.63 ± 0.52 

mm; p = 0.843), peak diameter (survivors, 3.91 ± 0.71 mm; controls, 3.94 ± 0.54 mm; p = 

0.915), or time to peak (survivors, 0.86 ± 0.31 minutes; controls, 0.99 ± 0.40 minutes; p = 

0.234).  
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Figure 3.2   Endothelial function data for leukaemia survivors (n = 22) and 

controls (n = 22). Error bars represent standard deviation for each measure. 
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3.3.4 Cardiac Magnetic Resonance Imaging 

Left ventricular ejection fraction (EF) was significantly reduced in the leukaemia survivors 

compared to the controls (55.0 ± 4.6% vs. 59.4 ± 6.2%; p = 0.010).  Five survivors (23%; 1 

ALL with a cumulative anthracycline dosage of 150 mg·m
2 

and no history of cardiotoxicity. 4 

AMLs with a cumulative anthracycline dosage ≥340 mg·m
2
, two of which had mildly dilated 

LVs acutely during treatment and two with no history of cardiotoxicity) had clinically 

reduced LVEF (defined as <50% [258-260]), while all the controls were normal. Despite this, 

there were no differences between groups in RVEF (leukaemia survivors, 52.1 ± 3.5%; 

controls, 53.2 ± 7.1%; p = 0.516). Figure 3.3 shows that there were no differences between 

survivors and controls for measures of absolute and normalised LV end diastolic volume (p = 

0.443 and p = 0.516, respectively) and absolute or normalised stroke volume (p = 0.622 and p 

= 0.079, respectively). There was no difference between leukaemia survivors and controls for 

absolute LV end systolic volume (p = 0.106), although once normalised for body surface area 

LV end systolic volume was higher in the survivors (p = 0.038). There were no significant 

differences between groups for any absolute or normalised measures of the RV (Figure 3.3).  

Measures of LV myocardial mass did not differ between leukaemia survivors and controls, 

nor did LV and RV cardiac output and cardiac index (Table 3.2). 

Gadolinium scans did not unmask any fibrosis or other myocardial changes. 
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Figure 3.3  Left and right ventricular absolute and normalised blood 

volumes for leukaemia survivors (n = 22) and controls (n = 22). Error bars 

represent standard deviation for each measure. 
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Table 3.2    Cardiac MRI parameters for leukaemia survivors and controls. 

 

Survivors 

(n = 22) 

Controls 

(n = 22)  

 Mean ± SD Mean ± SD P value 

LV Cardiac Output (L·min
-1

) 
6.8 ± 1.4  6.2 ± 1.1 0.117 

LV Cardiac Index (L·min
-1

·m
2
) 

3.5 ± 0.5 3.2 ± 0.4 
0.077 

RV Cardiac Output (L·min
-1

) 
6.8 ± 1.5 6.1 ± 1.1 

0.123 

RV Cardiac Index (L·min
-1

·m
2
) 

3.5 ± 0.5 3.2 ± 0.4 
0.088 

LV Myocardial Mass at ED (g) 110.1 ± 33.4  104.9 ± 32.6 0.600 

LV Myocardial Mass at ED (g·m
2
) 55.7 ± 10.9 54.3 ± 10.7 0.670 

Average LV Myocardial Mass (g) 
108.4 ± 31.9 103.6 ± 30.3 

0.611 

Average LV Myocardial Mass (g·m
2
) 

54.6 ± 10.4 53.8 ± 9.9 
0.784 

MRI, magnetic resonance imaging; SD, standard deviation; LV, left ventricular; RV, right 

ventricular; ED, end diastole 
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3.4 Discussion 

In the present study, cMRI detected subclinical changes in cardiac structure and function 

suggestive of potential future disease in a cohort of apparently healthy, asymptomatic 

childhood leukaemia survivors treated with anthracyclines. This study has also highlighted 

the presence of vascular endothelial dysfunction that may accelerate progression of 

anthracycline injury, as well as predispose to concomitant CVD in this population.  

Importantly, none of the survivors included in the current study had received radiotherapy 

and all were free from cardiac symptoms and had normal resting echocardiography. Despite 

this, cMRI uncovered significantly reduced LVEF in the leukaemia survivors compared to 

the healthy controls. Furthermore, 23% of these survivors were detected to have clinically 

reduced (<50% [258-260]) LVEF. These findings highlight a decline in cardiac function 

following anthracycline chemotherapy which is predominantly silent for an average of 13 

years following the end of leukaemia treatment. Additionally, our findings have demonstrated 

that even those leukaemia survivors treated with relatively low cumulative anthracycline 

dosages <250 mg·m
2 

are at risk of such deterioration and disease.  Similar findings have been 

presented by Armstrong et al. [21], who reported that 27% of their childhood cancer 

survivors who were previously undiagnosed with cardiac dysfunction and treated with 

cumulative anthracycline doses <150 mg·m
2
 had LVEF two standard deviations below 

normative ranges. The present study both validates and strengthens these findings through the 

use of a healthy control group and provides a novel analysis of cardiac function in an isolated 

cohort of childhood leukaemia survivors. Interestingly, the survivors included in the 

Armstrong et al. [21] study had a significantly longer time since diagnosis (27.74 years, range 

18-38 years) than our cohort, indicating earlier detection of disease in our childhood 
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leukaemia survivor population is possible. This timely detection allows for earlier 

intervention, which will help to maximise treatment outcomes. 

A reduction in LVEF can be attributable to a decrease in end diastolic volume or an increase 

in end systolic volume [94]. In the current study, we observed augmented normalised LV end 

systolic volume in the leukaemia survivors when compared to the control participants. In 

keeping with our findings, Ylänen et al. [90] observed increased LV end systolic volume in 

anthracycline-treated childhood cancer survivors upon assessment with cMRI. However, the 

cohort utilised by Ylänen et al. [90] included survivors who had also received adjuvant 

radiotherapy. Therefore, our results provide a unique picture of cardiovascular toxicity 

development in AYA survivors of acute childhood leukaemia who only received 

anthracyclines.  

In the anthracycline-exposed individual, increased ventricular volumes and cardiac 

dysfunction typically result from underlying myocardial injury caused by cancer treatment – 

for example, myocardial fibrosis, myofibrillar lysis, infiltrative disorder and myocellular 

dysfunction [19, 26, 94]. However, in the present study there was no late gadolinium 

enhancement on any of the survivor cMRIs and no differences in myocardial mass between 

groups. Similar to our study, Ylänen et al. [90] also failed to see changes in late gadolinium 

enhancement scans used on a mixed group of childhood cancer survivors with a median 

follow-up of 7.8 years. Additionally, Ylänen et al. [90] did not find differences in myocardial 

mass between their survivor cohort and referenced normative data, despite observing 

abnormalities in EF and ventricular volumes. Together, our findings suggest that there is 

minimal fibrosis involved in the early remodelling process (ie. larger LV volumes and lower 

LVEF) raising the question as to whether there is any value in including late gadolinium 

enhancement into cMRI follow-up scans whilst cancer survivors are within the first two 
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decades of survival. However, it is important to note that our lack of findings may also be due 

to imaging procedures used and/or the inability of current measures to detect subclinical 

myocardial changes in this cohort. Interestingly, despite the similarities in findings, the 

survivor group used in the study by Ylänen et al. [90] had received radiotherapy. This 

indicates that early progression of late anthracycline toxicity is similar between childhood 

cancer survivors irrespective of treatment with other therapies. 

Anthracycline chemotherapy induces oxidative stress that is toxic to the vascular endothelium 

[78, 79]. Endothelial injury reduces the ability of the vessels to vasodilate and greatly 

increases susceptibility to accelerated atherosclerosis; hence, FMD is a strong predictor of 

cardiovascular events [98, 99]. In the current study we observed a significantly reduced FMD 

in our cohort of asymptomatic childhood ALL and AML survivors. Notably, this occurred 

despite similarities between survivor and control groups in resting BP, body mass, BMI and 

waist circumference. While endothelial dysfunction has previously been demonstrated in 

survivors of childhood ALL [72, 86] we are among the first to perform this measure in an 

isolated leukaemia survivor population that did not receive radiotherapy. Additionally, the 

inclusion of a matched control group strengthens the validity of our FMD findings. Impaired 

endothelial function may lead to poor peripheral vasodilation which can, in turn, increase 

systemic vascular resistance, resulting in an increase in afterload [78]. Increased afterload can 

lead to a concomitant increase in LV end systolic volume, which was a prime observation in 

the current study.  Our combined observations imply a relationship between endothelial 

dysfunction and the development of late cardiac toxicity in this cohort. This finding will need 

to be corroborated by larger studies.  

There is currently no consensus on the best management or treatment options for 

cardiovascular complications relating to anthracycline chemotherapy [13, 49-51]. 
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Unfortunately, once abnormalities are clinically observable and/or symptomatic there is often 

limited time left to trial different treatment strategies, resulting in varied results that are often 

short-lived [13, 49-51]. For example, mortality from restrictive cardiomyopathy – a common 

late presentation of anthracycline cardiotoxicity – can be as high as 50% within two years of 

diagnosis [26, 44]. This emphasises the importance of studies such as ours, which help to 

characterise the earliest changes in cardiovascular structure and function that may indicate 

future disease and, therefore, allow for timely intervention. This is enforced by a study in 

adult cancer survivors, which showed better outcomes with earlier initiation of treatment for 

patients with diagnosed anthracycline cardiomyopathy [104].  

It may be considered that a limitation of this study is the small sample size.  However, when 

using cMRI the sample size needed to detect a 3% change in EF, a 10 mL change in end 

diastolic volume and end systolic volume, and a 10 g change in myocardial mass is 81-97% 

smaller than the sample size that is needed to detect the same differences when using 

standard echocardiography (range: 9-15 patients using cMRI vs. 53-273 patients using 

echocardiography) [261]. Further, this study was considerably strengthened by the use of a 

healthy, matched control group. As there is variability between machines, technicians, 

analysis procedures and software, normative data is not the most accurate basis for 

comparisons. This can be seen when comparing our healthy control group to the normative 

data used by Armstrong et al. [21], with male controls in our study presenting with a LVEF 

(56.3%) almost two standard deviations below the mean LVEF reported for healthy males 

aged 20-39 years (64.3%) [122]. While we have reported on some of the more common CVD 

risk-factors here (eg. resting BP, BMI and waist circumference), we were unable to collect 

data on lifestyle factors (eg. smoking history and physical activity status) that may have 

contributed to the development of endothelial dysfunction in our leukaemia survivors. 

However, we are confident that the anthracycline treatment was the primary variable 
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influencing our results. In a previous study we reported normal endothelial function in AYA 

survivors of childhood brain cancer who presented with significantly reduced 

cardiorespiratory fitness [262]. This indicates that endothelial abnormalities caused by such 

risk-factors are slow to develop and, therefore, may not have had any effect on our leukaemia 

survivor endothelial function results. 

The present study has demonstrated that cMRI is successful in unmasking early subclinical 

changes in cardiac structure and function indicative of future disease in asymptomatic 

childhood leukaemia survivors exposed solely to anthracycline chemotherapy. While 

gadolinium enhancement did not appear to add any additional value to scans in this stage of 

survival, cMRI alone allowed for nearly one-quarter of the survivors to be referred for 

cardiology review, possibly saving future costs of having to treat advanced diseases and 

allowing for better outcomes due to prompt initiation of treatment. In addition to this, the 

current study has demonstrated the importance of also assessing endothelial health in this 

cohort as a means of investigating risk of exacerbated and/or concomitant CVD. 
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4.0 Abstract  

Childhood leukaemia survivors commonly develop late-onset cardiovascular disease 

following treatment with anthracyclines. Resting echocardiogram is the standard procedure 

for monitoring cardiac health but this method may not be sensitive enough to detect 

subclinical injury. Exercise echocardiography may provide a viable alternative. Nineteen (9 

male; age, 19 ± 3 years) anthracycline-treated survivors of childhood leukaemia and 17 (8 

male) healthy individuals of similar age (22 ± 2 years) were recruited. All survivors had 

normal resting echocardiography upon recruitment. Exercise echocardiography was 

performed using contemporary imaging techniques. Flow mediated dilation (FMD), body 

composition, and cardiorespiratory fitness ( O2peak) were assessed to determine 

predisposition to additional disease. Mitral valve peak flow velocity in late diastole 

(interaction, p = 0.007) increased from rest in survivors (p = 0.023) and controls (p = 0.020) 

immediately post exercise but did not recover again in the survivors (exercise-recovery, p = 

0.784) following recuperation. Consequently, E/A ratio (interaction, p < 0.001) was lower in 

the survivors at recovery (p < 0.001). Survivors had reduced FMD (7.88 ± 1.70 vs. 9.65 ± 

2.83; p = 0.030), maximal and recovery heart rates (p = 0.001; p < 0.001), minute ventilation 

(p < 0.001), and O2peak (absolute, 2.64 ± 0.62 vs. 3.14 ± 0.74 L·min
-1

, p = 0.034; relative, 

36.78 ± 11.49 vs. 45.14 ± 6.80 ml·kg
-1

·min
-1

; p = 0.013) compared to controls. They also had 

higher total body fat (percentage, p = 0.034; mass, p = 0.024) and fat mass in the central (p = 

0.050), peripheral (p = 0.039) and visceral (p < 0.001) regions. Exercise echocardiography 

unmasked subclinical diastolic dysfunction that may indicate late anthracycline toxicity in 

apparently-healthy survivors of childhood leukemia. Presence of secondary risk-factors 

indicates increased predisposition to comorbidities and highlights the importance of assessing 

cardiovascular health during follow-up.  
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Introduction 

Concurrent to the introduction of anthracycline chemotherapy into treatment protocols for 

childhood leukaemia there has been a vast increase in survival rates [19, 44]. However, while 

anthracyclines have proven successful in the treatment of haematological cancer, they are 

notorious for their toxicity to the cardiovascular system [19, 44, 80-84].  Many of the 

resulting manifestations of anthracycline cardiovascular toxicity lay latent for decades before 

becoming detectable – at which point they have often already developed into a clinically 

significant disease such as cardiomyopathy or congestive heart failure [18, 19]. This 

highlights the importance of life-long follow-up for all exposed survivors – even if they have 

been deemed healthy upon follow-up assessment in the years immediately after cessation of 

treatment. 

Currently, resting echocardiogram is the standard follow-up procedure used to detect changes 

in cardiac structure and function following treatment with anthracyclines [17]. However, it 

has been questioned whether this method is sensitive enough to detect subclinical cardiac 

injury, with no consensus on the most optimal screening tool [21, 24, 25]. It has been 

suggested that the heart compensates for initial anthracycline injury during childhood via 

hypertrophy of the undamaged myocytes, therefore allowing for maintenance of normal 

cardiac output in the years following treatment [19, 26]. While this may be beneficial in the 

short-term, it inevitably leads to long-term failure with the constant demands of everyday life 

[19, 26]. Based on this, it follows that placing the heart under the stress of exercise may 

increase cardiovascular workload enough to help unmask initial abnormalities not seen at 

rest; this promotes the use of an exercise echocardiogram protocol [24, 25, 113, 115]. The 

current body of literature surrounding the use of exercise stress echocardiography in 

asymptomatic survivors of childhood cancer is inconsistent in its findings regarding efficacy 
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[89, 113, 115, 125, 126]. Further, the utilised study populations have, for the most part, been 

heterogeneous in cancer diagnosis and/or treatment. Of note, existing studies tend to employ 

traditional echocardiographic measures of structure and function – for example fractional 

shortening – to assess cardiac toxicity [113, 115]. Recent advances in imaging, such as 

speckle tracking strain echocardiography, allow for a more comprehensive analysis of cardiac 

structure and function than standard two-dimensional (2D) echocardiography alone [97, 263]. 

Thus far, strain imaging has proven to be effective at detecting early cardiac dysfunction at 

rest in combined groups of childhood cancer survivors, as well as in breast cancer survivors 

[97, 116]. However, very few studies have attempted to measure strain at peak exercise in 

this cohort, with only one study successfully able to obtain analysable images [125, 126]. To 

our knowledge no one has utilised this state-of-the-art imaging technique in combination with 

regular 2D and colour Doppler echocardiography to perform exercise stress echocardiograms 

in an isolated group of asymptomatic childhood leukaemia survivors who have been treated 

with anthracyclines but no radiotherapy. We hypothesise that the combination of exercise-

induced stress and more sensitive echocardiographic imaging will be successful at detecting 

early changes in cardiac structure and function indicative of future anthracycline cardiac 

toxicity in a cohort of asymptomatic, apparently healthy adolescent and young adult (AYA) 

survivors of acute childhood leukaemia. 

Endothelial dysfunction, overweight and obesity, and low cardiorespiratory fitness are all 

risk-factors for cardiovascular disease (CVD) [98, 264, 265]. In childhood leukaemia 

survivors, these risk-factors may develop as a result of poor lifestyle choices, or arise as 

secondary consequences of cancer and its treatment [45, 75, 78]. Irrespective of the cause, the 

associated complications develop independently of, and supplementary to, anthracycline-

mediated cardiovascular toxicity, resulting in complex and often multiple CVD in this 

population [257, 266-268]. Further to this, the presence of CVD risk-factors may actually 
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exacerbate or accelerate underlying anthracycline injury, leading to more advanced future 

disease that is difficult to treat [257, 266-268]. In the present study, we assessed endothelial 

function, body composition, and cardiorespiratory fitness in asymptomatic, anthracycline-

treated survivors of childhood leukaemia to determine overall CVD predisposition and to 

examine whether presentation of subclinical anthracycline injury is influenced by the 

presence of these risk-factors.  

Overall, our study will provide new insight into whether exercise stress echocardiography 

with strain imaging is effective at detecting underlying cardiac abnormality and dysfunction 

in apparently healthy, anthracycline-treated survivors of childhood acute lymphoblastic and 

acute myeloid leukaemia (ALL and AML, respectively). Additionally, it will help to 

characterise cardiovascular health in this population, which will allow for a thorough 

examination of future CVD risk. 

 

 

 

 

 

 



Chapter 4 

101 
 

4.1 Methods 

 

4.1.1 Participants  

Long-term term (≥5 year) AYA (15-25 years) survivors of childhood ALL and AML were 

identified from the oncology database at Princess Margaret Hospital for Children (Western 

Australia). Survivors with any abnormal cardiac findings on their latest follow-up 

echocardiograms (eg. presentation of ventricular dilation, systolic and/or diastolic 

dysfunction, wall thickness or wall motion abnormalities, effusions, signs of disease or 

infection) were omitted from participation. As we were interested in examining late cardiac 

structure and function changes specific to treatment with anthracycline chemotherapy, those 

survivors who had received radiotherapy as part of their treatment were also omitted from 

participation. All patients were treated at Princess Margaret Hospital for Children (ie. 

treatment was provided by a single centre) using uniform treatment protocols for ALL and 

AML provided by the Children's Oncology Group [17] (or by the Children’s Cancer Group if 

treatment was prior to formation of the Children’s Oncology Group). Cumulative 

anthracycline dosages were calculated based on guidelines provided by the Children's 

Oncology Group [17], while calculations for determining cyclophosphamide equivalent 

dosages were based on Green et al. [269]. Additional exclusion criteria included diagnosis of 

a CVD and/or presence of any cardiovascular-related signs and symptoms. Healthy 

individuals of a similar age were recruited from the community to act as a control group for 

the study. 

Power analysis was conducted prior to commencing the study using G*Power 3.1.9.2 [270]. 

Two-tailed t-tests were used to determine the sample size needed to detect changes occurring 
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at an alpha level of 0.05 and a power of 80%, using O2peak as the primary variable. The 

expected survivor mean and standard deviation for O2peak (34.8 ± 9.3 ml·kg
-1

·min
-1

) was 

sourced from Järvelä et al. [271], who conducted cardiorespiratory fitness testing in 21 AYA 

survivors of childhood ALL. Input data for controls (46.6 ± 9.4 ml·kg
-1

·min
-1

) was taken 

from a previous paper published by our group [262] which utilised the same testing protocol 

used here to measure cardiorespiratory fitness in 19 healthy, AYA individuals. Using these 

values, it was determined that 11 participants were needed in each group (ie. 22 participants 

in total), producing an effect size of 1.26. In order to increase reliability of our data and to 

account for participant drop-out, we aimed to recruit 15 individuals per group. Nineteen (9 

male, 10 female) eligible survivors agreed to be involved in the study. Nineteen (9 male, 10 

female) healthy individuals of a similar age were recruited from the community to act as a 

control group for the study. However, upon screening, one male and one female control had 

abnormal clinical findings on their echocardiograms (one with an enlarged aorta and one with 

supraventricular tachycardia) and so they were excluded from the study. As a result, we have 

only reported data from seventeen (8 male, 9 female) healthy controls. 

This study was granted ethical approval by the University of Western Australia Human 

Research Ethics Committee (reference number, RA/4/1/9090) and the Princess Margaret 

Hospital Human Research Ethics Committee (approval number, 2016108EP). All participants 

(or parents/guardians for those under 18 years) were required to provide informed, written 

consent prior to participation. 
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4.1.2 Experimental Design 

Testing for this study occurred over two sessions. The first testing session began with resting 

measurements of heart rate (HR) and blood pressure (BP), followed by assessment of conduit 

artery function. Following this, anthropometrics were taken and body composition and bone 

mineral density (BMD) were assessed. The session concluded with measurement of peak 

cardiorespiratory fitness ( O2peak). Cardiac structure and function were assessed using 

exercise stress echocardiography. Due to limited access to cardiology facilities and 

equipment, all participants were scheduled to perform their exercise stress echocardiograms 

over the same weekend, which was within one month of the initial testing. Participants were 

instructed to avoid exercise for 24 hours prior to each appointment. 

 

4.1.3 Heart Rate, Blood Pressure and Endothelial Function 

Participants were instructed to fast for a minimum of four hours prior to vascular assessment. 

An electronic cuff (Dinamap CARESCAPE V100, GE Healthcare, General Electric 

Company, Buckinghamshire, UK) was used to measure HR and BP following a 20 minute 

supine rest period. The flow mediated dilation (FMD) technique [99] was then used to assess 

endothelial function in the right brachial artery.  Continuous (30 Hz) recordings of brachial 

artery diameter were captured using non-invasive, high-resolution ultrasound (uSmart 3300 

NexGen, Terason, Burlington, Massachusetts, USA). Measurements of brachial lumen cross-

sectional area and Doppler velocity were used to calculate blood flow.  A forearm cuff was 

placed distal to the olecranon process and inflated to 220 mmHg for 5 minutes following 

baseline imaging (1 minute). Recordings of diameter and blood flow re-commenced 30 

seconds prior to cuff deflation and continued for a further three minutes. Validated, custom 
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designed edge-detection and wall-tracking software [272] was used to analyse all scans. 

Specific details are outlined by Thijssen et al. [99].  

 

4.1.4 Cardiorespiratory Fitness 

A modified chronotropic treadmill protocol utilised previously by our group [262, 273] and 

deemed as safe for clinical populations was used to measure O2peak. Incremental stages 

were 3 minutes in length, with participants encouraged to continue until volitional 

exhaustion. Every participant started the test at stage 1, which was set at a speed of 3.2 km/h 

and a gradient of 4%. Speed was increased by 0.8 km/h for the following 4 stages. Gradient 

was increased by 1% for stages 2 and 3 and then by 2% for stages 4 and 5. Gradient was then 

kept the same (at 10%) for the remainder of the assessment. However, speed continued to 

increase from stage 6 by 1.6 km/h. Heart rate (Polar H10, Polar Electro Oy, Professorintie 

Kempele, Finland) and ratings of perceived exertion (RPE; Borg scale (6-20) [274]) were 

recorded prior to exercise, at the end of each stage and at peak exertion to monitor effort. 

Heart rate was also recorded at 10 minutes post cessation to ensure appropriate recovery. 

A mouthpiece connected to a computerised metabolic cart was used to collect respired air 

throughout the assessment. Gas analysers (Ametek Applied Electrochemistry S-3A/1 and 

CD-3A, AEI Technologies, Pittsburgh, USA) calculated percentages of oxygen and carbon 

dioxide in this respired air, while a ventilometer (Universal Ventilation Meter, VacuMed, 

Ventura, California, USA) calculated minute ventilation ( E) and respiratory exchange ratio 

(RER). To ensure accuracy of measurement, calibration of the metabolic cart occurred prior 

to each assessment.  
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4.1.5 Anthropometry, Body Composition and Bone Mineral Density 

Body mass was measured using an electronic scale (Sauter Model EB60, FSE Scientific, New 

South Wales, Australia), while height was measured using a wall-mounted stadiometer (Seca 

216 Measuring Pole, Birmingham, UK). From these measurements, body mass index (BMI) 

was calculated using formula published by The World Health Organisation [174]. 

Additionally, height and weight were used to calculate body surface area, using formula 

published by Mosteller [275]. A girth tape was used to measure waist and hip circumference. 

Waist-to-hip ratio was then calculated by dividing waist circumference by hip circumference. 

The anthropometric measurement protocols utilised were in accordance with The American 

College of Sports Medicine [29].  

Following measurement of anthropometry, body composition and BMD were assessed using 

dual x-ray absorptiometry (DEXA; Lunar iDXA, GE Healthcare Lunar, General Electric 

Company, Madison, USA). Total quantities of fat, lean body mass (LBM) and BMD were 

measured using whole body scans. Fat distribution in the central (trunk and android), 

peripheral (arms, legs and gynoid) and visceral regions was also assessed.  

 

4.1.6 Exercise Stress Echocardiography  

Echocardiography was performed by an experienced sonographer using a commercially 

available ultrasound system (EPIQ-7, Koninklijke Philips N.V., Philips Electronics Australia 

Limited, New South Wales, Australia). An X5-1 xMATRIX array transducer was used to 

digitally capture images with participants lying in the left lateral decubitis position. A 

baseline echocardiogram with tissue harmonic imaging was performed for each participant. 
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This included standard two dimensional (2D) echocardiographic imaging (parasternal long 

and short-axis, apical long-axis, and apical two and four chamber) to assess chamber sizes, 

wall-motion thickness, aortic dimensions and valvular structure and function. Left and right 

ventricular (LV and RV, respectively) measures were captured at baseline, during stress (in 

the two minutes immediately following exercise) and during recovery. Of note, stress images 

were obtained in the sequence of standard 2D imaging views (whilst the participant was still 

at peak HR), followed by tissue Doppler assessment (to minimise E:A fusion).  

Participants were continuously monitored throughout the assessment using 12-lead 

electrocardiogram (ECG; Mortara Instrument, Milwaukee, Wisconsin, USA) and manual BP 

readings. A cardiologist supervised all assessments and reviewed ECG, BP and 

echocardiogram findings at each stage of the test to assure the safety of the participants. An 

accredited exercise physiologist ran participants through the same incremental treadmill 

protocol utilised in the O2peak test. Participants were encouraged to achieve similar 

workloads and HRs on both exercise tests; although, they ultimately determined when they 

ceased the assessment (ie. continued until volitional exhaustion). Cine loops were saved in 

raw DICOM format for analysis. 

 

4.1.7 Data Analyses  

Ejection fraction (EF) was measured using the Simpson’s biplane method. Indexed stroke 

volume, diastolic function and LV longitudinal strain were measured using 2D speckle 

tracking in the standard apical views. Global longitudinal peak systolic strain was analysed 

offline by an experienced technician using the Philips EPIQ 7 Automated Cardiac Motion 

Quantification (aCMQ) software. Using 2D speckle tracking, the software places a region of 
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interest upon the selected apical views, generating measurements of both global and regional 

myocardial function. Global circumferential strain was analysed using the same software. All 

strain measurements were analysed by a separate technician. Diastolic function was assessed 

with transmitral flow velocities and myocardial tissue velocities at the mitral annulus. Right 

ventricular function was also quantitatively assessed using tricuspid annular plane systolic 

excursion, fractional area change and tissue Doppler peak systolic velocity at the tricuspid 

annulus. 

 

4.1.8 Statistical Analyses  

Statistical analysis was conducted using IBM SPSS Statistics version 20.0 for Windows 

(IBM Australia Ltd, New South Wales, Australia). Descriptive data was generated and 

presented as mean ± standard deviation. Independent samples t-tests were used to determine 

differences between groups in vascular function, physical profile, cardiorespiratory fitness 

and baseline cardiac health (resting echocardiography). Two-way mixed design ANOVA’s 

were then used to uncover time, group and interaction effects for echocardiographic 

measurements; however, as time and group effects were not relevant for the primary 

questions raised in this study they are not reported in text. Significant interactions were 

further explored using simple effects testing. All post-hoc values were adjusted for multiple 

comparisons using Fisher’s least significant difference. Significance was set at p ≤ 0.05 for 

all statistical procedures. 
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4.2 Results 

 

4.2.1 Participant Characteristics  

Details regarding cancer treatment for the survivor group are presented in Table 4.1. The age 

of the leukaemia survivors was 19 ± 3 years and the age of the controls was 22 ± 2 years. Of 

the 19 leukaemia survivors 12 had a diagnosis of ALL and seven had a diagnosis of AML. 

The average age of the leukaemia survivors at diagnosis was 7 ± 5 years, resulting in an 

average time since diagnosis of 12 ± 4 years.  Mean time since final treatment was 12 ± 4 

years. One AML survivor experienced a relapse 16 months following initial diagnosis. As 

this survivor was in adult care by the time he relapsed, we do not have specific details 

regarding his relapse treatment. We can confirm he did not receive radiotherapy but probably 

received alkylating agents. Eleven survivors had no history of acute or early-onset cardiac 

toxicity. Two survivors experienced acute LV dilatation (mild-moderate), LV wall thinning 

(mild), mitral and tricuspid valve regurgitation (trivial-mild) and septal dyskinesia (mild) 

during treatment, and a further three experienced similar changes in the year following 

treatment. Finally, two survivors had a history of endocarditis and another one experienced a 

fungal infection of the heart whilst undergoing chemotherapy. All survivors with a history of 

acute or early-onset cardiac toxicity had recovered to normal cardiac structure and function at 

time of participation, as ascertained by their cardiologist. 
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Table 4.1    Cancer treatment details for the leukaemia survivors. 

  

  

Survivor 

(n = 19) 

  N % 

Protocol   

COG AALL0232 1 5 

COG AALL0331 2 11 

COG AAML0531 5 26 

CCG 1882 1 5 

CCG 1952 1 5 

CCG 1961 2 11 

CCG 1991 5 26 

CCG 2961 2 11 

Treatment   

Chemotherapy 16 84 

Chemotherapy & HSCT* 3 16 

Treatment Details   

Anthracycline Chemotherapy 19 100 

Cumulative Anthracycline Dosage   

<100 mg·m
2
 6 31.5 

100 – 249  mg·m
2
 7 37 

250 – 399 mg·m
2
 6 31.5 

Cyclophosphamide   

0 g·m
2
 4 21 

1 – 3  g·m
2
 11 58 

4 – 6  g·m
2
 3 16 

7 – 9  g·m
2
 1 5 

COG, Children’s Oncology Group; CCG, Children’s Cancer Group; HSCT, haematopoietic stem cell transplant 

*HSCT was used in the treatment of two AML patients. Total body irradiation was not part of the conditioning 

schedule. 
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4.2.2 Heart Rate, Blood Pressure and Endothelial Function 

There were no differences between groups in measures of resting HR or BP. Data on conduit 

artery function is presented in Table 4.2. The leukaemia survivors had a significantly lower 

FMD than the controls. There were no significant differences between groups in arterial 

baseline diameter, peak diameter, delta diameter or in time to peak diameter. 

 

4.2.3 Cardiorespiratory Fitness 

Cardiorespiratory fitness data is presented in Table 4.2. Leukaemia survivors had lower 

maximal and recovery (10 minutes post exercise cessation) HRs compared to controls. 

Although, when converted to a percentage of HR maximum, recovery HRs were not different 

between groups (survivors, 57.7 ± 7.0%; controls, 60.6 ± 5.2%; p = 0.132). The survivors 

also had lower E and presented with reduced absolute and relative O2peak. There were no 

differences in maximal RPE or RER between groups. 
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Table 4.2    Vascular function and cardiorespiratory fitness in the leukaemia survivors and controls. 

  

Survivors 

(n = 19) 

Controls 

(n = 17) P value 

Resting Heart Rate and Blood Pressure 
 

 
 

Systolic Blood Pressure (mmHg) 
111 ± 11 114 ± 13 0.466 

Diastolic Blood Pressure (mmHg) 
63 ± 7 66 ± 10 0.313 

Mean Arterial Pressure (mmHg) 82 ± 7 83 ± 8 0.706 

Heart Rate (bpm) 65 ± 10 59 ± 9 0.072 

Endothelial Function    

Baseline Diameter (mm) 3.51 ± 0.53 3.53 ± 0.56 0.919 

Peak Diameter (mm) 
3.80 ± 0.58 3.87 ± 0.62 

0.726 

Delta Diameter (mm) 
0.29 ± 0.08 0.34 ± 0.13 

0.151 

Flow Mediated Dilation (%) 
7.88 ± 1.70 9.65 ± 2.83 

0.030* 

Time to Peak (sec) 
55.11 ± 24.60 62.37 ± 39.64 

0.509 

Peak Cardiorespiratory Fitness 
   

Maximum RPE 
17 ± 1 18 ± 1 0.075 

Maximum Heart Rate (bpm) 
175 ± 18 192 ± 8 

0.001* 

Recovery Heart Rate (bpm) 101 ± 12 116 ± 11 <0.001* 

Minute Ventilation (L·min
-1

) 70.04 ± 17.12 96.21 ± 15.79 <0.001* 

Respiratory Exchange Ratio 1.09 ± 0.11 1.10 ± 0.04 0.768 

O2peak (L·min
-1

) 2.64 ± 0.62 3.14 ± 0.74 
0.034* 

O2peak (ml·kg
-1

·min
-1

) 36.78 ± 11.49 45.14 ± 6.80 0.013* 

RPE, rating of perceived exertion 

*Denotes statistical significance (p ≤ 0.05) between cancer survivors and controls using independent samples t-tests 
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4.2.4 Anthropometry, Body Composition and Bone Mineral Density 

The leukaemia survivors had a mean stature of 173.0 ± 7.8 cm, body mass of 76.16 ± 19.05 

kg, BMI of 25.2 ± 5.1 and body surface area of 1.89 ± 0.24 m
2
.  Average waist circumference 

was 84.1 ± 12.6 cm, while hip circumference was 98.7 ± 12.1 cm; this resulted in a waist-to-

hip ratio of 0.85 ± 0.07. These measures were similar to those in the controls, who had an 

average height of 173.8 ± 9.1 cm (p = 0.796), body mass of 70.07 ± 13.96 kg (p = 0.287), 

BMI of 22.9 ± 2.7 (p = 0.109), body surface area of 1.82 ±  0.22 m
2
 (p = 0.396), waist 

circumference of 77.8 ± 10.0 cm (p = 0.107), hip circumference of 92.9 ± 7.1 cm (p = 0.093) 

and a waist-to-hip ratio of 0.84 ± 0.07 (p = 0.554). 

Measures of DEXA-derived body fat are presented in Figure 4.1. Compared to controls, the 

leukaemia survivors had higher total body fat (percentage, p = 0.034; mass, p = 0.024) and 

greater distributions of fat mass in the central (p = 0.050), peripheral (p = 0.039) and visceral 

(p < 0.001) regions. There were no differences between groups in percentage of central or 

peripheral fat (p = 0.065 and p = 0.067, respectively), LBM (survivors 46.52 ± 8.71 kg; 

controls, 48.83 ± 11.57 kg; p = 0.500) or BMD (survivors, 1.19 ± 0.11 g·cm
2
; controls, 1.27 ± 

0.14 g·cm
2
; p = 0.053). 
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Figure 4.1  Body fat distribution for the leukaemia survivors (n = 19) and 

the controls (n = 17), presented as percentage and mass. Central fat encompasses 

the trunk and android region, while peripheral fat incorporates the arms, legs and 

gynoid region. 

*p ≤ 0.05, •p ≤ 0.01 
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4.2.5 Exercise Stress Echocardiography  

Data from t-tests (used to determine whether groups were matched at rest) are presented in 

text, irrespective of significance. Full exercise stress echocardiogram measures are presented 

in Table 4.3. 

 

4.2.5.1 Resting Measures 

With regards to cardiac structure and function, leukaemia survivors and controls were 

matched at rest (LV end diastolic volume, p = 0.946; LV end systolic volume, p = 0.622; LV 

stroke volume, p = 0.472; LV 2D EF, p = 0.593; RV end diastolic area, p = 0.320; RV end 

systolic area, p = 0.595; fractional area change p = 0.731).  

Likewise, mitral valve (MV) inflow measures were similar between groups (MV peak flow 

velocity in early diastole [Peak E], p = 0.884; MV peak flow velocity in late diastole [Peak 

A], p = 0.136; MV deceleration time, p = 0.885; ratio of MV Peak E to Peak A velocity 

[E/A], p = 0.121).  

Tissue Doppler imaging measures of the lateral wall were matched between groups (lateral 

mitral annulus Peak E’ tissue velocity, p = 0.183; ratio of MV Peak E flow velocity to Peak 

E’ lateral mitral annulus tissue velocity, p = 0.223). However, medial mitral annulus Peak E’ 

tissue velocity was reduced in survivors compared to controls (p = 0.006). As a result, the 

ratio of MV Peak E flow velocity to Peak E’ medial mitral annulus tissue velocity was also 

different between groups at rest (p = 0.042). 

At rest, there were no differences in global longitudinal (p = 0.561) and global 

circumferential (p = 0.232) strain between leukaemia survivors and controls.  
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4.2.5.2 Peak Exercise Measures 

Mitral valve Peak A velocity had a significant interaction effect (Figure 4.2; p = 0.007). 

Immediately after peak exercise MV Peak A velocities increased significantly from resting 

levels in survivors (p = 0.023) and controls (p = 0.020), such that there were no differences 

between groups in this measure at the exercise time-point (p = 0.494).  

Despite being reduced in the survivors at rest, medial mitral annulus Peak E’ tissue velocity 

and ratio of MV Peak E flow velocity to Peak E’ medial mitral annulus tissue velocity were 

similar between groups when measured immediately following peak exercise. 
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Figure 4.2  Impact of exercise stress protocol on mitral valve peak flow 

velocity in late diastole (MV Peak A) for leukaemia survivors (n = 19) and 

controls (n = 17) at rest, immediately after exercise and following recovery. 

Error bars represent standard deviation. *Denotes significant (p ≤ 0.05) 

difference between groups for time-point. °Denotes significant (p ≤ 0.05) 

difference within group between rest and exercise. 
┼
Denotes significant (p ≤ 0.05) 

difference within group between exercise and recovery. •Denotes significant (p ≤ 

0.05) difference within group between rest and recovery. 
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4.2.5.3 Recovery Measures 

There was a significant interaction effect for MV E/A ratio (Figure 4.3; p < 0.001). Although, 

MV E/A responded similarly within and between groups at rest and exercise, the MV E/A 

ratio was significantly lower in the leukaemia survivors at recovery compared to the controls 

(p < 0.001). The MV E/A ratio in the controls at recovery was higher than it was at both rest 

(p < 0.001) and exercise (p = 0.005). This was driven mainly by MV Peak A velocity, which 

did not fully recover in the leukaemia survivors (Figure 4.2; exercise-recovery, p = 0.784). 

As a result, MV Peak A velocity at recovery was higher than it was at rest (p = 0.012) in this 

group. In contrast, MV Peak A velocity in the control group dropped following recovery 

(Figure 4.2) to below exercise (p = 0.001) and resting values (p = 0.033). When making 

comparisons between groups, the leukaemia survivors had a significantly increased MV Peak 

A velocity at recovery compared to the controls (Figure 4.2; p < 0.001).  

Once again, despite being reduced at rest in the leukaemia survivors, medial mitral annulus 

Peak E’ tissue velocity and ratio of MV Peak E flow velocity to Peak E’ medial mitral 

annulus tissue velocity were similar between groups at recovery. 
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Figure 4.3  Impact of exercise stress protocol on mitral valve (MV) Peak E 

to Peak A velocity (MV E/A) for leukaemia survivors (n = 19) and controls (n = 

17) at rest, immediately after exercise and following recovery. Error bars 

represent standard deviation. *Denotes significant (p ≤ 0.05) difference between 

groups for time-point. 
┼
Denotes significant (p ≤ 0.05) difference within group 

between exercise and recovery. •Denotes significant (p ≤ 0.05) difference within 

group between rest and recovery. 
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Table 4.3     Echocardiographic measures that responded similarly within and between groups over the course of the exercise stress echocardiogram. 

 Rest Exercise* Recovery° P value 

 Survivors Controls Survivors Controls Survivors Controls Interaction 

2D Structure and Function
┼
        

LV EDV BiP (ml) 89.32 ± 21.82 89.85 ± 23.38 76.04 ± 17.34 68.83 ± 15.35 79.38 ± 18.41 80.33 ± 19.37 0.285 

Δ LV EDV BiP (ml)   -13.28 ± 16.80 -21.01 ± 16.65 3.34 ± 17.08 11.50 ± 16.13  

LV ESV BiP (ml) 33.44 ± 9.56 35.21 ± 11.22 23.91 ± 6.99 20.38 ± 6.56 28.42 ± 8.51 28.40 ± 10.86 0.130 

Δ LV ESV BiP (ml)   -9.53 ± 7.37 -14.84 ± 10.60 4.51 ± 5.36 8.02 ± 9.26  

LV SV BiP (ml) 55.88 ± 15.63 51.56 ± 19.01 53.11 ± 11.22 45.83 ± 14.32 52.40 ± 9.64 48.89 ± 16.54 0.733 

Δ LV SV BiP (ml)   -2.77 ± 11.88 -5.73 ± 12.59 -0.71 ± 10.78 3.07 ± 22.09  

LV EF BiP (%) 62.15 ± 7.04 60.91 ±6.04 69.16 ± 4.29 69.95 ± 6.86 65.40 ± 5.08 65.22 ± 7.22 0.743 

Δ LV EF BiP (%)   7.01 ± 6.90 9.04 ± 9.69 -3.76 ± 4.37 -4.73 ± 10.58  

RV EDA (cm
2
) 15.84 ± 3.43 17.19 ± 4.38 14.04 ± 2.66 13.25 ± 2.67 14.78 ± 3.00 15.56 ± 4.10 0.162 

Δ RV EDA (cm
2
)   -1.79 ± 3.01 -3.93 ± 3.67 0.74 ± 2.36 2.31 ± 3.03  

RV ESA (cm
2
) 8.59 ± 2.67 9.11 ± 3.02 6.82 ± 1.45 6.44 ± 1.60 8.42 ± 1.82 8.32 ± 3.16 0.533 

Δ RV ESA (cm
2
)   -1.77 ± 2.51 -2.68 ± 2.44 1.60 ± 2.28 1.88 ± 2.34  

RV FAC (%) 45.98 ± 9.44 47.15 ± 10.11 50.01 ± 12.58 51.34 ± 6.95 42.41 ± 9.44 47.39 ± 7.55 0.528 

Δ RV FAC (%)   4.03 ± 14.42 4.19 ± 12.39 -7.61 ± 14.23 -3.95 ± 7.02  

Doppler        

MV Peak E (cm/sec) 87.77 ± 20.57 88.77 ± 18.99 112.51 ± 22.70 119.33 ± 28.38 84.98 ± 19.99 100.58 ± 25.50 0.150 

Δ MV Peak E (cm/sec)   24.74 ± 24.81 30.56 ± 16.55 -27.53 ± 18.30 -18.75 ± 28.63  

MV Deceleration Time (ms) 210.89 ± 33.37 213.27 ± 60.50 177.15 ± 50.59 191.53 ± 48.38 221.00 ± 61.84 222.93 ± 64.16 0.861 

Δ MV Deceleration Time (ms)   -33.74 ± 60.89 -21.73 ± 90.79 43.85 ± 56.97 31.40 ± 77.36  
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Table 4.3    Echocardiographic measures that responded similarly within and between groups over the course of the exercise stress echocardiogram. 

 Rest Exercise* Recovery° P value 

 Survivors Controls Survivors Controls Survivors Controls Interaction 

Med E’ (cm/s)  13.28 ± 2.14 15.66 ± 2.59 16.53 ± 3.72 17.34 ± 5.98 12.75 ± 3.67 14.79 ± 3.10 0.533 

Δ Med E’ (cm/s)   3.25 ± 4.50 1.68 ± 5.82 -3.79 ± 4.29 -2.55 ± 5.99  

Lat E’ (cm/s) 18.77 ± 4.16 20.49 ± 2.91 19.95 ± 5.26 24.01 ± 4.53 18.90 ± 3.87 20.60 ± 3.11 0.193 

Δ Lat E’ (cm/s)   1.18 ± 3.96 3.52 ± 5.32 -1.05 ± 4.59 -3.41 ± 3.65  

E/Med E’ 6.75 ± 1.48 5.74 ± 1.25 7.09 ± 1.92 7.64 ± 3.54 6.65 ± 1.38 6.87 ±1.39 0.122 

Δ E/Med E’   0.34 ± 2.04 1.90 ± 2.95 -0.44 ± 1.97 -0.77 ± 3.12  

E/Lat E’ 4.85 ± 1.23 4.37 ± 0.97 6.02 ± 2.00 5.07 ± 1.29 4.74 ± 1.30 4.95 ± 1.27 0.053 

Δ E/Lat E’   1.16 ± 1.33 0.70 ± 1.29 -1.28 ± 1.59 -0.11 ± 1.39  

Strain Imaging        

Global Longitudinal Strain (%) -21.68 ± 2.13 -22.16 ± 2.63 -19.19 ± 4.03 -20.57 ± 1.99 -20.67 ± 1.97 -22.15 ± 2.73 0.610 

Δ Global Longitudinal Strain (%)   2.49 ± 4.18 1.59 ± 1.87 -1.48 ± 3.92 -1.58 ± 2.91  

Global Circumferential Strain (%) -23.92 ± 3.15 -25.46 ± 4.22 -21.66 ± 4.55 -25.28 ± 3.74 -22.23 ± 3.61 -26.00 ± 4.00 0.156 

Δ Global Circumferential Strain (%)   2.26 ± 4.51 0.18 ± 3.11 -0.57 ± 4.41 -0.72 ± 2.59  

2D, two-dimensional; LV, left ventricle; BiP, bi-plane; EDV, end diastolic volume; ESV, end systolic volume; SV, stroke volume; EF, ejection fraction;  RV, right ventricle; EDA, end 

diastolic area; ESA, end systolic area; FAC, fractional area change; MV, mitral valve; Peak E, peak flow velocity in early diastole (E wave); Med E’, medial mitral annulus peak E tissue 

velocity; Lat E’, lateral mitral annulus peak E tissue velocity; E/Med E’, ratio of MV peak E flow velocity to peak E medial mitral annulus tissue velocity; E/Lat E’, ratio of MV peak E flow 

velocity to peak E lateral mitral annulus tissue velocity.  

*delta (Δ) values = exercise-rest.  

°delta (Δ) values = recovery-exercise. 
┼
as body surface area was matched between groups indexed cardiac volumes have not been reported here (ie. cardiac volumes data does not change when indexed). 
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4.3 Discussion  

We aimed to determine whether exercise-induced stress and the use of contemporary 

echocardiographic imaging techniques could detect early changes in cardiac structure and 

function indicative of late anthracycline cardiac toxicity in a cohort of asymptomatic AYA 

survivors of acute childhood leukaemia with normal cardiac structure and function on resting 

echocardiography. Additionally, we characterised cardiovascular health by assessing 

recognised CVD risk-factors, and used these combined findings to determine overall 

predisposition to future complications. Overall, we observed some interesting responses in 

the survivors at recovery which may indicate early cardiac diastolic dysfunction in this 

cohort. We also report evidence of vascular endothelial dysfunction, increased fat mass and 

reduced cardiorespiratory fitness that may exacerbate CVD outcomes in this population.  

The exercise stress echocardiography protocol used here unmasked changes in atrial 

workload that may indicate the beginning of restrictive anthracycline-induced disease in the 

leukaemia survivors. The leukaemia survivors and controls had a comparable MV Peak A 

velocity at rest and both groups experienced a proportionate increase in this measure with 

exercise. However, the leukaemia survivors failed to recover following a recuperation period. 

These findings may indicate reduced LV compliance following stress, with atrial contraction 

in late diastole possibly increasing to compensate for the lack of relaxed ventricular filling in 

early diastole. Notably, peak and recovery HRs were actually lower in the leukaemia 

survivors compared to the controls and so MV Peak A velocity was not being influenced by 

increased HRs and, hence, shorter filling times. Both Cifra et al. [125] and Ryerson et al. 

[126] concluded that exercise echocardiography was not a useful surveillance tool in 

childhood cancer survivors treated with anthracyclines as they observed normal responses in 

echocardiography measures with exercise. Interestingly, the survivors in our study also had a 
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normal exercise response with regards to atrial contraction. However, our findings have 

brought to light the importance of monitoring cardiac structure and function after an extended 

recovery period as this is when abnormalities can actually become evident – even in the face 

of a preserved exercise response. To our knowledge, these are novel recovery findings in this 

cohort and so will need to be corroborated.  

The assessment of secondary cardiovascular health measures is important for determining 

overall risk of disease and possible rate of anthracycline toxicity progression in this 

population. Endothelial injury promotes atherosclerosis and impairs vasodilation, which 

predisposes to coronary artery disease [98, 99]. Endothelial dysfunction may develop as a 

result of a poor lifestyle or be a consequence of injury from anthracyclines, with dysfunction 

evident in those survivors who eventually develop cardiomyopathy and congestive heart 

failure [78, 79, 257]. In the present study, we observed endothelial dysfunction in the 

leukaemia survivor cohort, indicating an increased risk of CVD. Additionally, the reduced 

FMD seen here indicates increased systemic vascular resistance, which may eventually 

influence afterload and cardiac volumes [78]. This may lead to accelerated anthracycline-

mediated disease in our leukaemia survivors. Our results promote the use of FMD assessment 

in long-term follow-up to detect early cardiovascular changes indicative of disease 

concomitant to that caused by direct anthracycline injury.  

Atherosclerosis may further be accelerated by an excessive accumulation of fat in the body 

[264]. In particular, central and visceral fat function as endocrine organs, releasing cytokines 

that result in a plethora of metabolic complications that encourage plaque formation and the 

development of chronic disease [264]. In the current study, the leukaemia survivors had 

greater amounts of total body fat compared to the controls, with significant proportions of 

this distributed in the central and visceral compartments. This is a noteworthy finding as we 
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have demonstrated that the vascular endothelium in our survivors is already injured and is 

therefore more prone to fatty lesions. Moreover, obesity has been shown to worsen severity 

of cardiac toxicity [276] and can independently result in cardiomyopathy [266, 267].  Hence, 

our survivors may be at risk of multiple and enhanced CVD.  

Like obesity, cardiorespiratory fitness is a strong and independent predictor of cardiovascular 

mortality, with lower levels of fitness inversely correlating with a higher risk of death [265, 

268, 277].  In a cohort already at risk of anthracycline-mediated cardiac dysfunction, low 

fitness is a detrimental adjunct complication with the possibility to advance progression of 

disease. Unfortunately, we observed a decreased O2peak in the leukaemia survivors used 

here, indicating a heightened risk of cardiovascular death. Additionally, such deconditioning 

implies that these survivors may experience difficulties upon physical exertion in everyday 

life.  

At rest, medial mitral annular tissue velocity was reduced and the ratio of MV flow velocity 

to medial mitral annular tissue velocity was increased in the leukaemia survivors. It has been 

found that changes in tissue velocity often succeed those in strain in the progression of 

cardiomyopathy and heart failure [96]. Additionally, the ratio of early diastolic mitral inflow 

to early diastolic mitral annular tissue velocity has a good correlation with LV filling 

pressure, making it useful for the diagnosis of diastolic dysfunction [96, 278]. Studies show 

that the medial annulus provides improved sensitivity and specificity for the diagnosis of 

diastolic dysfunction compared to the lateral annulus, which is quite dynamic [278]. This 

may explain why we saw no differences in resting measures of the lateral wall.  Notably, 

while we observed these medial tissue velocity abnormalities at rest, the leukaemia survivors 

responded similarly to the controls at exercise and recovery, indicating that exercise actually 

ameliorates resting diastolic dysfunction. Similar findings have been reported by Ryerson et 
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al. [126], who found reduced MV E/A at rest that was augmented with exercise in survivors 

of childhood cancer who were deemed ‘high risk’ based on increased anthracycline dosages 

and young age at exposure. Interestingly though, in the study by Ryerson et al. [126], the 

‘high risk’ survivors achieved normal O2peak, leading the authors to conclude that the 

improved MV E/A at exercise allowed for normal cardiorespiratory function. Conversely, our 

survivors had reduced O2peak in the face of normal exercise Doppler velocities and normal 

exercise cardiac structure and function (eg. matched LVEF and strain). This indicates that 

reduced cardiorespiratory fitness is actually more attributable to deficiencies in peripheral 

circulation rather than central abnormalities. This theory aligns with our FMD data. The 

increase in systemic vascular resistance caused by impaired vasodilation of the arteries may 

have contributed to the lower O2peak reported here. Further investigation into these findings 

is warranted. 

The current body of literature surrounding the use of exercise stress echocardiography for the 

detection of subclinical disease in asymptomatic survivors of childhood cancer is inconsistent 

regarding outcomes [89, 113, 115, 125, 126]. Overall, we report positive findings that support 

the use of an exercise echocardiogram protocol. We have provided some interesting and 

novel evidence that demonstrates that the recovery period following exercise may be 

important for unmasking subclinical cardiac toxicity that may not be evident at rest or peak 

exercise. While we did not see any changes in strain, the abnormalities in resting tissue 

velocities are an early indicator of future dysfunction and so this measure should not be 

discounted. Our supplementary findings regarding endothelial dysfunction, increased fat 

mass and cardiorespiratory insufficiency in the leukaemia survivors demonstrate that resting 

echocardiography alone may not be the most optimal screening tool in this population for 

assessing future CVD risk. Specifically, they highlight that, while the heart may initially be 

able to adequately compensate for underlying cardiac injury caused by anthracyclines, 
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peripheral abnormalities progress, greatly predisposing to additional CVD and possibly 

accelerating anthracycline toxicity. Including these measures into long-term follow-up will 

allow for a more comprehensive analysis of cardiovascular health in this population and may 

even allow for earlier detection and prevention of subclinical abnormalities 

Although the sample size used here was relatively small and we cannot determine the 

prognostic significance of our findings – especially in the long-term – we believe our study 

provides a strong foundation for future research studies utilising larger populations of 

leukaemia survivors treated explicitly with anthracycline chemotherapy. We acknowledge 

that stress and strain measures can be difficult to capture at peak exercise. However, we 

followed a strict imaging protocol that has previously been validated and proven as feasible 

[279, 280].  

This study has demonstrated that exercise echocardiography is useful for unmasking early 

dysfunction that may lead to future anthracycline-mediated disease in apparently healthy 

AYA survivors of acute childhood leukaemia. Further to this, we have demonstrated that the 

inclusion of other cardiovascular screening measures into long-term follow-up is integral – 

not only for providing a more in-depth analysis of future CVD risk but for allowing for 

earlier detection of cardiovascular abnormalities.  
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5.0 Abstract 

Survivors of childhood brain cancer and/or cranial radiotherapy (CRT) are at an increased 

risk of developing serious comorbidities. Established risk-factors for chronic disease include 

central obesity, endothelial abnormalities and diminished fitness. Here we characterised 

anthropometry, body composition, bone mineral density (BMD), heart rate (HR), blood 

pressure (BP), endothelial function, muscular strength and endurance and cardiorespiratory 

fitness in adolescent and young adult (AYA) survivors. Twenty survivors (10 male, 10 

female; 20 ± 2 years) were compared with nineteen matched controls.  Muscular strength was 

assessed using three repetition maximum tests, while muscular endurance was determined as 

the number of repetitions performed per minute. Cardiorespiratory fitness ( O2peak) was 

assessed on a treadmill using a modified chronotropic protocol. Anthropometric 

measurements, HR and BP were taken using standard clinical protocols, while body 

composition and BMD were determined using dual x-ray absorptiometry. Endothelial 

function was measured using the flow mediated dilation technique. Survivors demonstrated 

deficits in muscular strength (latissimus dorsi pull-down, p = 0.020; bicep curl, p = 0.009), 

muscular endurance (squats, p = 0.012; sit-ups, p = 0.030; push-ups, p = 0.013), minute 

ventilation (p = 0.002) and O2peak (L.min
-1

, p = 0.002; ml.kg
-1

.min
-1

, p = 0.008;             

ml·kg LBM
-1

·min
-1

, p = 0.010). Additionally, survivors had greater waist-to-hip ratios (p = 

0.032), resting HR (p = 0.048) and higher percentages of total body (p = 0.017), central (p = 

0.009) and peripheral (p = 0.032) fat. Lean body mass (p = 0.004) and BMD (p = 0.005) were 

lower in the survivor group. Adolescent and young adult survivors of childhood brain cancer 

and/or CRT exhibit altered body composition, increased resting HR and reduced BMD, 

muscular strength, muscular endurance and cardiorespiratory fitness compared to controls.  
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5.1 Introduction 

Sixty two percent of childhood cancer survivors develop at least one chronic health condition 

within 17 years of diagnosis as a result of cancer treatment [8]. Long-term survivors of 

childhood brain cancer and/or cranial radiotherapy (CRT) who undergo invasive and 

intensive treatment have a higher incidence of adverse effects [9-12]. Further, as a 

consequence of the cancer itself, survivors may develop a range of physical performance 

limitations that decrease quality of life and increase overall risk of developing comorbidities 

[9, 12]. Numerous studies have documented such predispositions in adolescent and young 

adult (AYA) survivors of childhood brain cancer and/or CRT, indicating a considerable 

increase in disease risk and all-cause mortality within this population [9, 12, 152, 154, 156, 

199, 221, 281]. However, many of these studies have relied upon self-report data and field-

based estimations to characterise these deficits. As such, research containing accurate and 

reproducible measures of body composition, vascular health and functional fitness in this 

population are few [11, 152]. Here, we utilised standardised and well-recognised protocols to 

define cardiorespiratory fitness, muscular strength and endurance, anthropometry, heart rate 

(HR) and blood pressure (BP), endothelial function, body composition and bone mineral 

density (BMD) in a population of long-term childhood brain cancer and/or CRT survivors 

once they have reached adolescence or early adulthood. This information could aid the 

development of future interventions to ameliorate these risk-factors and prevent chronic 

disease in this population. 
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5.2 Methods 

 

5.2.1 Participants  

Twenty one long-term (>5 years) AYA (15-23 years) survivors of childhood brain cancer 

and/or CRT were recruited from the Princess Margaret Hospital for Children (Western 

Australia) oncology database. One survivor dropped out of the study after initial recruitment 

due to personal reasons. Hence, 20 survivors (10 male, 10 female) participated in this study. 

Nineteen (9 male, 10 female) healthy control participants of similar age were recruited from 

the community. It was a requirement that all participants were ambulatory and capable of 

participating in exercise.  Survivors with growth hormone deficiency (GHD) had ceased GH 

replacement six months prior to enrolling in the study as therapy was only available until 

skeletal maturity. Exclusion criteria included pregnancy, current inflammatory or malignant 

disease/s, and previous diagnoses of cardiovascular disease or dysfunction of clinical 

importance. Survivors with neurological and/or physical deficits were screened prior to 

recruitment by study doctors to determine exercise and participation capability.  

All participants were informed of the details and requirements of the study and provided 

written informed consent. Ethical approval was granted by the University of Western 

Australia Human Research Ethics Committee (reference number, RA/4/1/6436) and the 

Princess Margaret Hospital Human Research Ethics Committee (approval number, 2013059). 

All procedures performed were in accordance with the 1964 Helsinki declaration and its later 

amendments. 
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5.2.2 Experimental Design 

Participants were invited to complete a single 2 hour testing session. At this testing session 

anthropometry, body composition, BMD, HR, BP, endothelial function, muscular strength, 

muscular endurance and cardiorespiratory fitness were assessed.  

 

5.2.3 Heart Rate, Blood Pressure and Endothelial Function 

Participants fasted for 4 hours preceding their appointment and rested supine for 20 minutes 

upon arrival to the laboratory. Following this rest an electronic cuff (Dinamap Carescape 

V100, GE Healthcare, General Electric’s Company, Buckinghamshire, UK) was used to 

measure HR, BP and mean arterial pressure (MAP). 

Conduit artery function was then assessed using the flow mediated dilation (FMD) technique 

defined by Thijssen et al. [99]. A forearm cuff was placed distal to the olecranon process 

before the left brachial artery was imaged using non-invasive, high-resolution ultrasound 

(Terason, t3200, Burlington, MA 01803, USA).  After 1 minute of recording brachial artery 

diameter, the cuff was inflated to 220 mmHg for 5 minutes. Recordings of diameter and 

blood flow resumed 30 seconds before cuff deflation and continued for another 3 minutes 

following release. 
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5.2.4 Anthropometry, Body Composition and Bone Mineral Density 

Body mass, height, body mass index (BMI), waist circumference, hip circumference and 

waist-to-hip ratio were measured. Body mass was measured to the nearest 0.01 kilogram (kg) 

using an electronic scale (Sauter Model EB60, FSE Scientific, New South Wales, AUS). 

Height was measured to the nearest tenth of a centimetre using a wall-mounted stadiometer 

(Seca 216 Measuring Pole, Birmingham, UK). Body mass index was calculated as body mass 

divided by height in metres squared (kg/m
2
). The World Health Organisation [174] criteria 

for BMI were used for classification purposes. Waist circumference was measured at the mid-

level between the lateral T12 costal arch and the iliac crest, while hip circumference was 

measured at the level of the greater trochanters according to guidelines from The American 

College of Sports Medicine [29]. Waist-to-hip ratio was calculated as waist circumference 

divided by hip circumference.  

Total and regional body composition and BMD were assessed using dual x-ray 

absorptiometry (DEXA; Lunar Prodigy, GE Medical Systems, Madison, USA).  Paediatric 

software and reference values were used for those participants aged 15-18 years. Total body 

fat, central and peripheral fat were presented in kg and as percentages of tissue mass. Central 

adiposity was defined as the area encompassing the trunk and android regions, while 

peripheral adiposity was defined as the sum of the arms, legs and gynoid region. Total lean 

body mass (LBM) was presented in kg and BMD was determined by dividing bone mineral 

content by bone area (g/cm
2
). 
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5.2.5 Muscular Strength and Endurance  

Protocols for muscular strength and endurance testing were in accordance with The American 

College of Sports Medicine [29] guidelines. Before evaluation, participants were guided 

through a 5-10 minute warm-up consisting of static stretching and familiarisation, consisting 

of several light intensity repetitions of the specific exercises being tested so that correct 

technique could be achieved and repetition duration and range of motion of each exercise 

successfully adhered to. 

Muscular strength in the upper body was assessed using standardised three repetition 

maximum tests in which latissimus dorsi and biceps brachii strength was assessed using pull-

down and unilateral curl exercises.  In these tests, participants were required to move the 

greatest resistance they could manage three times through the full joint range of motion in a 

controlled manner with good posture.  To begin with, the average strength of each participant 

was gauged through questioning.  Maximum strength was then assessed by increasing weight 

in 5-10 kg increments for latissimus dorsi pull-downs and 1-5 kg increments for bicep curls 

from an initial weight of ~50%-70% of predicted capacity. Repetition maximums were taken 

at the point before technique was compromised or when participants indicated a maximal 

effort.   

Latissimus dorsi pull-downs were performed in a seated position on a standard, weighted 

pulley machine.  A wide, over-hand grip was used to hold the bar, with one complete 

repetition performed when the bar could be lowered to the level of the chin and back above 

the head in a controlled motion.  Participants performed bicep curls using dumbbell weights.  

Left and right arms were assessed individually, with one repetition taken as full elbow 

extension beside the body to full elbow flexion next to the chest. Results for left and right 

arms were combined and averaged for analysis. 
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Relative muscular endurance was assessed by determining the maximum amount of 

repetitions participants could complete of the given exercise in 60 seconds, with good form.  

Three of these tests were conducted in which strength of the trunk, legs and chest was 

assessed through the use of un-weighted abdominal crunches, squats and push-ups.   

 

5.2.6 Cardiorespiratory Fitness  

Peak cardiorespiratory fitness ( O2peak) was assessed on a treadmill using a modified 

chronotropic protocol designed for clinical populations.  Prior to commencing the test, resting 

HR (Polar Electro Oy, Professorintie Kempele, Finland) and BP (Bronze Series DS54 

DuraShock Hand Aneroid Sphygmomanometer, Welch Allyn, New York, USA) were 

recorded. Each stage was 3 minutes in duration with participants encouraged to continue until 

volitional exhaustion. At the end of each 3 minute stage, HR, BP and ratings of perceived 

exertion (RPE), based upon the Borg scale (6-20) [274] were recorded. Recovery HR and BP 

were also measured and recorded 10 minutes after cessation of the exercise test.  

During the assessment, participants breathed through a mouthpiece connected to a 

computerised gas analysis system. This system included a ventilometer (Universal ventilation 

meter, VacuMed, Ventura, Califormia, USA) to calculate minute ventilation ( E) and 

respiratory exchange ratio (RER) at 15 second intervals, in addition to oxygen and carbon 

dioxide analysers (Ametek Applied Electrochemistry S-3A/1 and CD-3A, AEI Technologies, 

Pittsburgh) to measure the percentage of oxygen and carbon dioxide in the expired air. 

Calibration of the ventilometer was completed prior to each test and the analysers were 

calibrated prior to use and verified after each test using a standard reference gas of known 

concentration. Values were recorded in absolute (L∙min
-1

) and relative (ml·kg
-1

 ·min
-1

) terms. 
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Absolute O2peak was then converted into ml and divided by LBM for a true representation 

of cardiorespiratory fitness. 

 

5.2.7 Statistical Analyses  

Data was analysed using SPSS (version 20.0, IBM, USA). All descriptive data was reported 

as mean ± standard deviation. The Kolmogorov-Smirnov test was used to assess normality, 

which was assumed at p ≥ 0.05. Unpaired (independent samples) two-tailed student t-tests 

were used to analyse the differences in outcome measures between the two groups. Statistical 

significance was set at p ≤ 0.05 for these analyses.  
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5.3 Results 

 

5.3.1 Participant Characteristics  

Mean age for both the survivors and control participants was 20 ± 2 years. Mean time since 

final treatment for the survivors was 12 ± 5 years. At time of review, all participants had 

completed puberty based on menarchal timing in females and self-identified tanner stages in 

males. Additional characteristics of the survivor group are presented in Table 5.1.  

Survivor data was further investigated for trends based on treatment (Supplementary Table 

5.5) and hormone status (Supplementary Table 5.6). Survivors who received surgery and/or 

chemotherapy recorded higher maximal HR in the O2peak assessment than those who 

received radiotherapy. Survivors with GHD and thyroid stimulating hormone deficiency were 

significantly shorter than their counterparts and had lower hip circumferences, LBM and 

absolute O2peak. There were no other significant differences observed between treatment or 

hormone groups. 
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Table 5.1    Characteristics of the cancer survivor group.  

  

Survivor 

(n = 20) 

    N % 

Age at First Diagnosis   

<5 years 13 65 

6 – 10 years 5 25 

11 – 15 years 2 10 

Age at First Exposure   

N/A 6 30 

<5 years 8 40 

6 – 10 years 4 20 

11 – 15 years 2 10 

Age at Last Exposure   

N/A 6 30 

<5 years 5 25 

6 – 10 years 4 20 

11 – 15 years 5 25 

Underlying Diagnosis   

Brain Cancer 13 65 

Tumour Type   

Craniopharyngioma 1 5 

Glioma 10 50 

Medulloblastoma 1 5 

Teratoma 1 5 

Tumour Location   

Brain Stem 1 5 

Cerebellum 1 5 

Frontal Lobe 2 10 

Optic Pathway 2 10 

Posterior Fossa 2 10 

Subependymal Zone 1 5 

Supracellar Cistern 1 5 

Temporal Lobe 2 10 

Tempero-Parietal Region 1 5 
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Table 5.1    Characteristics of the cancer survivor group. 

 
Survivor 

(n = 20) 

 N % 

Leukaemia 6 30 

ALL 5 25 

MML 1 5 

Other   

Undifferentiated rhabdomyosarcoma of 

the right petrous temporal bone 
1 5 

Treatment   

Surgery 6 30 

Surgery & Chemotherapy 1 5 

Surgery & XRT 2 10 

Chemotherapy & XRT 2 10 

Surgery, Chemotherapy & XRT 5 25 

Chemotherapy, XRT & HSCT 4 20 

Treatment Details   

XRT   

Dosage   

6 – 24 Gy 6 30 

50 – 56 Gy 7 35 

Location   

Cranial 9 45 

Spinal 2 10 

Total Body 4 20 

Chemotherapy   

Agents   

Alkylating Agents 9 45 

Anthracyclines 6 30 

Vinca Alkaloids 9 45 

Other Characteristics   

Growth Hormone Deficiency 8 40 

ALL, acute lymphoblastic leukaemia; MML, myelomonocytic leukaemia; HSCT, haematopoietic 

stem cell transplant; XRT, radiotherapy 
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5.3.2 Heart Rate, Blood Pressure and Endothelial Function 

All vascular data is presented in Table 5.2. Cancer survivors had significantly higher resting 

HR compared to control participants. There were no other significant differences between 

groups in remaining blood pressure or endothelial function data. 

 

 

Table 5.2    Heart rate, blood pressure and endothelial function data for the cancer survivors and 

controls. 

  

Survivor 

(n = 20) 

Control 

(n = 19) 

 

 
Mean SD Mean SD P value 

Heart Rate and Blood Pressure     

Systolic Blood Pressure (mmHg) 117 17 120 12 0.637 

Diastolic Blood Pressure (mmHg) 69 11 65 4 0.146 

Mean Arterial Pressure (mmHg) 88 14 86 6 0.583 

Heart Rate (bpm) 76 14 66 14 0.048* 

Endothelial Function      

Baseline Diameter (cm) 0.31 0.07 0.35 0.07 0.111 

Peak Diameter (cm) 0.34 0.07 0.38 0.07 0.079 

Delta Diameter (cm) 0.05 0.07 0.03 0.02 0.475 

Delta Percent (%) 10.35 3.84 10.18 5.47 0.918 

Time to Peak (seconds) 53.15 25.60 60.30 30.46 0.457 

SD, standard deviation 

*Denotes statistical significance  (p ≤ 0.05) between cancer survivors and controls using independent 

samples t-tests 
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5.3.3 Anthropometry, Body Composition and Bone Mineral Density 

As a group, cancer survivors were shorter than the control participants and had higher waist-

to-hip ratios (Table 5.3). According to The World Health Organisation [174] criteria for BMI, 

15.8% of individuals in the survivor group were underweight (BMI <18.5 kg/m
2
), 36.8% 

were within the normal weight range (BMI 18.5 – 24.99 kg/m
2
), 36.8% were overweight 

(BMI 25.0 – 29.99 kg/m
2
) and 10.5% were obese (BMI >30 kg/m

2
). In comparison, no 

controls were underweight, 57.9% were normal weight, 36.8% were overweight and 5.3% 

were obese. There were no significant differences between groups in all other anthropometric 

measures (Table 5.3). 

With regards to DEXA measurements, total body, central and peripheral fat mass was not 

significantly different between groups; however, percentage values for each measure were 

comparatively higher in the survivor cohort. Further, reductions in total LBM and total BMD 

were observed in this group (Table 5.3). 
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Table 5.3    Anthropometric, body composition and bone mineral density data for the cancer survivors 

and controls. 

  

Survivor 

(n = 20) 

Control 

(n = 19) 

 

 
Mean SD Mean SD P value 

Anthropometry     

Height (cm) 164.1 12.9 176.3 8.1 0.001* 

Body Mass (kg) 66.55 22.50 74.69 14.83 0.193 

Body Mass Index (kg/m
2
) 24.5 7.0 23.8 3.5 0.714 

Waist Circumference (cm) 79.4 15.2 76.7 10.4 0.523 

Hip Circumference (cm) 96.0 17.4 99.1 6.1 0.461 

Waist-to-hip Ratio 0.83 0.07 0.77 0.08 0.032* 

Body Composition      

Total Fat Mass (kg) 23.62 13.41 19.69 9.90 0.307 

Central Fat Mass (kg) 14.20 9.33 10.60 6.36 0.171 

Peripheral Fat Mass (kg) 15.26 7.74 14.22 6.72 0.659 

Total Percent Fat (%) 36.08 9.82 27.53 11.52 0.017* 

Central Percent Fat (%) 37.50 9.79 27.98 11.81 0.009* 

Peripheral Percent Fat (%) 39.09 10.57 30.62 13.12 0.032* 

Total Lean Body Mass (kg) 39.45 11.74 51.58 12.96 0.004* 

Bone Mineral Density      

Total Bone Mineral Density (g/cm) 1.13 0.11 1.23 0.11 0.005* 

 

SD, standard deviation. 

*Denotes statistical significance  (p ≤ 0.05) between cancer survivors and controls using independent samples 

t-tests 
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5.3.4 Muscular Strength and Endurance  

Cancer survivors had reduced measures of muscular strength and endurance when compared 

with controls (Table 5.4).  

 

5.3.5 Cardiorespiratory Fitness 

All cardiorespiratory data is presented in Table 5.4. Cancer survivors recorded lower absolute 

and relative O2peak values compared with control participants. Significant reductions were 

observed when O2peak was calculated based on LBM. Cancer survivors also recorded lower 

values for E. There were no significant differences between cancer survivors and control 

participants in measures of RPE, RER and maximal HR. 
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Table 5.4    Muscular strength, muscular endurance and cardiorespiratory fitness data for the cancer 

survivors and controls. 

 
Survivor 

(n = 20) 

 Control 

 (n = 19) 

 Mean SD Mean SD P value 

Muscular Strength (kg) 

 

Latissimus Dorsi Pull-Down 42 17 58 23 0.020* 

Bicep Curl  8 3 12 6 0.009* 

Muscular Endurance (60 seconds)  

Squats 32 15 43 11 0.012* 

Sit-ups 26 9 34 11 0.030* 

Push-ups 24 11 38 20 0.013* 

Cardiorespiratory Fitness 
 

Rating Perceived Exertion 17 3 18 2 0.102 

Maximal Heart Rate (bpm) 182 13 188 10 0.165 

Minute Ventilation (L·min
-1

) 66.59 28.90 94.09 21.64 0.002* 

Respiratory Exchange Ratio 1.05 0.28 1.06 0.07 0.930 

O2peak (L·min
-1

) 2.4 1.05 3.49 0.97 0.002* 

O2peak (ml·kg
-1

·min
-1

)
 35.84 13.53 46.61 9.44 0.008* 

O2peak (ml·kg LBM
-1

·min
-1

) 57.42 13.18 67.29 6.29 0.010* 

SD, standard deviation; LBM, lean body mass 

*Denotes statistical significance  (p ≤ 0.05) between cancer survivors and controls using independent samples t-tests 
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5.4 Discussion 

This study utilised standardised and well-recognised protocols to characterise physical fitness 

and body composition in a cohort of adolescent and young adult survivors of childhood brain 

cancer and/or CRT. When compared to healthy controls, survivors demonstrated poorer 

muscular performance and cardiorespiratory fitness, coupled with reduced LBM and BMD. 

Further, increased percentages of total body, central and peripheral fat were observed in the 

survivor cohort, as well as greater waist-to-hip ratios and resting HR. Finally, survivors were 

significantly shorter in stature than their counterparts.  

Muscular strength, muscular endurance and cardiorespiratory fitness were assessed using 

gold standard exercise physiology protocols, facilitating comparison with established 

reference values. Survivor ratings for these measurements were poor when compared to age-

appropriate normative data. In fact, values for O2peak were equivalent to those expected for 

male and female cohorts aged 60-69 years and 50-59 years, respectively [29]. Similarly, 

abdominal endurance scores for the survivors corresponded to values typical for individuals 

between the third and fifth decades of life [282]. These results are consistent with those 

reported by Ness et al. [12] who found estimates of O2peak and muscular strength for adult 

survivors of childhood brain cancer to be within the range expected for a cohort of 

individuals aged 60-69 years. Likewise, Wolfe et al. [221] reported significantly reduced 

estimates of treadmill maximal oxygen uptake for survivors of posterior fossa tumours when 

compared to similarly-aged, healthy control participants. This reinforces the notion that AYA 

survivors of childhood brain cancer and/or CRT are at an enhanced risk of physical 

impairment and early-onset chronic disease typically associated with older-age [12, 191]. 

Moreover, cardiorespiratory insufficiency and muscular weakness are both causes and 

consequences of physical inactivity [283, 284]. This may create a deconditioning cycle that 
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eventually restricts independence [73, 198] and further predisposes this cohort to inactivity-

induced disease [45, 46, 206, 271, 283-286]. 

Consistent with our muscular strength and endurance results, LBM was reduced in the 

survivor cohort – particularly in those with GHD and thyroid stimulating hormone 

deficiency. These findings are important as previously reported data on LBM in this 

population has failed to reach significance [215], although studies in other childhood cancer 

survivor groups have corroborated our findings [73, 199, 215]. Our results may reflect the 

cancer-related fatigue, muscular catabolism and overall deconditioning that occurs in 

childhood brain cancer and/or CRT survivors both during and after treatment [46, 73, 198].  

Obesity is one of the most commonly reported side-effects of childhood cancer treatment [45, 

46, 73, 75, 145, 271]. Survivors of childhood brain cancer and/or CRT may develop obesity 

as a result of treatment consequences – such as GHD or hypothalamic damage – or 

imbalances between energy consumption and energy expenditure [10, 152, 154]. In this 

study, survivors had comparatively higher measurements of total body fat and demonstrated 

both peripheral and central adiposity. These findings parallel with those found by Heikens et 

al. [152] who reported increased waist-to-hip ratios in long-term survivors of childhood brain 

cancer and Steinberger et al. [215] who observed abdominal adiposity in survivors of central 

nervous system tumours. This is of particular concern given that accumulation of central 

adiposity is a major cardio-metabolic risk-factor for other obesity-related diseases including 

insulin resistance, dyslipidaemia and hypertension [154, 281].  

Another commonly reported side-effect of childhood cancer treatment that was reflected in 

our results is short stature [214, 287]. As parental heights were not available, we were not 

able to determine if there was a familial contribution to the shorter stature of the survivor 

group. However, additional hormone deficiency is known to negatively correlate with final 



Chapter 5 

145 

height [288] which was reflected in the stature differences between the GHD and thyroid 

stimulating hormone deficient group when compared to those with normal pituitary function. 

Further, treatment induced GHD and gonadal failure have been reported to negatively 

influence bone metabolism and mineral acquisition resulting in short stature and reduced 

BMD in this population [289, 290]. This is concomitant with our BMD results and highlights 

the risk of fracture and subsequent osteopenia and osteoporosis in these survivors [291, 292].  

Limitations of our study include the small sample size and heterogeneous subject group. We 

were also unable to match the control participants for height and BMI. In order to account for 

these discrepancies, matches occurred based on age and gender and O2peak data was 

analysed in relative terms and by LBM. Secondly, while all of our participants were 

ambulatory, it is possible that potential treatment-induced balance and coordination 

disturbances may have influenced treadmill performance and prevented the survivors from 

attaining their true O2peak.  It is important to note that cycle ergometry was considered for 

assessing O2peak in this study but was deemed inappropriate due to some participants 

suffering pathologies that induced pain upon seated movement and/or reduced limb range of 

motion. However, both of our cohorts recorded similar RPE, RER and maximal HR values 

using the treadmill protocol, suggesting that physiological intensity and cardiorespiratory 

effort were equal despite potential motor limitations in the survivor cohort. Whilst 

participants were asked to identify their tanner stage and timing of menstruation, pubertal 

examination was not performed as it was deemed too invasive for the purposes of this study. 

Historical details relating to the timing of maximal growth velocity were not available. It is 

possible that pubertal timing in this cohort may affect interpretation of our BMD and strength 

data. Finally, while there were no stature differences in this study between those survivors 

who received irradiation and those who did not, we did not have measures of sitting height to 

confirm whether there was an impact on spinal growth. 
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In summary, AYA survivors of childhood brain cancer and/or CRT had significantly 

decreased functional fitness, abnormal body composition and reduced BMD. These 

limitations not only have the potential to inhibit performance of everyday activities but 

considerably increase the risk of chronic disease and all-cause mortality within this 

population. Therefore, it is important to consider the inclusion of physical fitness, function 

and profile testing into the regular monitoring of survivors. As the testing protocols used in 

this study were time-efficient, well tolerated by participants and modifiable based on ability, 

they are highly appropriate for use in a clinical setting. The results of our study raise the 

question as to what extent implementation of exercise would ameliorate further decline in 

physical fitness in a population of childhood brain cancer and/or CRT survivors.  

Specifically, determination of the most beneficial training modality (eg. resistance training 

vs. aerobic training), training objective (eg. decreased sedentary time or improved physical 

fitness) and initiation time should occur so future practice can involve the implementation of 

such programs.   
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Supplementary Table 5.5    Comparison data for cancer survivors who received surgery and/or chemotherapy and cancer survivors who received radiotherapy only. 

 

Surgery and/or Chemotherapy 

(n = 7) 

Radiotherapy 

(n = 13) 

 

 Mean SD Mean SD P value 

Heart Rate and Blood Pressure      

Systolic Blood Pressure (mmHg) 121 9 116 20 0.571 

Diastolic Blood Pressure (mmHg) 69 6 69 13 0.911 

Mean Arterial Pressure (mmHg) 89 5 87 17 0.836 

Heart Rate (bpm) 76 10 75 16 0.905 

Endothelial Function      

Baseline Diameter (cm) 0.34 0.07 0.31 0.07 0.461 

Peak Diameter (cm) 0.37 0.06 0.34 0.07 0.402 

Delta Diameter (cm) 0.03 0.01 0.06 0.09 0.576 

Delta Percent (%) 10.19 4.69 9.78 3.08 0.836 

Time to Peak (seconds) 50.41 39.59 54.16 20.93 0.799 

Anthropometry      

Height (cm) 168.51 18.17 161.77 9.12 0.278 

Body Mass (kg) 66.96 18.87 66.33 24.99 0.955 

Body Mass Index (kg/m
2
) 23.1 3.5 25.2 8.3 0.542 

Waist Circumference (cm) 75.6 10.0 81.6 17.6 0.421 

Hip Circumference (cm) 95.0 8.6 96.5 21.4 0.863 

Waist-to-hip Ratio 0.79 0.07 0.85 0.07 0.133 
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Supplementary Table 5.5    Comparison data for cancer survivors who received surgery and/or chemotherapy and cancer survivors who received radiotherapy only. 

 

Surgery and/or Chemotherapy 

(n = 7) 

Radiotherapy 

(n = 13) 

 

 Mean SD Mean SD P value 

Body Composition      

Total Fat Mass (kg) 20.91 8.06 25.08 15.68 0.521 

Central Fat Mass (kg) 12.02 5.10 15.37 10.98 0.459 

Peripheral Fat Mass (kg) 14.24 5.45 15.81 8.90 0.677 

Total Percent Fat (%) 33.56 10.13 37.43 9.78 0.415 

Central Percent Fat (%) 35.02 10.37 38.83 9.62 0.422 

Peripheral Percent Fat (%) 36.95 11.44 40.24 10.36 0.522 

Total Lean Body Mass (kg) 42.96 15.54 37.57 9.30 0.341 

Bone Mineral Density      

Total Bone Mineral Density (g/cm) 1.14 0.09 1.13 0.12 0.875 

Muscular Strength (kg)      

Lateral Pull Downs 49 18 38 15 0.184 

Bicep Curl  8 3 7 4 0.805 

Muscular Endurance (60 seconds)      

Squats 34 12 30 17 0.612 

Sit-ups 25 7 28 10 0.500 

Push-ups 26 11 23 12 0.628 
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Supplementary Table 5.5    Comparison data for cancer survivors who received surgery and/or chemotherapy and cancer survivors who received radiotherapy only. 

 

Surgery and/or Chemotherapy 

(n = 7) 

Radiotherapy 

(n = 13) 

 

 Mean SD Mean SD P value 

Cardiorespiratory Fitness      

Rating Perceived Exertion 17 1 16 3 0.345 

Maximal Heart Rate (bpm) 190 3 178 15 0.023* 

Minute Ventilation (L·min
-1

) 80.63 39.55 58.41 17.75 0.200 

Respiratory Exchange Ratio 1.01 0.06 1.08 0.35 0.634 

O2peak (L·min
-1

) 2.96 1.51 2.06 0.56 0.209 

O2peak (ml·kg
-1

·min
-1

)
 43.99 13.66 31.40 11.75 0.064 

O2peak  (ml·kg LBM
-1

·min
-1

) 

 
65.68 11.29 52.92 12.28 0.053 

SD, standard deviation; LBM, lean body mass 

*Denotes statistical significance  (p ≤ 0.05) between cancer survivors and controls using independent samples t-tests 
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Supplementary Table 5.6    Comparison data for cancer survivors with and without hormone deficiency. 

  

  

GHD and TSH 

Deficiency 

(n = 8) 

Normal GH 

and TSH 

(n = 12) 

 FSH Deficiency 

(n = 7) 

Normal FSH 

(n = 13) 

 

 Mean SD Mean SD P value Mean SD Mean SD P value 

Heart Rate and Blood Pressure           

Systolic Blood Pressure (mmHg) 112 15 121 18 0.247 119 24 116 14 0.784 

Diastolic Blood Pressure (mmHg) 66 6 71 13 0.283 71 15 68 9 0.534 

Mean Arterial Pressure (mmHg) 84 10 90 16 0.329 89 18 87 11 0.760 

Heart Rate (bpm) 73 6 77 18 0.550 83 18 71 9 0.063 

Endothelial Function           

Baseline Diameter (cm) 0.28 0.07 0.34 0.06 0.060 0.29 0.06 0.33 0.07 0.229 

Peak Diameter (cm) 0.30 0.07 0.37 0.06 0.053 0.31 0.07 0.36 0.07 0.235 

Delta Diameter (cm) 0.07 0.11 0.03 0.01 0.267 0.08 0.12 0.03 0.01 0.182 

Delta Percent (%) 11.77 3.53 9.36 3.91 0.213 11.93 1.89 9.49 4.41 0.222 

Time to Peak (sec) 50.03 14.80 55.66 32.43 0.657 55.21 27.09 51.85 25.86 0.795 

Anthropometry           

Height (cm) 155.53 12.21 169.87 10.24 0.011* 159.49 9.09 166.63 14.31 0.250 

Body Mass (kg) 55.08 20.67 74.20 21.08 0.061 67.87 33.59 65.84 15.40 0.854 

Body Mass Index (kg/m
2
) 22.19 5.73 25.99 7.53 0.242 26.03 11.16 23.63 3.53 0.478 

Waist Circumference (cm) 73.57 13.80 82.78 15.49 0.212 82.50 25.70 77.95 8.01 0.559 

Hip Circumference (cm) 85.86 10.35 101.88 18.34 0.050* 96.75 28.99 95.62 10.28 0.900 

Waist-to-hip Ratio 0.85 0.08 0.81 0.07 0.272 0.85 0.09 0.82 0.06 0.354 
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Supplementary Table 5.6    Comparison data for cancer survivors with and without hormone deficiency. 

  

  

GHD and TSH 

Deficiency 

(n = 8) 

Normal GH 

and TSH 

(n = 12) 

 FSH Deficiency 

(n = 7) 

Normal FSH 

(n = 13) 

 

 Mean SD Mean SD P value Mean SD Mean SD P value 

Body Composition           

Total Fat Mass (kg) 19.91 10.19 26.09 15.10 0.326 26.67 20.23 21.98 8.48 0.470 

Central Fat Mass (kg) 11.60 7.14 15.93 10.48 0.323 16.54 14.29 12.93 5.55 0.424 

Peripheral Fat Mass (kg) 12.96 5.63 16.79 8.77 0.290 16.65 11.40 14.51 5.30 0.569 

Total Percent Fat (%) 36.78 7.61 35.61 11.36 0.440 37.56 10.34 35.28 9.85 0.633 

Central Percent Fat (%) 37.63 9.03 37.41 10.66 0.953 38.31 11.46 37.06 9.25 0.793 

Peripheral Percent Fat (%) 40.29 7.21 38.30 12.58 0.099 41.10 9.90 38.01 11.15 0.547 

Total Lean Body Mass (kg) 32.39 11.01 44.16 10.02 0.023* 37.48 12.22 40.2 11.84 0.594 

Bone Mineral Density           

Total Bone Mineral Density (g/cm) 1.08 0.10 1.16 0.11 0.261 1.14 0.11 1.13 0.11 0.871 

Muscular Strength (kg)           

Lateral Pull Downs 36 17 46 16 0.220 37 15 44 17 0.371 

Bicep Curl  7 2 8 3 0.215 7 2 8 3 0.444 

Muscular Endurance (60 seconds)           

Squats 27 13 35 16 0.255 30 11 33 17 0.696 

Sit-ups 24 5 29 11 0.294 24 5 28 11 0.402 

Push-ups 20 10 28 11 0.146 22 9 26 12 0.547 
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Supplementary Table 5.6    Comparison data for cancer survivors with and without hormone deficiency. 

  

  

GHD and TSH 

Deficiency 

(n = 8) 

Normal GH 

and TSH 

(n = 12) 

 FSH Deficiency 

(n = 7) 

Normal FSH 

(n = 13) 

 

 Mean SD Mean SD P value Mean SD Mean SD P value 

Cardiorespiratory Fitness           

Rating Perceived Exertion 17 3 17 3 0.791 16 3 17 2 0.606 

Maximal Heart Rate (bpm) 179 13 185 14 0.362 182 10 182 15 0.959 

Minute Ventilation (L·min
-1

) 53.37 14.46 76.21 33.40 0.089 62.65 7.78 68.89 36.31 0.663 

Respiratory Exchange Ratio 0.99 0.12 1.10 0.35 0.406 1.18 0.43 0.98 0.09 0.120 

O2peak (L·min
-1

) 1.75 0.41 2.82 1.15 0.033* 1.99 0.33 2.60 1.26 0.272 

O2peak (ml·kg
-1

·min
-1

)
 30.79 5.44 39.38 16.49 0.207 29.10 7.17 39.52 15.00 0.133 

O2peak  (ml·kg LBM
-1

·min
-1

) 

 
53.40 9.13 60.24 15.22 0.307 51.16 8.25 60.84 14.40 0.154 

SD, standard deviation; GHD, growth hormone deficiency; TSH, thyroid stimulating hormone; GH, growth hormone; FSH, follicle stimulating hormone; LBM, lean body mass 

*Denotes statistical significance  (p ≤ 0.05) between cancer survivors and controls using independent samples t-tests 
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6.0 Abstract  

Adolescent and young adult (AYA) survivors of childhood brain cancer and/or cranial 

radiotherapy (CRT) are vulnerable to numerous treatment-induced deficits that significantly 

enhance cardiovascular disease risk. Regular exercise improves endothelial function, fitness, 

body composition and musculoskeletal function which may reduce predisposition for 

cardiovascular disease. Here we assessed the feasibility and efficacy of a 24-week exercise 

intervention on cardiovascular, physical and metabolic outcomes in this population. Thirteen 

survivors (6 male, 7 female; median age 19 years (range 16-23 years) were recruited to 

participate in a 48-week study consisting of a 24-week control period (regular care) followed 

by a 24-week exercise intervention. Outcome measures were collected at entry (week 0) and 

following regular care (24-week) and exercise (48-week). Assessed variables included 

endothelial function (flow mediated dilation, FMD), blood pressure, heart rate (HR), 

cardiorespiratory fitness, anthropometry, body composition, muscular strength (3 repetition 

maximum testing), muscular endurance (repetitions/minute) and physical activity levels 

(accelerometry). Compared to baseline, delta diameter (p = 0.008) and FMD (p = 0.029) of 

the brachial artery increased following exercise. Bicep-curl strength also increased following 

exercise compared to baseline (p = 0.019), while submaximal (6 minute mark) measures of 

ventilation (p = 0.012), rating of perceived exertion (p = 0.012), HR (p = 0.001), absolute (p 

= 0.000) and relative (p = 0.000) cardiorespiratory fitness decreased. Breaks in sedentary 

time increased (p = 0.043) following exercise compared to regular care. Although the sample 

was small and heterogeneous, this study demonstrates that exercise is achievable and has 

positive effects on vascular function, submaximal fitness, local strength and physical activity 

in a population of AYA survivors of childhood brain cancer and/or CRT.  
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6.1 Introduction 

Advances in treatment have increased the population of childhood cancer survivors over the 

past three decades, with approximate five-year survival rates in Australia, America and the 

United Kingdom currently sitting at 85% [4, 246, 247]. However, concurrent with improved 

survival is the eventual development of an array of long-term and late side-effects with 

potentially dire health consequences [4, 8, 46].  As a result, the incidences of chronic disease 

and early mortality among this population are in excess of the normal population [4, 6-8]. 

Indeed, cardiovascular events are currently the number one non-malignant cause of mortality 

among paediatric cancer survivors [6, 7]. 

Survivors of cerebral insult from childhood brain cancer and/or treatment with cranial 

radiotherapy (CRT) are among those at the highest risk of developing severe, disabling or 

life-threatening long-term and late effects [4, 8]. The invasive nature of cancer and its 

treatment during childhood may limit physical performance and exacerbate cardiovascular 

disease (CVD) risk during adolescence and young adulthood [9-11, 37]. Cardiotoxicity is a 

well-known side effect of certain chemotherapeutic agents, most notably the anthracyclines 

[77, 86, 293]. Specifically, the anthracyclines have direct toxic effects on the vascular 

endothelium and cardiac myocytes, with a dose dependent relationship resulting in clinical 

heart failure at cumulative doses >550mg/m
2
 [294].  Factors such as radiation to the heart, 

young age at exposure and concomitant therapy with agents such as cyclophosphamide 

further increase risk of cardiotoxicity, which increases linearly as a function of follow-up 

time [294]. In addition, radiotherapy can cause fibrosis and atrophy of muscular tissues, 

thereby inhibiting function of the cardiac, vascular and/or musculoskeletal structures within 

the area of exposure [189, 190]. Accelerated atherosclerosis has also been reported in vessels 

within the radiation portal, which predisposes to myocardial infarction and stroke [179, 295]. 
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Although radiation dosage to the heart is lower in this cohort than for those with Hodgkin’s 

Lymphoma or solid tumours, cardiac fibrosis and ventricular dysfunction are potential late 

complications that may result from exit radiation in patients receiving craniospinal irradiation 

for intracranial tumours such as medulloblastoma. Notably, our group and others have also 

previously demonstrated that CVD may develop secondary to the direct ramifications of 

cancer and its treatment [262]. For example, hypothalamic insult instigates disorders of 

endocrine function, energy balance and metabolism, which manifest as obesity, cachexia and 

fatigue [46, 162, 262]. Subsequently, limitations to activities necessary for basic care and 

health maintenance may develop, exacerbating CVD risk by means of physical de-

conditioning [8, 45-47, 262]. 

While these limitations are well recognised, few studies have attempted to minimise or 

reverse them using an intervention. Exercise improves global function of the cardiovascular, 

respiratory, musculoskeletal and metabolic systems [29, 30, 195]. It also encourages breaks in 

prolonged bouts of sedentary time, which is preventative against deterioration [203, 296]. As 

a result, we propose that exercise may be a potential therapy for the prevention and/or 

remediation of long-term and late effects that predispose cancer survivor populations to 

accelerated CVD. Both Fiuza-Luces et al. [297] and San Juan et al. [235] demonstrated that 

exercise during paediatric cancer therapy has positive effects on body strength, 

cardiorespiratory fitness and functional mobility. To date, the few studies that have utilised 

exercise interventions in survivor populations post-therapy have also reported positive 

outcomes, with reports of improved exercise tolerance, maximal cardiorespiratory 

performance, upper and lower body strength, function, quality of life and reduced fatigue [3, 

34].  However, the majority of these exercise training studies have been performed in 

survivors of leukaemia or breast cancer, with little evidence regarding efficacy in paediatric 

cancer survivors who have sustained a brain insult and suffer specific long-term morbidity. 
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As such, it is unknown whether these side-effects will limit the extent of the benefits gained 

from regular exercise. Here, we implemented a 24-week exercise intervention in adolescent 

and young adult (AYA) survivors of childhood brain cancer and/or CRT. Endothelial 

function, a surrogate measure of CVD [98, 298], was assessed before and after intervention to 

ascertain effectiveness of exercise in ameliorating cardiovascular risk in this population. 

Secondary risk-factors for CVD that were measured included cardiorespiratory fitness, 

resting heart rate (HR) and blood pressure (BP), physical activity (PA) levels, anthropometry, 

body composition and muscular strength and endurance.   
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6.2 Methods 

 

6.2.1 Participants  

A search of the Princess Margaret Hospital for Children (Western Australia) oncology 

database identified 87 long-term (>5 years) AYA (15-23 years) survivors of childhood brain 

cancer and/or CRT that were eligible to participate in the study. Survivors were contacted 

about participation via phone and mail. Thirteen (6 male, 7 female) survivors consented to 

participate and met all study requirements to be included in analysis. Seven additional 

survivors participated in the study to varying degrees but were excluded from the final results 

due to drop out (n = 2; both cases related to relapse) or non-compliance to the intervention 

standards (n = 5; work and university timetables clashed with the exercise sessions making 

regular attendance difficult).  

Pregnancy or a diagnosis of CVD were exclusion criteria from this study. Four of our 

participants were growth hormone deficient (GHD) and had previously been treated with GH. 

Three ceased treatment six months prior to study participation, while one started low-dose 

replacement therapy following baseline assessment.  Survivors taking thyroid (n = 2) and sex 

hormone (n = 4) supplements were not excluded. Prior to participation survivors were 

informed of all study requirements and were asked to provide written consent. All survivors 

below the age of 18 were required to have written parental or guardian consent for 

participation. Ethical approval was granted by the University of Western Australia Human 

Research Ethics Committee (reference number, RA/4/1/6436) and the Princess Margaret 

Hospital Human Research Ethics Committee (approval number, 2013059).  
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6.2.2 Experimental Design 

Upon recruitment, resting BP, HR, endothelial function, anthropometry, body composition, 

muscular strength and endurance and cardiorespiratory fitness were assessed. Accelerometers 

and activity journals were used to record PA levels over a seven day period.  

Following baseline testing participants began a 24-week control phase (regular care) during 

which they were instructed to maintain usual PA levels and habits. Immediately following the 

regular care phase a 24-week exercise intervention was commenced. Order was non-

randomised to counter potential carry-over effects and difficulties employing extended wash-

out periods. At the conclusion of the 24-week exercise intervention all assessments were 

repeated. To account for a lack of healthy controls in this study, we have compared our 

“Following Exercise” survivor data to baseline data collected on a similarly aged, healthy 

control group from a previous characterisation publication [262] in the discussion of this 

manuscript.   

 

6.2.3 Vascular Function 

On arrival to the laboratory, following a four hour fasting period, participants rested supine 

for 20 minutes. Following this rest HR, BP and mean arterial pressure (MAP) were measured 

using an electronic BP cuff (HR and BP; Dinamap Carescape V100, GE Healthcare, General 

Electric’s Company, Buckinghamshire, UK).  

Conduit artery function was then assessed using the flow mediated dilation (FMD) technique 

as detailed by Thijssen et al. [99]. Non-invasive, high-resolution ultrasound (Terason, t3200, 

Burlington, MA 01803, USA) was used to image the left brachial artery. Brachial artery 
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diameter was recorded for 1 minute before a forearm cuff placed distal to the olecranon 

process was inflated to 220 mmHg for 5 minutes. Diameter and blood flow recordings 

resumed 30 seconds before cuff deflation and continued for 3 minutes. Brachial artery blood 

flow was calculated using measurements of continuous (30 Hz) brachial lumen cross-

sectional area and Doppler velocity. Change in artery diameter between baseline and peak 

was presented in mm (delta diameter). Flow mediated dilation (delta percent) was calculated 

as (delta diameter/baseline diameter) x 100. Specific details of FMD analysis and analysis 

software have been presented elsewhere [99]. 

 

6.2.4 Physical Activity Monitoring 

Participants were fitted with an Actical accelerometer (Respironics; Bend, Oregon, USA) to 

record PA during waking hours over seven days. The Actical accelerometer was chosen for 

its lightweight (28 × 27 × 10 mm: 17 g), waterproof design, and omnidirectional sensor [299]. 

As per the manufacturer’s instructions, accelerometers were placed medial to the right iliac 

crest (under clothing), fastened by an adjustable waist strap [300]. Participants were provided 

with an activity journal and were instructed to record daily accelerometer use, as well as 

activity undertaken whilst wearing the accelerometer. Accelerometers were not worn during 

the exercise sessions to ensure recordings were of external and volitional PA.  

To encourage compliance, participants received thrice-weekly text messages and phone calls 

(upon receipt of the monitor, mid-week and prior to monitor return) each time they were in 

possession of the Acticals. This ensured that participants were wearing the monitors and that 

journal recordings were being made. 
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6.2.5 Anthropometry and Body Composition 

Anthropometric measurements included body mass, height and body mass index (BMI). 

Body mass was rounded to the nearest 0.01 kilogram (kg) using an electronic scale (Sauter 

Model EB60, FSE Scientific, New South Wales, AUS) and a wall-mounted stadiometer (Seca 

216 Measuring Pole, Birmingham, UK) measured height to the nearest tenth of a centimetre. 

Body mass index was calculated as body mass (kg) divided by height squared, as defined by 

The World Health Organisation [174].  

Body composition was assessed using dual x-ray absorptiometry (DEXA; Lunar iDXA, GE 

Healthcare, Madison, USA). Total body and peripheral fat were presented in kg and as 

percentages of tissue mass, while visceral adipose tissue was presented in terms of mass (g) 

and volume (cm
3
). Total lean body mass (LBM) was presented in kg.  

 

6.2.6 Muscular Strength and Endurance 

Protocols for muscular strength and endurance testing were in accordance with the American 

College of Sports Medicine guidelines for exercise testing and prescription [29] and are 

detailed by Long et al. [262]. Three repetition maximum testing was used as a clinically safe, 

yet accurate [29, 301], way to assess latissimus dorsi pull-down and bicep curl strength. This 

assessment has previously been used in a paediatric brain cancer survivor population with no 

adverse events [262] and none occurred during testing for the current study. Strength testing 

was limited to the upper body to avoid causing or exacerbating any hip or knee joint pain in 

our population. To account for this, muscular endurance of the trunk and lower body (squats, 

sit-ups and push-ups) was assessed by determining the maximum number of repetitions 

participants could complete of each exercise in 60 seconds.   
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6.2.7 Cardiorespiratory Fitness 

Submaximal (3 minute, 6 minute and 9 minute) and peak ( O2peak) cardiorespiratory fitness 

was assessed on a treadmill using a modified chronotropic protocol designed for clinical 

populations. Procedural details have been previously described by Long et al. [262] and can 

be found in Chapter 4 of the present thesis. 

Incremental stages were three minutes in duration and participants were encouraged to 

continue until volitional exhaustion. Heart rate (Polar Electro Oy, Professorintie Kempele, 

Finland), BP (Bronze Series DS54 DuraShock Hand Aneroid Sphygmomanometer, Welch 

Allyn, New York, USA) and ratings of perceived exhaustion (RPE) based upon the Borg 

scale (6-20) [274] were recorded in the last 30 seconds of each stage. Heart rate and BP were 

also recorded pre and post assessment. 

Expired air was collected through a mouthpiece connected to a computerised gas analysis 

system. Measurements of minute ventilation ( E) and respiratory exchange ratio (RER) were 

recorded every 15 seconds. Cardiorespiratory fitness at both submaximal and peak stages 

were recorded in absolute (L∙min
-1

) and relative (ml·kg
-1

·min
-1

) terms. End-stage absolute    

O2peak was also converted into ml and divided by LBM for a true representation of peak 

cardiorespiratory fitness.  

 

6.2.8 Exercise Intervention 

Exercise sessions were 90 minute long and held three days per week.  Participants were 

required to attend a minimum of two sessions per week in order to be included in the final 

analysis. Those able to attend all three training sessions were strongly encouraged to; 
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however, there was low adherence at the third session which was held on a weekend.  To aid 

adherence, the program was held at a number of venues chosen for their proximity to the 

participant’s home addresses. Attendance was marked at each session and participants 

contacted via phone if they appeared to be falling behind and had not given previous notice of 

absence.  

Exercise programs were designed by an accredited exercise physiologist and followed The 

American College of Sports Medicine [29] guidelines for exercise prescription.  These 

programs were tailored for each individual based on their baseline strength, endurance and 

cardiorespiratory fitness testing results and included elements of both resistance and aerobic 

training. All programs were monitored during each exercise session to ensure adherence; the 

supervising exercise physiologist marked off exercises on each individual’s training log as 

they were completed, and monitored intensity of each using the Borg scale (6-20) [274]. A 

session was considered completed if ≥90% of the prescribed exercises had been performed 

within the time frame. 

Resistance work encompassed all major muscle groups (chest, abdomen, back, shoulders, 

arms and legs; ~6-10 exercises) and was performed in a circuit with short rest periods (3-5 

minutes) between exercises. A combination of free weights (eg. bicep curls, tricep extensions, 

shoulder press), machine weights (eg. leg curl, leg extension, chest press, latissimus dorsi 

pull-down) and body weight (eg. squats, calf raises, abdominal curls, bridges) was used to 

provide a range of resistance levels and exercise types. While weight was individualised (60-

70% of three repetition maximum; ~50-60% of one repetition maximum), sets and repetitions 

were generally kept constant between participants (3 sets, 10 repetitions). Programs were 

progressed by increasing weight every 3-4 weeks, or earlier if self-reported and/or observed 

effort reached light to moderate (11-13) on the Borg scale (6-20) [274].  
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Aerobic training utilised a moderate intensity interval protocol whereby sub-maximal sprints 

(~60% HR maximum/~10-11 RPE) were alternated with periods of active rest (~40% HR 

maximum/~7-8 RPE). Intensity was monitored throughout using RPE and HR readings 

provided by hand sensor pads on the ergometers. Participants performed four consecutive 

sprint-rest bouts (sprint time ~15-30 seconds, rest time ~30-60 seconds) before passively 

resting for 3-5 minutes. This was repeated three times using different ergometers (rower, 

stationary bike, arm cycler). Total time of aerobic activity for all participants was between 

10-15 minutes. Progressions were made by first decreasing time of active rest and then by 

increasing sprint duration. This occurred whenever self-reported and/or observed effort fell 

below ~11 on the Borg scale (6-20) [274], or when the participant had been on the same 

protocol for 3-4 weeks. 

 

6.2.9 Data Analyses  

Three days (two weekdays and one weekend, ≥ 8 hours) of full recorded accelerometer data 

from each participant was analysed. Participants were excluded from analysis if they lost or 

failed to return their accelerometer, or if wear time was too sporadic. Actograms were 

visually inspected to remove any sleep and/or non-wear time from the data, before the 

Freedson [302] equation and a translation equation by Straker and Campbell [299] were used 

to process the data in LabView V7® (National Instruments, Austin, Texas, USA).  Sedentary 

time was measured using a threshold of  91 counts per minute (cpm) [299, 302]. Thresholds 

for light, moderate and vigorous intensity PA were 1776 cpm, 5180 cpm and >5180 cpm, 

respectively [299, 302]. Breaks were defined as a disturbance in sedentary behaviour that 

registered >100 cpm and lasted at least one minute. Physical activity guidelines [29, 30, 195]  
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were used for comparison to assess whether participants were meeting daily PA 

recommendations (at least 30 minutes of daily, moderate intensity PA).  

 

6.2.10 Statistical Analyses  

Data was analysed using SPSS version 20.0 (IBM, USA). One-way repeated measures 

ANOVA’s were applied to identify changes in measures over time, with significance set at    

p ≤ 0.05.  Where appropriate, paired t-tests were used to make post hoc comparisons between 

assessment points. Cohen’s D effect sizes [303] were calculated for all measures, between all 

time-points. Only moderate (0.5–0.79) and large (≥0.8) effect sizes are reported. All 

descriptive data is presented as mean ± standard deviation (SD).  

In order to assess whether nature of the tumours had any effect on our results a sub-analysis 

occurred whereby survivor data was further categorised into benign and malignant groups, 

and then re-analysed using mixed model ANOVA’s. Significance was set at p ≤ 0.05 and post 

hoc comparison occurred as above. Due to the large amount of additional data this analysis 

procured, and to avoid repeating time effects, only significant group differences have been 

presented in text.  Remaining data from this analysis can be found elsewhere (Supplementary 

Table 6.4).  
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6.3 Results 

 

6.3.1 Participant Characteristics  

Mean age of the participants was 19 ± 2 years, while mean age at diagnosis was 4 ± 3 years. 

Thus, average time since diagnosis was 14 ± 4 years, while average time since final treatment 

was 13 ± 5 years. 

Mean age of the benign tumour survivors was 18 ± 2 years. Mean age at diagnosis was 4 ± 3 

years, mean time since diagnosis was 15 ± 4 years, while mean time since final treatment was 

11 ± 5 years. Malignant tumour survivors had a mean age of 20 ± 2 years.  Mean age at 

diagnosis was 3 ± 2 years. Average time since diagnosis was 17 ± 3 years, while average time 

since final treatment was 15 ± 4 years. Additional treatment and diagnostic information is 

presented in Table 6.1.  
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Table 6.1    Participant Characteristics. 

  

  

Survivors 

(n = 13) 

 
 N % 

Underlying Diagnosis   

Brain Tumour 9 69.23 

Tumour Type   

Craniopharyngioma 1 7.69 

Glioma 7 53.85 

Medulloblastoma 1 7.69 

Tumour Location   

Brain Stem 1 7.69 

Frontal Lobe 2 15.39 

Optic Pathway 1 7.69 

Posterior Fossa 2 15.39 

Subependymal Zone 1 7.69 

Temporal Lobe 2 15.39 

Leukaemia 3 23.08 

ALL 3 23.08 

Other 1 7.69 

Undifferentiated rhabdomyosarcoma of 

the right petrous temporal bone 
1 7.69 

Treatment   

Surgery 5 38.46 

Surgery & XRT 1 7.69 

Chemotherapy & XRT 1 7.69 

Surgery, Chemotherapy & XRT 4 30.77 

Chemotherapy, XRT & HSCT 2 15.39 

Treatment Details   

XRT 8 61.54 

Dosage   

6 – 24 Gy 3 23.08 

50 – 56 Gy 5 38.46 
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Table 6.1    Participant Characteristics. 

  

  

Survivors 

(n = 13) 

 
 N % 

Location   

Cranial 3 23.08 

Craniospinal 3 23.08 

Total Body 2 15.39 

Chemotherapy 7 53.85 

Agents   

Alkylating Agents 7 53.85 

Anthracyclines 4 30.77 

Vinca Alkaloids 6 46.15 

Age at First Exposure 8  

<5 years 6 46.15 

6 – 10 years 2 15.39 

Age at Last Exposure 8  

<5 years 2 15.39 

6 – 10 years 4 30.76 

11 – 15 years 2 15.39 

Other Characteristics   

Growth Hormone Deficiency 4 30.77 

ALL, acute lymphoblastic leukaemia; HSCT, haematopoietic stem cell transplant; XRT, 

radiotherapy 
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6.3.2 Vascular Function 

At baseline, mean resting HR was 71 ± 8 bpm, mean SBP was 111 ± 10, and mean DBP was 

64 ± 3.There were no changes in HR (74 ± 12 and 76 ± 16, following regular care and 

exercise respectively, p = 0.535), SBP (113 ± 11 and 116 ± 14, following regular care and 

exercise respectively, p = 0.148), or DBP (63 ± 4 and 63 ± 6, following regular care and 

exercise respectively, p = 0.587) over the course of the study. 

Endothelial function data is presented in Figure 6.1. A significant change in delta diameter 

and FMD was found over the course of the study (p = 0.006 and p = 0.031, respectively). 

Compared to baseline, delta diameter and FMD increased following the exercise intervention 

(p = 0.008, d = 0.72 and p = 0.029, d = 0.63 respectively). Delta diameter was also elevated 

following exercise when compared to regular care (p = 0.043, d = 0.56). There was a 

moderate, positive effect size (d = 0.56) suggesting that time to peak increased following 

regular care when compared to baseline. A large, negative effect size (d = -0.83) indicates 

time to peak shortened again following exercise when compared to regular care. Baseline and 

peak diameter remained unchanged across all time points. 

With regards to endothelial function differences between benign and malignant tumour 

survivors, the malignant group had reduced times to peak dilation (Supplementary Table 6.4). 

There were no other group differences present. 
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Figure 6.1  Change in endothelial function over the course of the study. 

Error bars represent standard deviation for each measure. N = 13. 
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6.3.3 Physical Activity Monitoring 

Accelerometer wear time was highest at baseline when compared to regular care (Table 6.2; p 

= 0.002) and exercise periods (p = 0.028). There was a positive effect of exercise on a decline 

in volitional PA found to occur during regular care.  Compared to baseline, breaks in 

sedentary time decreased following regular care (Table 6.2; p = 0.021, d = -0.79). 

Accelerometer counts also decreased following regular care compared to baseline (Table 6.2; 

d = -0.56), while percentage of sedentary time subsequently increased (Figure 6.2; d = 0.68), 

albeit both were insignificant. This cycle of physical inactivity was reversed with exercise 

training, with number of breaks and counts increasing from regular care (p = 0.043, d = 1.14 

and d = 0.63, respectively) and sedentary time decreasing (d = -1.01). Percentage of time 

spent in light and moderate intensity PA followed similar patterns (Figure 6.2), although 

these were also statistically insignificant. Compared to baseline, percentages of light (d = -

0.61) and moderate (d = -0.5) intensity PA showed tendencies to decline following regular 

care; however, both improved again following exercise when compared to regular care (light 

intensity, d = 0.96; moderate intensity, d = 1.86).   

With regards to PA recommendations, mean moderate intensity PA was 19.20 ± 23.57 

minutes/day at baseline, indicating that this cohort were inactive upon entry [29, 30, 195]. 

Physical activity did not reach the recommended levels over the course of the study (6.59 ± 

3.97 minutes/day following regular care and 13.90 ± 9.46 minutes/day following 

intervention). Examination of individual data indicated only one participant met the daily 

activity recommendations following intervention (35.00 minutes/day).   

 

 

 



Chapter 6 

172 

0

10

20

30

40

50

60

70

80

90

100

Sedentary Light Moderate Vigorous

P
er

ce
n

t 
(%

) 

Physical Activity Level 

Baseline Following Regular Care Following Intervention

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

Figure 6.2  Percentage of time per day spent in different levels of physical 

activity. Error bars represent standard deviation for each measure. N = 13. 
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Table 6.2    Accelerometer, body composition and muscular strength and endurance data. 

  
Baseline 

Following 

Regular Care 

Following 

Exercise 

 Mean SD Mean SD Mean SD P value 

Accelerometer Data  

N 13 9 10  

Wear Time (minutes/day) 842.60 21.63 752.34°
a
 10.74 767.54

†b
 18.32 0.003* 

Sedentary Breaks 62.43 19.36 50.64°
a
 13.44 68.13

∆c
 14.26 0.048* 

Counts (per minute) 164.92 121.38 109.72
a
 53.01 147.37

c
 46.39 0.222 

Body Composition  

N 13 13 13  

Total Fat Mass (kg) 23.76 15.16 24.56 14.93 23.23 15.75 0.559 

Total Percent Fat (%) 35.17 11.25 35.48 12.26 33.46 12.81 0.178 

VAT Mass (g) 594.44 742.96 626.44 615.47 397.91 260.20 0.316 

VAT Volume (cm
3
) 630.33 787.46 664.22 652.24 421.91 275.85 0.316 

Total Lean Body Mass (kg) 40.62 12.80 41.38 13.07 41.99 13.28 0.202 

Muscular Strength (kg)  

N 13 13 13  

Latissimus Dorsi Pull-Down 41 17 39 20 40 19 0.730 

Bicep Curl 7.5 2.5 8.0 3.0 9.0
†∆

 3.5 0.009* 

Muscular Endurance (60 seconds)  

N 13 13 13  

Squats 33 15 30 11 32 12 0.409 

Sit-ups 26 11 28 11 28 11 0.643 

Push-ups 23 12 21 10 27
c
 14 0.180 

SD, standard deviation; VAT, visceral adipose tissue 

*Denotes statistical significance (p ≤ 0.05) between time points using One-Way Repeated Measures ANOVA 

°Denotes statistical significance (p ≤ 0.05) between Baseline and Regular Care using post-hoc paired t-tests  

†
Denotes statistical significance (p ≤ 0.05) between Baseline and Exercise using post-hoc paired t-tests 

∆
Denotes statistical significance (p ≤ 0.05) between Regular Care and Exercise using post-hoc paired t-tests 

a
Denotes moderate to large effect size (d = ≥ 0.5) between Baseline and Regular Care using Cohen’s D effect sizes

 

b
Denotes moderate to large effect size (d = ≥ 0.5) between Baseline and Exercise using Cohen’s D effect sizes 

c
Denotes moderate to large effect size (d = ≥ 0.5) between Regular Care and Exercise using Cohen’s D effect sizes 
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6.3.4 Anthropometry and Body Composition  

Upon entry, average height was 164.5 ± 12.6 cm, body mass was 67.86 ± 24.65 kg and BMI 

was 24.8 ± 8.2. There were no significant changes in body mass (following regular care, 

67.70 ± 24.04 kg; following exercise, 68.33 ± 24.33 kg; p = 0.707) or BMI (following regular 

care, 24.8 ± 8.4; following exercise, 25.2 ± 8.8; p = 0.435) over time. There were no 

significant effects or effect sizes for any of the DEXA measures (Table 6.2). Further, the 

malignant tumour survivors were shorter in stature, and had reduced body mass and lean 

body mass compared to benign tumour survivors (Supplementary Table 6.4).  

 

6.3.5 Muscular Strength and Endurance  

There was a significant change in bicep curl strength over time (Table 6.2); in particular, an 

increase following exercise was apparent compared to both baseline (p = 0.019) and regular 

care (p = 0.041). There was a moderate, positive effect size for push-ups after the exercise 

intervention compared to regular care (d = 0.54). No main effects or effect sizes were 

observed for latissimus dorsi pull-downs, squats or sit-ups. 

 

6.3.6 Cardiorespiratory Fitness 

Cardiorespiratory fitness data can be found in Table 6.3. With regards to the 3 minute 

submaximal epochs recorded during the O2peak test, there were significant main effects for 

E, RER, absolute and relative O2peak. Following regular care these measures were reduced 

compared to baseline ( E, p = 0.011, d = -0.71; RER, p = 0.016, d = -0.68; absolute O2peak, 
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p = 0.010, d = -0.97; relative O2peak, p = 0.011, d = -2.26). Following exercise, E (p = 

0.015, d = 0.57), RER (p = 0.017, d = 1.83) and relative O2peak (p = 0.025) increased 

compared to regular care. Further, absolute and relative O2peak decreased after exercise 

compared to baseline (p = 0.004, d = -0.91 and d = -1.37, respectively). At the first interval of 

the exercise test (3 minute mark), submaximal HR and RPE was found to be lower after 

exercise compared to baseline (d = -0.53 and d = -0.5, respectively). There were significant 

changes recorded during the second interval of the exercise test (6 minute mark) for all 

submaximal fitness measures over time. Minute ventilation, absolute and relative O2peak 

decreased following regular care ( E, p = 0.007, d = -0.54; absolute O2peak, p = 0.036; 

relative O2peak, p = 0.036, d = -0.81) and following exercise ( E, p = 0.012, d = -0.58; 

absolute O2peak, p = 0.000, d = -0.93; relative O2peak, p = 0.000, d = -1.35) compared to 

baseline. Further, absolute O2peak declined after exercise compared to regular care (p = 

0.012), with relative O2peak following similar patterns (d = -0.56). Also at this 6 minute 

interval, RER decreased following regular care compared to baseline (p = 0.018, d = -0.66) 

and increased again following exercise (p = 0.000, d = 1.22) when compared to regular care. 

Heart rate for this epoch was lowest following exercise (compared to baseline, p = 0.001, d = 

-0.88 and following regular care, p = 0.034, d = -0.5), as was RPE (compared to baseline, p = 

0.012, d = -0.5 and following regular care, d = -0.52). For the 9 minute time point, E, 

absolute and relative O2peak all decreased following regular care ( E, p = 0.000, d = -0.6; 

absolute O2peak, p = 0.015, d = -0.69; relative O2peak, p = 0.010, d = -0.78) and following 

exercise ( E, p = 0.006, d = -0.67; absolute O2peak, p = 0.001, d = -0.94; relative O2peak, p 

= 0.001, d = -1.32) compared to baseline. Submaximal 9 minute HR was also lower following 

exercise compared to baseline (p = 0.001, d = -0.78). With regards to peak cardiorespiratory 

fitness data, there was a main effect for RER. Notably, RER following regular care was 
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significantly reduced compared to baseline (p = 0.035, d = -0.88) and following exercise (p = 

0.001, d = 1.12).   

Differences in absolute fitness between benign and malignant tumour survivors were evident 

at all sub-maximal stages (Supplementary Table 6.4). There were no other group differences 

present. 
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Table 6.3    Submaximal and maximal cardiorespiratory fitness data. 

  
Baseline 

Following 

Regular Care 

Following 

           Exercise 

 Mean SD Mean SD Mean SD P value 

Cardiorespiratory Fitness (3 min Stage)  

N 13 13               13 

Rating Perceived Exertion 8 2 8 2 7
bc

 1 0.252 

Submaximal HR (bpm) 104 10 103 14 99
b
 13 0.281 

Minute Ventilation (L·min
-1

) 23.59 8.67 17.44°
a
 5.97 20.83

∆c
 4.71 0.004* 

Respiratory Exchange Ratio 0.79 0.27 0.61°
a
 0.07 0.72

∆c
 0.04 0.042* 

O2 (L·min
-1

) 1.13 0.30 0.83°
a
 0.40 0.86

†b
 0.29 0.004* 

O2 (ml·kg
-1

·min
-1

) 15.84 1.70 12.05°
a
 3.08 13.51

∆b
 2.55 0.010* 

Cardiorespiratory Fitness (6 min Stage)  

N 13 13 13 

Rating Perceived Exertion 9 2 9 2 8
†bc

 2 0.025* 

Submaximal HR (bpm) 137 17 132 20 122
†∆bc

 15 0.001* 

Minute Ventilation (L·min
-1

) 28.45 8.47 23.89°
a
 8.09 23.53

†b
 6.23 0.007* 

Respiratory Exchange Ratio 0.86 0.29 0.67°
a
 0.09 0.78

∆c
 0.04 0.048* 

O2 (L·min
-1

) 1.35 0.34 1.15° 0.45 0.98
†∆b

 0.31 0.000* 

O2 (ml·kg
-1

·min
-1

)
 18.79 2.27 16.66°

a
 2.48 15.26

†bc
 2.07 0.001* 

Cardiorespiratory Fitness (9 min Stage)  

N 13 13 13 

Rating Perceived Exertion 11 2 10
a
 2 9

bc
 2 0.142 

Submaximal HR (bpm) 161 12 156 14 152
†b

 12 0.002* 

Minute Ventilation (L·min
-1

) 35.64 12.03 28.41°
a
 9.15 27.57

†b
 7.56 0.000* 

Respiratory Exchange Ratio 0.95 0.43 0.72
a
 0.08 0.80

c
 0.03 0.098 

O2 (L·min
-1

) 1.63 0.52 1.27°
a
 0.58 1.14

†b
 0.42 0.001* 

O2 (ml·kg
-1

·min
-1

) 22.69 4.10 19.52°
a
 2.63 17.30

†∆bc
 2.42 0.000* 
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Table 6.3    Submaximal and maximal cardiorespiratory fitness data. 

  
Baseline 

Following 

Regular Care 

Following 

           Exercise 

 Mean SD Mean SD Mean SD P value 

Cardiorespiratory Fitness (Peak)  

N 13 13 13 

Rating Perceived Exertion 17 2 16 2 17 3 0.319 

Maximal Heart Rate (bpm) 184 10 180 16 181 15 0.201 

Minute Ventilation (L·min
-1

) 73.18 30.86 62.44 23.16 68.85 22.29 0.114 

Respiratory Exchange Ratio 0.98 0.08 0.91°
a
 0.09 1.01

∆c
 0.08 0.003* 

O2peak (L·min
-1

) 2.72 1.03 2.46 1.10 2.51 1.14 0.163 

O2peak (ml·kg
-1

·min
-1

) 38.50 12.32 37.35 11.94 38.53 12.92 0.431 

O2peak (ml·LBM
-1

·min
-1

) 61.07 10.04 60.74 10.91 58.25 11.25 0.261 

SD, standard deviation; min, minute; HR, heart rate; LBM, lean body mass. 

*Denotes statistical significance (p ≤ 0.05) between time points using One-Way Repeated Measures ANOVA 

°Denotes statistical significance (p ≤ 0.05) between Baseline and Regular Care using post-hoc paired t-tests  

†
Denotes statistical significance (p ≤ 0.05) between Baseline and Exercise using post-hoc paired t-tests 

∆
Denotes statistical significance (p ≤ 0.05) between Regular Care and Exercise using post-hoc paired t-tests 

a
Denotes moderate to large effect size (d = ≥ 0.5) between Baseline and Regular Care using Cohen’s D effect sizes

 

b
Denotes moderate to large effect size (d = ≥ 0.5) between Baseline and Exercise using Cohen’s D effect sizes 

c
Denotes moderate to large effect size (d = ≥ 0.5) between Regular Care and Exercise using Cohen’s D effect sizes 



Chapter 6 

179 

6.4 Discussion 

This study assessed the effect of a 24-week exercise intervention on CVD risk in AYA 

survivors of childhood brain cancer and/or CRT. In our cohort, exercise training induced 

significant improvements in endothelial function, submaximal cardiorespiratory fitness, PA 

levels and local strength.  

Impairment of endothelial function precedes morphological changes that contribute to 

atherosclerotic lesion development and progression of CVD [98, 99]. Radiotherapy has been 

shown to accelerate plaque deposition, while certain classes of chemotherapeutic agents (eg. 

alkylating agents, anthracyclines, antiangiogenics) are reported to cause direct injury to the 

endothelium [77, 179, 293, 295]. We observed improvements in delta diameter, FMD and 

time to peak in brachial artery function after exercise training. Notably, the FMD in survivors 

after exercise was comparable to the FMD reported at baseline in a group of similarly aged 

healthy controls (11.51% vs. 10.18%) [262]. Importantly, an increase in FMD corresponds to 

a decreased risk of cardiac events [118, 298, 304]. This is a compelling finding and, to our 

knowledge, the first of its kind in this specific population. Järvelä et al. [86] reported an 

increase in brachial FMD following 16-weeks of home exercise in AYA survivors of 

paediatric leukaemia; however, recordings were not continuous and changes in FMD were 

only apparent at 40 seconds post cuff release. In contrast, our study involved continuous 

recordings and demonstrated improvements across the entire protocol. This suggests that 

exercise plays an important role in alleviating endothelial dysfunction in AYA survivors of 

childhood brain cancer and/or CRT. Additionally, it establishes that exercise can help to 

normalise endothelial function in survivors. When analysing survivor data based on nature of 

the tumour, the malignant survivors had reduced times to peak dilation. As there are no other 
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endothelial differences between these groups, and time to peak is not a useful adjunctive 

measure of endothelial function [99], the relevance of this finding is limited. 

In contrast to the majority of previous reports, we did not observe any changes in peak 

cardiorespiratory fitness with exercise [34, 37].  As a result, peak cardiorespiratory fitness 

remained lower than it was in healthy controls from our previous publication (38.53 ml·kg
-

1
·min

-1 
vs. 46.61 ml·kg

-1
·min

-1
) [262]. We theorise that late effects exclusive to oncology 

related cerebral insult survivors (eg. GHD) may limit the extent of cardiorespiratory benefits 

gained from exercise, although it is beyond the scope of our study to determine this. Fitness 

may have also been impacted by adherence issues and the subsequent reduction in number of 

exercise sessions held per week. Interestingly, endothelial benefits seen here occurred 

irrespective of changes in end-stage O2peak. This is another novel finding in this population 

and parallels vascular and cardiorespiratory fitness data reported in adolescents with type II 

diabetes [305]. Importantly, we observed significant improvements in submaximal 

cardiorespiratory fitness after exercise training. Participation in activities necessary for daily 

living, employment, homemaking, socialisation and basic care require an ability to maintain 

prolonged, submaximal aerobic workloads [306]. However, AYA survivors of childhood 

brain cancer and/or CRT may suffer cardiorespiratory deconditioning secondary to direct 

consequences of treatment [8, 45-47, 262]. During the 6 minute submaximal epoch of the 

O2peak exercise test our participants were working at 40-60% of their HR reserves, which is 

classified as moderate intensity activity according to The American College of Sports 

Medicine [29]. This corresponds to 3-6 metabolic equivalents – the energy cost required to 

perform most household chores and activities of daily living [307].  Thus, our data revealed 

that exercise is effective at improving submaximal cardiorespiratory fitness and, hence, 

ability to perform necessary daily tasks in this population.  While other studies have reported 

improvements in peak or maximal cardiorespiratory fitness in paediatric cancer survivors [34, 
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37], our results instead align with those presented by Keats and Culos-Reed [54] and Piscione 

et al. [234], who found improvements in submaximal fitness  among paediatric brain cancer 

cohorts.  

Although the survivor strength and endurance measures after exercise were lower than those 

reported in healthy controls at baseline [262], we observed an improvement in bicep curl 

strength. There was also a moderate influence of exercise on push-up endurance. These 

results are consistent with previous research [54, 235, 241] and indicate an improved ability 

of our survivors to perform tasks requiring the use of the upper-limb, which may further ease 

activities of daily living and help improve quality of life. With respect to body composition, 

we discovered no significant effects of exercise on adiposity. As a result, survivors had 

higher levels of fat than controls at baseline [262]. Nonetheless, improvements in endothelial 

function indicate that cardiovascular health and disease risk can be ameliorated in this 

population irrespective of changes in fat mass. Of note, the survivors of malignant tumours 

were shorter in stature than the benign tumour survivors and had reduced body masses and 

lean body masses. Based on previous literature [214, 262, 287, 288], we hypothesise that 

these anthropometric differences are due to the spinal and total body irradiation received 

exclusively by the malignant tumour survivors. These body mass differences subsequently 

affected absolute cardiorespiratory fitness between benign and malignant groups at 

submaximal stages.  

Health guidelines recommend 30 minutes of daily, moderate intensity PA to protect against 

CVD [29, 195]. Additionally, increasing breaks in sedentary time is associated with improved 

cardiovascular, metabolic and physical profile independent of PA levels [203, 296]. 

Compared to normative data reported by Colley et al. [308], the survivors here recorded 

higher percentages of sedentary time (average 79% vs. 62%) and less light (average 20% vs. 
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29%) and moderate-to-vigorous (average 0.9% vs. 6%) intensity PA compared to healthy 

adolescents. Further, when compared to healthy adults aged 20-39 years, our survivors 

recorded fewer minutes of moderate intensity PA per day at all time points (baseline, 19.20 

minutes/day;  following regular care, 6.59 minutes/day; following exercise, 13.9 minutes/day 

vs. 24 minutes/day) [309]. This indicates a substantial risk for inactivity induced disease 

among our cohort. However, while the survivors here failed to increase their amount of 

volitional PA (ie. PA external to what was undertaken in the study exercise sessions) to meet 

recommendations throughout the course of the study, we observed a significant increase in 

sedentary breaks following the exercise intervention. Further, the downward spiral of 

inactivity and deconditioning that ensued regular care was arrested as a result of exercise. 

Keats and Culos-Reed [54] reported comparable findings regarding the immobilising effect 

of exercise on physical inactivity in adolescent cancer patients. This highlights the 

importance of exercise interventions for influencing positive PA behaviours and for further 

reducing CVD risk in this population. Of note, accelerometer wear time was reduced 

compared to baseline at the regular care and exercise time points. We believe that assessment 

fatigue was the primary reason for these differences; that is, participants became bored or 

tired with wearing the monitors each day and subsequently forgot, or refused, to continue 

wearing them. Despite these differences, significant improvements in activity measures were 

evident, indicating the positive effect of exercise on PA behaviours. 

Our results do not vary greatly compared to other exercise intervention studies implemented 

in paediatric cancer populations. Both Fiuza-Luces et al. [297] and Piscione et al. [234] also 

observed limited improvements following the implementation of exercise interventions in 

paediatric patients and survivors with solid tumours. Similar to findings here , Fiuza-Luces et 

al. [297] failed to see improvements in O2peak, body mass and BMI following a thrice-

weekly exercise program held over 19-weeks. However, there was a significant improvement 
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in 5 repetition maximum global body strength that we failed to find [297]. Conversely, we 

observed improvements in submaximal cardiorespiratory fitness and PA levels that were not 

apparent in the Fiuza-Luces et al. [297] study. Primary differences observed in the exercise 

programming by Fiuza-Luces et al. [297] included a three session per week protocol run for 

16-weeks, 60-70 minute training sessions, and a continuous bout of aerobic activity.  

Interestingly, there were no major differences between strength protocols in the two studies 

(all major muscle groups, 2-3 sets of 8-15 repetitions with 1-2 minutes rest between), 

although there was no information regarding resistance intensity in the study by Fiuza-Luces 

et al. [297]. As such, we can only speculate as to whether the adherence issues experienced 

here affected our strength results. However, Piscione et al. [234] also failed to see 

improvements in global body strength following a 12-week intervention. Conversely, San 

Juan et al. [235] observed significant improvements in global strength, functional mobility 

and O2peak following 16-weeks of intra-hospital exercise training with paediatric leukaemia 

patients. Once again, details regarding resistance intensity were not reported, however the 

remaining strength protocols were similar to what was implemented here (11 exercises for all 

major muscle groups, 1 set of 8-15 repetitions with 1-2 minutes rest in between) [235]. 

Aerobic activities similarly worked participants at 50-70% of their HR maximum for 10-30 

minutes, although running and aerobic games were also part of the protocol implemented by 

San Juan et al. [235]. These varied exercise intervention results highlight the complexity of 

this population and suggest that confounding variables such as cancer treatment and 

associated side-effects may affect acquisition of exercise benefits irrespective of training 

protocol [11, 46, 73]. 

The primary limitations of this study were the small and heterogeneous study population, the 

lack of healthy control group and the variable exercise attendance. Further, with regards to 

PA measures, accelerometers can only accurately record unweighted, full-body motion.  
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Therefore, participants who undertook any stationary, isolated and/or weight-bearing exercise 

such as squats or bicep-curls would have had seemingly lower levels of PA compared to 

those who completed an activity such as running.  

This study demonstrates that implementation of exercise programs in AYA survivors of 

childhood brain cancer and/or CRT can be challenging, albeit overall feasible. Although we 

saw reduced attendance at the third (weekend) exercise session (only four participants 

consistently attended all three sessions throughout the course of the study) many participants 

noted that they would have attended the class regularly if it wasn’t scheduled on a Saturday 

(attendance among the remaining participants varied based on whether work or social events 

had been planned for the weekend). Further, the primary reported barrier to regular 

participation among the non-compliant participants was conflicting work and university 

timetables. This indicates the importance of considering participants’ schedules and lifestyles 

when planning future interventions. Importantly, participants noted that they enjoyed having 

individualised programs that they could perform in a group setting and greatly valued their 

relationships with the trainers.  Future research should aim to determine whether shorter 

exercise programs can confer the same benefits while maintaining participant compliance.    

In conclusion, we have demonstrated that long-term exercise significantly improves vascular 

function and hence decreases the risk of cardiac events in AYA survivors of childhood brain 

cancer and/or CRT. These effects occurred despite a lack of change in fat mass and peak 

cardiorespiratory fitness. In addition, sedentary break time increased as a result of exercise, 

translating into a further amelioration of CVD risk. Finally, exercise may aid performance of 

activities of daily living and health-related behaviours via improvements in submaximal 

cardiorespiratory fitness and local strength. While our results need to be interpreted with 

some caution due to the small and heterogeneous sample, it is assuring to see such significant 
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findings in this limited population; thus, there is much promise for the success of future 

interventions utilising larger and more representative populations.  
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Supplementary Table 6.4    Comparison data for benign and malignant tumour survivors. 

  

  
Baseline 

Following 

Regular Care 

Following 

Exercise Time 
Nature of 

Tumour Interaction 

 Benign Malignant Benign Malignant Benign Malignant P value P value P value 

Heart Rate and Blood Pressure          

N 8 5 8 5 8 5    

Systolic Blood Pressure (mmHg) 115 ± 10 105 ± 7 116 ± 11 108 ± 10 117 ± 14 114 ± 15 0.093 0.259 0.378 

Diastolic Blood Pressure (mmHg) 66 ± 3 61 ± 2 64 ± 5 61 ± 3 63 ± 6 62 ± 7 0.737 0.109 0.481 

Mean Arterial Pressure (mmHg) 85 ± 6 77 ± 3 82 ± 7 78 ± 3 84 ± 9 82 ± 9 0.548 0.182 0.406 

Heart Rate (bpm) 71 ± 9 71 ± 8 71 ± 12 78 ± 11 74 ± 17 79 ± 16 0.488 0.440 0.406 

Endothelial Function          

N 8 5 8 5 8 5    

Baseline Diameter (cm) 3.42 ± 0.57 3.08 ± 0.67 3.37 ± 0.48 3.31 ± 0.88 3.37 ± 0.54 3.24 ± 0.88 0.686 0.623 0.373 

Peak Diameter (cm) 3.76 ± 0.57 3.33 ± 0.63 3.72 ± 0.46 3.59 ± 0.87 3.75 ± 0.53 3.60 ± 0.85 0.420 0.504 0.301 

Delta Diameter (cm) 0.34 ± 0.07 0.26 ± 0.09 0.36 ± 0.06 0.28 ± 0.05 0.37 ± 0.08†∆ 0.35 ± 0.06†∆ 0.002* 0.123 0.131 

Delta Percent (%) 10.13 ± 2.48 8.83 ± 3.76 11.06 ± 2.62 9.19 ± 2.53 11.41 ± 3.53† 11.67 ± 3.63† 0.018* 0.550 0.284 

Time to Peak (min) 1.03 ± 0.49 0.65 ± 0.13 1.22 ± 0.55 0.97 ± 0.20 0.82 ± 0.31 0.63 ± 0.10 0.099 0.018* 0.847 

Accelerometer Data          

N 8 5 6 3 6 4    

Wear Time (min/day) 843.44 ± 52.31 840.92 ± 99.98 741.28 ± 34.43° 774.48 ± 9.50° 766.52 ± 69.39† 769.56 ± 6.35† 0.010* 0.674 0.757 

Sedentary Breaks 61.42 ± 20.69 64.45 ±20.51 45.61 ± 8.88 60.69 ±  17.25 69.76 ± 17.20 64.89 ± 7.07 0.150 0.608 0.378 

Counts (per min) 162.30 ± 130.06 170.16 ± 128.79 94.02 ± 17.53 141.13 ± 90.85 170.59 ± 30.17 100.93 ± 38.45 0.310 0.918 0.202 

Sedentary Time (%) 78.38 ± 8.45 78.04 ± 9.10 83.67 ± 2.43 79.50 ± 8.00 75.18 ± 2.64 80.13 ± 2.75 0.225 0.965 0.182 

Light Intensity PA (%) 19.01 ± 6.33 19.68 ± 7.80 15.61 ± 2.31 18.78 ± 7.07 22.32 ± 3.41 18.99 ± 1.93 0.264 0.951 0.296 

Moderate Intensity PA (%) 2.49 ± 3.36 1.78 ± 0.53 0.62 ± 0.30 1.34 ± 0.52 2.38 ± 1.29 0.86 ± 0.83 0.424 0.546 0.438 

Vigorous Intensity PA (%) 0.13 ± 0.20 0.51 ± 0.88 0.10 ± 0.11 0.40 ± 0.65 0.12 ± 0.09 0.03 ± 0.05 0.188 0.384 0.185 
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Supplementary Table 6.4    Comparison data for benign and malignant tumour survivors. 

  

  
Baseline 

Following 

Regular Care 

Following 

Exercise Time 
Nature of 

Tumour Interaction 

 Benign Malignant Benign Malignant Benign Malignant P value P value P value 

Anthropometry          

N 8 5 8 5 8 5    

Height (cm) 170.5 ± 11.8 155.1 ± 6.9 170.3 ± 11.9 155.3 ± 6.9 169.9 ± 12.4 154.9 ± 6.8 0.227 0.027* 0.697 

Body Mass (kg) 80.64 ± 21.73 47.41 ± 12.09 80.24 ± 20.63 47.64 ± 13.09 81.51 ± 19.91 47.24 ± 13.34 0.806 0.008* 0.643 

Body Mass Index (kg/m2) 28.1 ± 8.5 19.6 ± 4.5 28.1 ± 8.7 19.6 ± 4.9 28.8 ± 9.0 19.5 ± 5.0 0.572 0.065 0.470 

Body Composition          

N 8 5 8 5 8 5    

Total Fat Mass (kg) 29.63 ± 16.35 14.36 ± 6.48 29.38 ± 16.55 16.88 ± 8.30 29.31 ± 16.94 13.50 ± 7.06 0.407 0.090 0.396 

Total Percent Fat (%) 37.49 ± 12.48 31.46 ± 8.90 37.43 ± 13.55 32.38 ± 10.48 36.38 ± 13.94 28.80 ± 10.37 0.138 0.382 0.568 

VAT Mass (g) 825.70 ± 914.61 270.69 ± 196.46 824.27 ± 742.55 349.49 ± 224.21 501.84 ± 290.54 252.40 ± 119.14 0.387 0.128 0.540 

VAT Volume (cm3) 875.52 ± 969.32 287.07 ± 208.29 873.78 ± 786.95 370.84 ± 237.72 532.13 ± 308.07 267.60 ± 126.00 0.387 0.128 0.540 

Total Lean Body Mass (kg) 47.05 ± 10.93 30.34 ± 8.25 47.19 ± 12.01 32.09 ± 9.20 48.67 ± 11.27 31.31 ± 8.65 0.232 0.018* 0.331 

Muscular Strength (kg)          

N 8 5 8 5 8 5    

Latissimus Dorsi Pull-Down 48 ± 16 29 ± 12 45 ± 20 30 ± 15 44 ± 22 33 ± 12 0.792 0.139 0.199 

Bicep Curl  8.0 ± 3.0 6.0 ± 2.0 9.0 ± 3.0 7.0 ± 4.0 9.5 ± 3.0†∆ 8.0 ± 4.0†∆ 0.013* 0.280 0.864 

Muscular Endurance (60 seconds)          

N 8 5 8 5 8 5    

Squats 30 ± 12 38 ± 19 27 ± 11 34 ± 11 28 ± 7 40 ± 16 0.361 0.198 0.563 

Sit-ups 24 ± 7 29 ± 15 28 ± 9 27 ± 16 26 ± 10 32 ± 13 0.638 0.556 0.204 

Push-ups 23 ± 10 23 ± 16 23 ± 9 18 ± 11 23 ± 11† 34 ± 18† 0.039* 0.779 0.031* 
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Supplementary Table 6.4    Comparison data for benign and malignant tumour survivors. 

  

  
Baseline 

Following 

Regular Care 

Following 

Exercise Time 
Nature of 

Tumour Interaction 

 Benign Malignant Benign Malignant Benign Malignant P value P value P value 

Cardiorespiratory Fitness (3 min Stage)          

N 8 5 8 5 8 5    

Rating Perceived Exertion 8 ± 2 8 ± 1 8 ± 2 7 ± 1 7 ± 1 8 ± 2 0.400 0.971 0.179 

Submaximal Heart Rate (bpm) 103 ± 7 106 ± 14 100 ± 14 107 ± 14 97 ± 14 103 ± 14 0.360 0.390 0.790 

Minute Ventilation (L·min-1) 26.35 ± 9.80 19.19 ± 4.25 19.83 ± 6.32° 13.62 ± 2.75° 22.30 ± 5.38∆ 18.47 ± 2.17∆ 0.007* 0.076 0.617 

Respiratory Exchange Ratio 0.83 ± 0.35 0.75 ± 0.04 0.62 ± 0.06 0.60 ± 0.07 0.71 ± 0.04 0.73 ± 0.06 0.062 0.535 0.582 

O2 (L·min-1) 1.33 ± 0.37 0.98 ± 0.20 1.01 ± 0.42° 0.56 ± 0.16° 0.98 ± 0.30† 0.68 ± 0.15† 0.007* 0.018* 0.655 

O2 (ml·kg-1·min-1) 17.03 ± 4.51 16.24 ± 0.98 12.34 ± 2.46° 11.58 ± 4.17° 12.78 ± 2.48†∆ 14.69 ± 2.43†∆ 0.018* 0.905 0.440 

Cardiorespiratory Fitness (6 min Stage)          

N 8 5 8 5 8 5    

Rating Perceived Exertion 10 ± 2 9 ± 2 9 ± 2 8 ± 2 8 ± 2† 7 ± 1† 0.024* 0.213 0.682 

Submaximal Heart Rate (bpm) 135 ± 13 141 ± 24 129 ± 20 137 ± 21 119 ± 15†∆ 126 ± 17†∆ 0.002* 0.474 0.960 

Minute Ventilation (L·min-1) 31.32 ± 8.83 23.86 ± 6.00 26.79 ± 9.11° 19.25 ± 2.75° 25.83 ± 6.84† 19.84 ± 2.63† 0.014* 0.075 0.872 

Respiratory Exchange Ratio 0.90 ± 0.37 0.80 ± 0.04 0.67 ± 0.10 0.66 ± 0.08 0.77 ± 0.03 0.79 ± 0.06 0.072 0.632 0.589 

O2 (L·min-1) 1.46 ± 0.34 1.17 ± 0.29 1.34 ± 0.45° 0.84 ± 0.21° 1.13 ± 0.29†∆ 0.75 ± 0.21†∆ 0.000* 0.039* 0.324 

O2 (ml·kg-1·min-1) 18.52 ± 2.49 19.21 ± 2.04 16.60 ± 2.36° 16.75 ± 2.94° 14.74 ± 1.42† 16.11 ± 2.80† 0.002* 0.425 0.776 

Cardiorespiratory Fitness (9 min Stage)          

N 8 5 8 5 8 5    

Rating Perceived Exertion 11 ± 2 11 ± 2 10 ± 2 10 ± 2 10 ± 2 8 ± 3 0.137 0.486 0.798 

Submaximal Heart Rate (bpm) 160 ± 5 161 ± 19 155 ± 10 158 ± 21 149 ± 5† 155 ± 19† 0.006* 0.646 0.614 
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Supplementary Table 6.4    Comparison data for benign and malignant tumour survivors. 

  

  
Baseline 

Following 

Regular Care 

Following 

Exercise Time 
Nature of 

Tumour Interaction 

 Benign Malignant Benign Malignant Benign Malignant P value P value P value 

Minute Ventilation (L·min-1) 39.67 ± 13.04 29.21 ± 7.22 31.84 ± 10.08° 22.92 ± 3.51° 30.33 ± 7.96† 23.17 ± 4.59† 0.001* 0.081 0.713 

Respiratory Exchange Ratio 1.02 ± 0.55 0.85 ± 0.06 0.73 ± 0.08 0.71 ± 0.08 0.81 ± 0.02 0.79 ± 0.04 0.145 0.495 0.572 

O2 (L·min-1) 1.77 ± 0.45 1.40 ± 0.39 1.58 ± 0.48° 0.78 ± 0.37° 1.32 ± 0.41† 0.84 ± 0.24† 0.000* 0.017* 0.161 

O2 (ml·kg-1·min-1) 22.58 ± 4.03 22.86 ± 3.04 19.38 ± 2.07° 19.75 ± 3.63° 17.03 ± 2.53†∆ 17.74 ± 2.47†∆ 0.000* 0.691 0.981 

Cardiorespiratory Fitness (Peak)          

N 8 5 8 5 8 5    

Rating Perceived Exertion 16 ± 2 18 ± 1 16 ± 2 16 ± 2 17 ± 3 17 ± 4 0.323 0.658 0.513 

Maximal Heart Rate (bpm) 185 ± 6 181 ± 16 180 ± 8 179 ± 25 179 ± 9 183 ± 22 0.280 0.971 0.075 

Minute Ventilation (L·min-1) 81.79 ± 34.86 59.40 ± 18.58 71.17 ± 23.20 48.46 ± 16.43 70.65 ± 24.76 65.96 ± 20.03 0.086 0.232 0.128 

Respiratory Exchange Ratio 1.00 ± 0.07 0.96 ± 0.11 0.91 ± 0.08 0.91 ± 0.12 1.02 ± 0.08∆ 1.01 ± 0.09∆ 0.006* 0.683 0.768 

O2peak (L·min-1) 3.01 ± 1.13 2.26 ± 0.72 2.91 ± 1.04 1.73 ± 0.84 2.96 ± 1.09 1.80 ± 0.89 0.085 0.084 0.254 

O2peak (ml·kg-1·min-1) 39.30 ± 15.13 37.22 ± 7.18 38.03 ± 13.22 36.28 ± 10.94 38.84 ± 14.50 38.03 ± 12.92 0.450 0.835 0.833 

O2peak (ml·LBM-1·min-1) 
61.91 ± 12.45 59.74 ± 5.26 63.06 ± 8.88 57.03 ± 13.84 59.86 ± 10.74 55.67 ± 12.82 0.276 0.495 0.610 

min, minute; PA, physical activity; VAT, visceral adipose tissue; LBM, lean body mass 

*Denotes statistical significance (p ≤ 0.05) for given effect using Mixed-Model ANOVA 

°Denotes statistical significance (p ≤ 0.05) between Baseline and Regular Care using post-hoc paired t-tests  

†Denotes statistical significance (p ≤ 0.05) between Baseline and Exercise using post-hoc paired t-tests 

∆Denotes statistical significance (p ≤ 0.05) between Regular Care and Exercise using post-hoc paired t-tests 
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7.0 Thesis Aims and Objectives 

Broadly, this thesis aimed to evaluate the efficacy of contemporary cardiovascular screening 

measures and exercise programming at detecting and treating long-term and late effects of 

childhood cancer and its therapy.  Two primary cohorts were isolated for study; childhood 

leukaemia survivors and childhood brain cancer survivors. Studies concerning the childhood 

leukaemia survivor population had the chief objective of assessing whether more accurate 

and advanced screening protocols could be used to detect underlying cardiovascular 

dysfunction in anthracycline-treated survivors who were otherwise deemed healthy. With 

regards to the childhood brain cancer cohort, we aimed to accurately characterise long-term 

and late effects using established and reproducible measures and then determine whether 

these consequences could be improved using personalised exercise. Overall, these 

investigations would allow for an evaluation of current long-term follow-up 

recommendations and possibly provide alternative options for the screening and treatment of 

these specific childhood cancer survivor populations. 
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7.1 General Discussion 

Survivors of childhood cancer are at a significantly heightened risk of cardiovascular disease 

(CVD) as a result of the side-effects related to paediatric malignancy and its associated 

treatment [13, 14, 16]. The combined childhood leukaemia and childhood brain cancer 

survivor population represent one of the largest groups at risk of these side-effects and 

disease [1]. With regards to childhood leukaemia survivors, the toxic nature of anthracycline 

chemotherapy causes injury to the myocardium and vascular endothelium that may present 

decades after treatment as cardiomyopathy, heart failure and/or atherosclerotic-induced 

disease [18, 19, 21, 78]. Unfortunately, late-onset cardiovascular toxicity is distinguished by 

its extended latency period, of which there are no overt signs or symptoms of underlying 

abnormality or dysfunction [18, 19, 21, 22]. This makes timely detection difficult, with 

evidence suggesting that standard imaging techniques such as resting two-dimensional (2D) 

echocardiography are not sensitive enough to detect such changes [21, 24, 25]. Therefore, it 

has become essential to identify alternative imaging modalities that may provide a more 

comprehensive outlook of cardiovascular health in childhood leukaemia survivors following 

treatment with anthracyclines. Childhood brain cancer is an invasive malignancy and requires 

directed treatment which may lead to irreversible injury to the cerebral tissue [9, 17, 145, 

151-156]. Among the most common long-term side-effects seen in this population is 

endocrinopathy, which can initiate the development of risk-factors such as obesity, fatigue 

and muscular wasting [11, 46, 157, 162, 167]. Furthermore, long-term side-effects like 

endocrinopathy may instigate a sequence of disordered physiological processes that 

exacerbate late effects and cause whole-body deconditioning that further predisposes to CVD 

[11, 12, 46, 166, 199]. Notably, the added influence of poor lifestyle choices can accelerate 

this downward spiral [46]. As a result, accurate characterisation and early intervention are 
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essential for understanding and arresting progression of these late and secondary 

consequences in a childhood brain cancer survivor population. 

This thesis has provided new insights into the long-term cardiovascular health of childhood 

leukaemia and childhood brain cancer survivors. It has presented novel evidence regarding 

the effectiveness of cardiac magnetic resonance imaging (cMRI), exercise stress 

echocardiography, and flow mediated dilation (FMD) for detecting subclinical dysfunction in 

asymptomatic leukaemia survivors without cardiovascular pathology. Additionally, it has 

provided exciting findings regarding the use of exercise as medicine for childhood brain 

cancer survivors. The following discussion will be sectioned based on each study to allow for 

a comprehensive examination of the findings and their impact. 

 

7.1.1 Chapter 3: Early markers of cardiovascular injury in childhood 

leukaemia survivors treated with anthracycline chemotherapy. 

Previous studies have demonstrated that cMRI is useful for the detection of dysfunction in 

cancer survivors treated with assorted cardiotoxic therapies. However, prior to the current 

study none had determined whether cMRI could be used to unmask subclinical abnormalities 

in structure and function in a cohort of asymptomatic, apparently healthy survivors of 

childhood leukaemia who were treated with anthracyclines but without radiotherapy (which 

may confound findings regarding anthracycline-mediated toxicity given it is also cardiotoxic 

in nature). Additionally, there were no studies that had used late gadolinium enhancement in 

this specific population to evaluate myocardial tissue composition, and none that included 

supplementary measurement of FMD to assess endothelial health and secondary risk of CVD. 

Finally, studies to date had all relied on normative cMRI data for comparison purposes but 
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none had characterised anthracycline cardiovascular toxicity through the use of a healthy, 

matched control group. Findings in Chapter 3 demonstrated that cMRI was successful in 

detecting reduced contractile function and increased normalised end systolic volumes in 

asymptomatic, anthracycline-treated survivors of childhood leukaemia. Notably, 23% of the 

leukaemia survivors presented with clinically reduced (<50%) [258-260] left ventricular (LV) 

ejection fraction (EF). Interestingly, there were no differences in myocardial mass between 

groups and no late gadolinium enhancement present, which corroborated findings in other 

survivor populations and suggested that disease progression was not advanced [90]. Further 

to these findings, the leukaemia survivors presented with endothelial dysfunction which may 

or may not be a direct result of the cardiac dysfunction observed. Information reported in 

Chapter 3 has helped to establish that asymptomatic survivors of childhood leukaemia with 

normal resting echocardiography are at a significant risk of CVD due to extensive underlying 

anthracycline toxicity. This underlying toxicity is predominantly silent and undetectable 

using standard follow-up imaging for an average of 13 years following cessation of 

leukaemia treatment. Notably, the survivors who volunteered for the study described in 

Chapter 3 were not treated with any radiotherapy and cumulative anthracycline dosages 

ranged from 75-500mg·m
2
, demonstrating that dysfunction is evident in all exposed survivors 

and not just those treated with higher dosages of chemotherapy and adjuvant therapies. Our 

findings support those presented by Armstrong et al. [21] and Ylänen et al. [90] but add new 

insight into the subclinical abnormalities and dysfunction experienced specifically by 

adolescent and young adult (AYA) childhood leukaemia survivors treated without 

radiotherapy. Further, findings reported in Chapter 3 have highlighted how cMRI and FMD 

assessment may allow for earlier cardiology referral and, therefore, improved outcomes in 

this at-risk population. A considerable strength of this study was the use of a similarly aged, 

gender-matched healthy control group, which greatly increases validity of the findings. 
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7.1.2 Chapter 4: Exercise echocardiography and secondary health 

measures detect subclinical cardiovascular dysfunction in 

anthracycline-treated survivors of childhood leukaemia. 

In a similar study to the one described earlier, the study described in Chapter 4 aimed to 

determine whether exercise stress echocardiography using speckle-tracking strain imaging 

could detect underlying cardiac dysfunction in a population of asymptomatic and apparently 

healthy childhood leukaemia survivors treated with anthracyclines but no radiotherapy (note: 

although the same inclusion and exclusion criteria were used when recruiting participants for 

Chapters 3 and 4, a different group of survivors was used in each study). Secondary 

assessment included measurement of endothelial function, body composition and 

cardiorespiratory fitness to examine overall risk of CVD. This study was the first to integrate 

all of these measures and determine their efficacy in an isolated cohort of childhood 

leukaemia survivors deemed healthy based on normal resting echocardiography. Overall, the 

imaging findings in Chapter 4 corroborate those previously published studies that support the 

use of exercise stress echocardiography for the detection of underlying cardiac injury in 

childhood cancer survivors treated with cardiotoxic therapies [89, 113, 115]. The leukaemia 

survivors experienced impaired recovery of atrial contraction following exercise, indicating 

early diastolic dysfunction. This finding was especially noteworthy as the survivors had a 

normal atrial exercise response, suggesting that recovery may be the period where early 

cardiac abnormality first becomes detectable. In addition to these cardiac findings, Chapter 4 

reported evidence of vascular endothelial dysfunction, increased fat mass and deconditioning 

that may exacerbate CVD outcomes in the childhood leukaemia survivor population. 

Including these assessments into long-term follow-up screening may provide more insight 

into future CVD risk than standard resting echocardiography alone.   
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7.1.3 Chapter 5: Fitness, body composition and vascular health in 

adolescent and young adult survivors of childhood brain cancer and 

cranial radiotherapy. 

Prior to this study, fitness, body composition and vascular health in AYA survivors of 

childhood brain cancer and cranial radiotherapy (CRT) had not been characterised using 

established and reproducible measures.  Assessments made in this cohort included resting 

heart rate and blood pressure, FMD, anthropometry, dual x-ray absorptiometry, muscular 

strength (three repetition maximum testing), muscular endurance (repetitions per minute 

testing), and peak cardiorespiratory fitness ( O2peak). Compared to a healthy control group, 

the survivors presented with increased body fat coupled with reductions in lean body mass 

and bone mineral density, poorer cardiorespiratory fitness, muscular strength and muscular 

endurance, shorter stature and increased resting heart rates. While these results were not 

unexpected based on previous findings in similar cohorts [12, 152, 215, 221] this was the first 

study to use direct physiological measures, with previous research largely relying on self-

report data and field-based estimations. Additionally, our protocols facilitated comparison 

with published normative data. When comparing our data to these norms, we discovered that 

our childhood brain cancer and CRT survivor cohort had cardiorespiratory fitness levels 

similar to those individuals within their fifth and sixth decades of life, as well as an 

abdominal endurance score that would be expected of healthy individuals between 30-50 

years of age [29, 262]. This data further reiterated the significant deconditioning present in 

this population and highlighted the risk for early CVD.  
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7.1.4 Chapter 6: Exercise training improves vascular function and 

secondary health measures in survivors of childhood brain cancer 

and cranial radiotherapy. 

Following characterisation of vascular health, body composition and physical performance in 

our cohort of childhood brain cancer and CRT survivors, we sought to determine whether 

improvements in these areas could be made using an intervention. Exercise has been proven 

to be effective for the prevention and treatment of multiple chronic conditions with promising 

outcomes relating to its benefits surrounding long-term and late effects in numerous cancer 

survivor populations [3, 34-37, 52]. However, prior to this study it had not been determined 

whether similar benefits could be conferred in an AYA childhood brain cancer and CRT 

survivor population who suffered specific complications and morbidity associated with their 

brain insult. To fill this gap in the literature, we implemented a long-term, supervised 

exercise training program in this population to evaluate efficacy. Overall, we demonstrated 

that 24-weeks of combined aerobic and resistance exercise was successful at improving 

endothelial function, submaximal aerobic capacity, physical activity levels and localised 

strength. Surprisingly, there were no changes in body composition or O2peak following 

exercise. However, improvements in submaximal aerobic capacity occurred at a level 

equivalent to the energy cost required to perform household chores and activities of daily 

living, indicating an increased ability of our survivors to perform these tasks. Additionally, 

our results demonstrated that endothelial function can be improved regardless of fitness levels 

and fat accumulation, which is a novel finding in this particular cohort.  While the population 

used in Chapter 6 was relatively small and heterogeneous, this study provided interesting new 

findings regarding the benefits of exercise for this specific cohort of childhood cancer 

survivors and builds a promising foundation for larger, more representative future studies. 
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7.2 Clinical Translation 

There are many important findings in this thesis that have clinical relevance. To begin with, 

the results presented in Chapter 3 demonstrate that cMRI is a worthwhile measure for the 

early detection of cardiovascular abnormalities in asymptomatic childhood leukaemia 

survivors treated with varying doses of anthracyclines but no radiotherapy. However, the use 

of late gadolinium enhancement may not be warranted until late into survivorship when 

fibrosis may be more evident. In a similar way, the results of the study described in Chapter 4 

has demonstrated the possible value of including exercise stress echocardiography into long-

term follow-up of childhood leukaemia survivors. Notably, this study highlighted the value of 

using exercise to unmask early cardiac abnormalities, and emphasised the importance of 

taking recovery measures following exercise as this was shown to be a crucial period for 

uncovering dysfunction, even in the face of a seemingly normal exercise response. It should 

be noted that, while we have highlighted numerous benefits of utilising cMRI and/or stress 

exercise echocardiography in long-term follow-up, these assessments may cause more 

anxiety to survivors than regular screening due to the imaging environment (eg. lying inside 

the MRI machine can cause claustrophobia) and testing conditions (eg. exercising until 

exhaustion is physically and psychologically stressful). Additionally, preconceived ideas 

regarding these assessments may lead the survivors to believe that they are “sick”, even if 

they have normal imaging. Finally, cMRI is often inaccessible and exercise stress 

echocardiography is expensive to conduct regularly on all childhood cancer survivors treated 

with cardiotoxic therapies. Therefore, as suggested by Armstrong et al. [21], these imaging 

modalities could be useful for detecting abnormalities in those survivors with a resting, two-

dimensional LVEF between 50-59%. Information from Chapters 3 and 4 demonstrate the 

presence of endothelial dysfunction in childhood leukaemia survivors treated with 
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anthracyclines and support the use of FMD for assessment of vascular health in clinical 

practice. Importantly, these studies (Chapters 3 and 4) also demonstrate that even those 

childhood leukaemia survivors who have not received radiotherapy and who have been 

treated with cumulative anthracycline dosages below 250mg·m
2 

are at risk of cardiovascular 

dysfunction and therefore should not be disregarded in follow-up. With regards to the 

childhood brain cancer survivor population, Chapter 5 prompts the question as to whether 

assessment of physical fitness and composition should be included into regular follow-up 

visits to determine those survivors at an increased risk of morbidity – not only due to cancer 

and treatment consequences but also due to a poor lifestyle (ie. low levels of physical activity 

and increased energy intake). Such assessments, which are common practice for exercise 

physiologists, are easy to administer and require very little equipment, supporting their use in 

clinical environments. Similarly, results from the study described in Chapter 6 encourages the 

introduction of exercise physiology services into long-term follow-up of childhood cancer 

survivors, presenting promising findings regarding the benefits of supervised exercise for 

long-term health in survivors of childhood brain cancer and CRT. Importantly, information 

presented in Chapter 6 has also demonstrated that implementing exercise interventions in 

AYA survivors of childhood cancer may be challenging but is overall feasible. Importantly, 

we believe that adherence would have been higher in this study if sessions could have been 

organised around participant schedules, which included school, university and work 

commitments. Despite this, the survivor cohort reported thoroughly enjoying the program, 

especially the group aspect that allowed them to meet other survivors of a similar age and 

diagnosis. These are all notable findings for clinicians who may want to prescribe exercise as 

therapy but are unsure how to maximise attendance. 
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7.3 Future Directions 

This thesis has filled numerous gaps in the current literature surrounding health consequences 

in childhood leukaemia and childhood brain cancer survivors. However, there are still many 

questions that need to be addressed with regards to long-term follow-up. Regarding 

cardiovascular screening measures in anthracycline-treated childhood leukaemia survivors, 

further studies utilising larger populations are needed so severity of underlying dysfunction 

can be correlated with anthracycline dosage. Other studies indicate that higher cumulative 

anthracycline dosages are related to more severe cardiotoxicity in mixed childhood cancer 

survivor populations, making it interesting to determine whether a similar trend is observed in 

our specific cohort since we observed dysfunction even in survivors treated with less intense 

regimes [129, 310]. Similarly, separating the cohort into survivors of childhood ALL and 

AML may provide new insights into the late effects specific to each diagnosis. Future studies 

should begin to assess the effectiveness of early interventions for arresting anthracycline 

cardiovascular toxicity in this asymptomatic childhood leukaemia survivor population. 

Specifically, it is important to assess efficacy of both pharmacological and exercise 

interventions, as well as the combined effect of both. To date, studies trialling 

pharmacological interventions in childhood cancer survivors treated with cardiotoxic 

therapies have showed varied success, with positive effects often being short-lived [13, 49-

51]. A case-series evaluating the effect of exercise on a range of cardiovascular health 

measures in five childhood cancer survivors with subclinical cardiomyopathy showed 

promising results [311].  

With regards to exercise interventions for childhood brain cancer survivors, it needs to be 

determined whether shorter programs can confer the same benefits that we observed with 24-

weeks of training, whilst also improving attendance. It has been found that 16-weeks of 
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exercise is beneficial for long-term health in survivors of childhood leukaemia suggesting 

that this length of program should be assessed in a childhood brain cancer cohort [86, 236].  

It should also be verified whether having participant input into the programming of exercise 

improves accountability and adherence. We failed to see improvements in O2peak and body 

composition following exercise in our cohort of brain insult survivors. This may have been a 

result of side-effects specific to this population (eg. endocrinopathy) that limit the 

physiological benefits of exercise; although, we did not explicitly assess this and so further 

assessment is needed here. In line with this observation, it is important to assess the effect of 

exercise on those individuals undertaking growth hormone (GH) supplementation – 

especially as the Australian Pharmaceuticals Benefit Scheme has recently broadened their 

GH therapy eligibility criteria to include those in specific clinical circumstances that 

experience height percentile and growth velocity abnormalities. Additionally, it should be 

determined whether training type and frequency played a role in the results seen in Chapter 6, 

with different modalities and programs tested for efficacy. To date, there is strong evidence 

for the benefits of resistance-focused training programs for body composition in childhood 

cancer survivor populations [3, 37]. Therefore, a program with greater focus on this training 

aspect should be tested.  Finally, it would be interesting to assess brain insult participants 

following an extended detraining period to see whether benefits remain and/or whether 

participants have been motivated to continue exercise participation in their own time. 

Currently, there are mixed results regarding the prolonged effects of exercise once it has been 

ceased in childhood cancer survivor populations, suggesting that this needs to be specifically 

evaluated in our childhood brain insult cohort [54, 234]. Finally, while all of our studies have 

provided clinically relevant and novel findings they do need to be corroborated by studies 

utilising larger populations.  
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7.4 Summary 

Overall, this thesis has demonstrated the following: 

1. Cardiac MRI and FMD are able to detect subclinical cardiovascular dysfunction in 

asymptomatic survivors of childhood leukaemia treated with anthracyclines but no 

radiotherapy and with no known cardiovascular pathology. Use of these imaging 

techniques in routine clinical practice may allow for improved outcomes due to the 

increased time available to test interventions commonly used for other types of heart 

disease, until an appropriate course of treatment is identified. The use of contrast 

agents may not be warranted in this population. 

2. Exercise stress echocardiography may be able to detect subclinical cardiac 

dysfunction in asymptomatic and apparently healthy survivors of childhood 

leukaemia treated with anthracyclines but no radiotherapy. Presence of secondary 

risk-factors indicates an increased susceptibility to accelerated CVD and 

measurement of these variables may prove beneficial in long-term follow-up.  

3. Survivors of childhood brain cancer and/or CRT are at a significantly increased risk 

of CVD due to long-term and late effects associated with their cancer. Specifically, 

we identified poor cardiorespiratory fitness, abnormal body composition and 

vascular dysfunction in an AYA population. 

4. A supervised, mixed-modality exercise program is effective at improving vascular 

health, submaximal aerobic capacity, physical activity levels and local strength in 

AYA survivors of childhood brain cancer and/or CRT. Additionally, a long-term 

exercise intervention is feasible in this cohort. 
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With regards to clinical translation, we have highlighted alternative cardiovascular screening 

measures that may be more effective than current protocols at detecting underlying 

abnormalities in structure and function at an earlier time after treatment with anthracycline 

chemotherapy. We have also provided evidence supporting the use of exercise physiology 

based screening protocols and interventions for the detection and treatment of long-term and 

late effects in clinical practice. The studies reported in the chapters of this thesis have 

provided a strong foundation for future research into each specific area. Primarily, larger 

cohort studies need to be conducted to further understand isolated cardiovascular toxicity in 

the childhood leukaemia survivor population and identify the best protocols for early 

detection and subsequent intervention. Additionally, there needs to be more investigations 

into the specificities of exercise programming to find an intervention that will provide the 

most optimal outcomes for childhood brain cancer survivors. 
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Early markers of cardiovascular injury in
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Abstract

Background: Cardiovascular disease (CVD) is the leading non-malignant cause of death in childhood cancer
survivors. Heightened risk of CVD is often attributable to treatment with anthracycline chemotherapy. Anthracycline-
mediated cardiac injury may lie latent for years following cessation of treatment and is therefore often not detected
until disease is advanced and aggressive therapy is required. Symptomatic CVD may be preceded by subclinical
cardiac and vascular dysfunction. This study aimed to determine whether such dysfunction could be detected in
healthy, anthracycline-treated survivors of childhood leukaemia.

Methods: Cardiac magnetic resonance imaging (cMRI) with late gadolinium enhancement and endothelial function
were used to characterise pre-clinical stages of CVD. Twenty-two long-term (>5 years survival; age 21 ± 3 years)
childhood leukaemia survivors were assessed. All survivors were asymptomatic and had normal resting
echocardiography. To exclude potential confounding effects of radiotherapy, no survivors had received this
treatment. Twenty-two similarly aged (25 ± 3 years) gender-matched controls were recruited for comparison.

Results: Left ventricular ejection fraction was lower in the survivors (55.0 ± 4.6%) compared to the controls (59.4 ±
6.2%; p = 0.010). Further, five survivors (23%) had clinically reduced (<50%) left ventricular ejection fraction.
Normalised left ventricular end systolic volume was augmented in survivors (40.0 ± 9.1 mL·m2 vs. 34.5 ± 7.5 mL·m2;
p = 0.038). Cardiac MRI did not show any late gadolinium enhancement. High resolution, ultrasound-derived flow
mediated dilation was impaired in survivors (6.7 ± 2.1% vs. 8.60 ± 1.91%, p = 0.005).

Conclusions: We detected subclinical changes in cardiovascular structure and function indicative of early disease in
anthracycline-treated childhood leukaemia survivors with normal echocardiography. Early detection and
characterisation of underlying disease allows for timely intervention and improved outcomes in this at-risk
population.

Keywords: Cardiac magnetic resonance imaging, Childhood leukaemia, Anthracyclines, Late cardiotoxicity,
Long-term survival
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Background
The current five-year survival rate for childhood cancer
in developed countries is approaching 85% [1–3]. Unfor-
tunately, these gains come at a cost – the long-term
impact of malignancy and its treatment is substantial,
with 62% of survivors developing a chronic health condi-
tion within 17 years of diagnosis [4]. Cardiovascular
disease (CVD) presents a significant burden, with child-
hood cancer survivors 3.4 times more likely to suffer
cardiac-related death by their late 30’s compared to the
general population [5]. Anthracycline chemotherapy has
been identified as an independent risk-factor for CVD,
with studies showing that almost half of exposed survi-
vors will develop injury to the heart [6–9]. Unfortu-
nately, there is often a long latency period between
anthracycline exposure and clinically evident disease
where survivors are free of signs and symptoms; this
makes early prevention problematic [10]. Further, there
are currently very few effective ways of detecting
subclinical cardiac dysfunction in survivors [10]. This
emphasises the need to find effective follow-up screen-
ing measures that will allow for early detection of under-
lying abnormalities before they become too advanced
and difficult to treat.
Cardiac magnetic resonance imaging (cMRI) has high

spatial resolution and superb contrast resolution; it also
has very low inter and intra observer variability and is
the gold-standard for assessment of cardiac morphology
[11–14]. Contrast agents such as gadolinium can be used
in conjunction with cMRI to detect changes in myocar-
dial extracellular volume that may reflect inflammation
or fibrosis. As a healthy myocardium is densely packed
with viable myocytes that do not permit entrance of
gadolinium into the cell, the extracellular space is small
and thus there is little gadolinium enhancement of a
normal myocardium [11, 15]. However, based on the
volume and distribution of gadolinium, pathologies
resulting in increased extracellular space (e.g. fibrosis,
inflammation, infiltration) may be detected and defined
with cMRI using late gadolinium enhancement [11, 15].
The few studies that have utilised cMRI in cancer sur-
vivor populations show promise regarding its ability to
detect structural and functional abnormalities relating to
various cancer therapies [12, 13, 16–19]. However, those
studies that have included late gadolinium enhancement
have reported inconsistent results regarding its efficacy
at detecting myocardial pathologies characteristic of
latent injury [17–19]. Unfortunately, cancer diagnosis
and treatment type are not always regulated in studies
and it can be difficult to make conclusions about cardio-
vascular toxicity with regards to specific populations
and/or therapies. Additionally, it is rare to see cMRI
studies that utilise matched control groups. Leukaemia
is the most common childhood cancer, with its survivors

representing one of the largest cohorts at risk of, or cur-
rently experiencing, the various complications of late
anthracycline toxicity [8, 20–23]. Despite this, it has not
yet been determined whether cMRI with late gadolinium
enhancement is able to detect signs of underlying
anthracycline injury in this survivorship group. Further,
anthracycline toxicity has not been characterised in this
cohort based on comparisons with a healthy, matched
control group.
Endothelial dysfunction has been independently

established as an early event in the progression of
CVD [24, 25]. Moreover, there is evidence to suggest
that the endothelial cells are more sensitive to react-
ive oxygen species produced during anthracycline
treatment than the cardiomyocytes [26, 27]. It is
unknown whether there is an association between
vascular health and early cardiac dysfunction in
those leukaemia survivors who have been treated
with anthracyclines.
Early characterisation of subclinical disease is im-

portant for maximising the time available to test
interventions commonly used for other types of
heart disease, until an appropriate course of treat-
ment is identified. In the present study, we used
cMRI with late gadolinium enhancement to assess
cardiac structure, function and tissue composition in
a cohort of adolescent and young adult (AYA) survi-
vors of childhood acute lymphoblastic leukaemia
(ALL) and acute myeloid leukaemia (AML) who were
treated with anthracyclines but no radiotherapy. Sec-
ondary to this, we also performed an assessment of
endothelial function. These results will allow us to
make a novel analysis of cardiovascular health that
will potentially allow for improved outcomes due to
earlier characterisation and more timely and targeted
intervention.

Methods
Participants
The Princess Margaret Hospital for Children (Western
Australia) oncology database was searched in order to
identify long-term (≥5 years) AYA (15–30 years) survi-
vors of childhood ALL and AML. Those who had re-
ceived radiotherapy as part of their treatment protocol
were excluded, as were survivors with any abnormalities
of cardiac structure or function (ie. presentation of ven-
tricular dilation, systolic and/or diastolic dysfunction,
wall thickness or wall motion abnormalities, pericardial
effusions or endocarditis) in their most recent echocar-
diograms (all within 2 years of the study). Survivors with
a history of acute and/or early-onset cardiac toxicity
were not excluded if current echocardiograms were
deemed normal by a cardiologist. Eligible survivors were
either approached by study clinicians during long-term
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follow-up clinics or were called by study clinicians if
appointments had not been attended or were not sched-
uled within the recruitment time-frame. If survivors
consented to receive further information about the
study, the primary researcher emailed them official in-
formation sheets and then performed a phone call to
discuss the study, answer any questions and, if necessary,
arrange written consent. Of 132 eligible survivors, 22 (11
males, 11 females; age range, 15–25 years) consented to
participation and completed all necessary assessments.
The primary reasons for non-participation were loss to
follow-up and a lack of time (Fig. 1). Twenty-two simi-
larly aged (range, 19–29 years), gender matched healthy
individuals were also recruited from the community to
act as a control group for the study.
Ethical approval for this study was granted by the

Princess Margaret Hospital Human Research Ethics
Committee (approval number, 2016108EP) and the
University of Western Australia Human Research Eth-
ics Committee (reference number, RA/4/1/9090). All
participants (or parents/guardians for those under 18
years) were required to provide informed, written con-
sent prior to participation.

Experimental design
Participants were asked to fast for a minimum of 4 h
and to avoid exercise for 24 h prior to their initial testing
session. During this session, measurement of anthro-
pometry, resting heart rate (HR) and resting blood pres-
sure (BP) occurred, followed by evaluation of endothelial

function using the flow mediated dilation (FMD) tech-
nique. Cardiac MRI’s were performed after the survivors
were cleared for gadolinium infusion via assessment of
renal function. Control participants did not receive
gadolinium.

Anthropometry
Height, body mass, waist circumference and hip circum-
ference were assessed according to protocols detailed by
The American College of Sports Medicine [28]. Height
was measured using a wall-mounted stadiometer (Seca
216 Measuring Pole, Birmingham, UK), while body mass
was measured using an electronic scale (Sauter Model
EB60, FSE Scientific, New South Wales, Australia). A
girth tape was used to measure waist circumference and
hip circumference. Body mass index (BMI) was calcu-
lated from measurements of height and body mass using
formula published by The World Health Organisation
[29]. Waist-to-hip ratio was calculated by dividing waist
circumference by hip circumference.

Vascular function
Participants lay supine for 20min before having their rest-
ing HR and BP assessed using an automated sphygmoman-
ometer (Dinamap CARESCAPE V100, GE Healthcare,
General Electric Company, Buckinghamshire, UK). Endo-
thelial function was then assessed using the FMD technique
described by Thijssen et al. [25]. Recordings of the brachial
artery were captured using non-invasive, high-resolution
ultrasound (uSmart 3300 NexGen, Terason, Burlington,
Massachusetts, USA). A 1min preliminary recording of
brachial artery diameter and blood flow velocity was taken
following the placement of a pneumatic cuff on the
forearm, distal to the olecranon process. This cuff was
then inflated to 220 mmHg for 5 min following base-
line imaging, with recordings of diameter and blood
flow re-commencing at 4 min 30 s and continuing for
3 min after cuff deflation. Details regarding analysis
and analysis software are presented elsewhere [25].
Baseline, peak and delta diameter were measured in
mm, while FMD was calculated as the percentage of
diameter change. Time to peak diameter was recorded
in seconds and converted to minutes for graphical
representation.

Cardiac magnetic resonance imaging
Left and right ventricular (LV and RV, respectively)
morphology were assessed using cMRI (1.5 T MAGNE-
TOM Aera, Siemens, Erlangen, Germany). Participants
were scanned in a supine position, with the examination
taking approximately 30 min. To improve image quality
and spatial resolution over the standard body coil, a pos-
terior phased array spinal coil and an anterior flexible
phased array body surface coil were used whilst imaging.

Fig. 1 Study recruitment flow diagram
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Standard cardiac imaging planes were obtained using
multi-plane breath hold True FISP localisers. Breath
hold times ranged between 5 and 20 s, depending on the
participants resting HR. In order to assess functional pa-
rameters, breath hold True FISP, electrocardiogram-
gated cine images consisting of 10–15 individual slices
(6 mm slices/4 mm gap, FoV 320–350 mm, TR = 37.68,
TE = 1.29, flip angle 70–80 degrees, resolution 256 × 166,
BW 930) were acquired. Cine images of the LV and RV
were acquired in the short axis plane, perpendicular to
the ventricular septum. Long axis cine images were ac-
quired in the axial plane (from level of pulmonary valve
to diaphragm) to better visualise the RV free wall.
Four chamber cine views and LV outflow tract cine im-
ages (6 mm slices, FoV 300–330 mm, TR = 38.28, TE =
1.32, flip angle 70–80 degrees, resolution 224 × 224, BW
930) were also taken to assess valve function, myocardial
wall motion and blood flow through the heart.
Late gadolinium enhancement imaging was acquired

in the leukaemia survivor group to detect the possible
presence of treatment-induced myocardial tissue path-
ologies. Gadoteric acid (0.15 mmol/kg infused at 3 mL/
second, Dotarem, Guerbet, Roissy, France) was adminis-
tered via an intravenous cubital fossa injection. After a 5
min delay, a short axis mid-ventricular inversion time
Scout (TrueFISP sequence) was acquired to determine
the inversion time for the nulling of normal myocardial
signal. Within the next 5–10min, the late gadolinium
enhancement images were obtained using both standard
inversion recovery and Phase Sensitive Inversion Recov-
ery sequences (inversion time range, 250–350 millisec-
onds). A slice thickness of 8 mm was used in the short
axis, 2-chamber view (vertical long axis through the left
atrium and ventricle), 3-chamber view (LV outflow tract)
and 4-chamber view (horizontal long axis).

Data analyses
Cardiac MRI’s were analysed by the primary researcher
(TML) using Siemens specialised cardiac analysis
software (syngo.via VB20A_HF04). In the initial phase of
analysis, the primary researcher was unable to be
blinded to participant status as scans were taken clinic-
ally and had been saved under each participant’s name.
However, an experienced radiographer (PW) who was
blinded to participant status repeated all analysis to
reduce bias and ensure consistency of figures. Addition-
ally, a blinded cardiologist (LGD) confirmed the final
data set.
Reported measures were automatically calculated by

the analysis software following segmentation of appro-
priate anatomical regions and structures. Systemic and
pulmonary outflow tracts were auto-segmented in indi-
vidual slices on cine images and then manually adjusted
where necessary using a nudging tool. Short axis cines

were visually inspected to identify end diastolic and end
systolic frames for ventricular analysis. The end diastolic
frame was selected as the one with the largest ventricu-
lar cavity/greatest blood pool (typically the first frame of
the series), while the end systolic frame had the smallest
ventricular cavity/lowest blood pool. An accompanying
cine volume graph confirmed selection of end diastolic
and end systolic frames. Marking of the mitral valve on
two and four chamber cine images for the LV was auto-
mated but manually adjustable if tracking was inconsist-
ent over frames. Manual placement was required for
markers of the tricuspid valve annular plane in RV ana-
lysis. The basal frame was taken as the first complete
slice below the level of the mitral and tricuspid valves.
Endocardial and epicardial borders of the LV were auto-
matically contoured on each individual frame and then
manually adjusted using nudging and drawing tools. The
RV endocardium was manually traced on each short axis
frame. Papillary muscles were included in the blood pool
in both systole and diastole. Data was internally vali-
dated by confirming that aortic flow, pulmonary flow,
LV stroke volume and RV stroke volume were all within
5% of each other. Any deviations resulted in re-analysis
and, if required, review by a cardiologist.
All gadolinium scans were visually inspected by a car-

diologist (LGD) who determined whether any myocar-
dial morphological abnormalities or intra-cardiac shunts
were present.

Statistical analyses
Statistical analysis was performed using IBM SPSS version
20.0 (IBM Australia Ltd., New South Wales, Australia).
Differences between cancer survivors and controls were
identified using independent samples t-tests, with signifi-
cance set at p ≤ 0.05.

Results
Participant characteristics
Twenty-two (11 male, 11 female) leukaemia survivors
participated in the study and completed all assessments.
The average age of the leukaemia survivors was 21 ± 3
years (range 15–25 years). Mean age at diagnosis was
6 ± 4 years, resulting in an average time since diagnosis
of 14 ± 4 years. The average time since final treatment
was 13 ± 4 years. All survivors entered the study with
completely normal echocardiograms. Half of the survi-
vors (n = 11) had no history of cardiac toxicity, while the
other half had a history of acute and/or early-onset car-
diac toxicity that recovered in the years following treat-
ment. Additional treatment and diagnostic information
is presented in Table 1. Cumulative anthracycline dos-
ages were calculated based on guidelines provided by the
Children’s Oncology Group [30]. The control partici-
pants were matched based on gender (ie. we recruited
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11 male and 11 female controls). The controls had a
mean age of 25 ± 3 years (range 19–29 years).
The controls had a mean systolic BP of 118 ± 11

mmHg, a diastolic BP of 65 ± 9mmHg, a mean arterial
pressure of 85 ± 9mmHg and a resting HR of 63 ± 9
bpm. The leukaemia survivors had similar mean systolic
and diastolic BPs (113 ± 11 mmHg, p = 0.089 and 62 ± 6
mmHg, p = 0.254) and a comparable mean arterial pres-
sure of 82 ± 7mmHg (p = 0.249). However, the survivors
had a higher resting HR than the controls (71 ± 9 bpm,
p = 0.010).

Anthropometry
The leukaemia survivors had an average height of 173.0 ±
7.7 cm, a body mass of 76.15 ± 19.05 kg and a BMI of
25.2 ± 5.1. Height (173.8 ± 9.1 cm, p = 0.796), body mass
(70.07 ± 14.0 kg, p = 0.287) and BMI (22.9 ± 2.7, p = 0.109)
were not significantly different in the control group. With
regards to circumferences, the survivors and the controls
had similar waist (84.1 ± 12.6 cm vs. 77.8 ± 10.0 cm, re-
spectively; p = 0.107) and hip measurements (98.7 ± 12.1
vs. 92.9 ± 7.1 cm, respectively; p = 0.093). Similarly, waist-
to-hip ratio was not different between groups (survivors,
0.85 ± 0.07; controls, 0.84 ± 0.07; p = 0.554).

Vascular function
The survivors had a lower FMD than the controls (6.7 ±
2.1% vs. 8.6 ± 1.9%, p = 0.005), as can be seen in Fig. 2.
Delta diameter was also reduced in the survivor cohort
(0.25 ± 0.10 mm vs. 0.31 ± 0.06 mm, p = 0.030). Despite
this, there were no differences between survivor and
control groups for baseline diameter (survivors, 3.67 ±
0.64 mm; controls, 3.63 ± 0.52 mm; p = 0.843), peak
diameter (survivors, 3.91 ± 0.71 mm; controls, 3.94 ±
0.54 mm; p = 0.915), or time to peak (survivors, 0.86 ±
0.31 min; controls, 0.99 ± 0.40 min; p = 0.234).

Cardiac magnetic resonance imaging
Left ventricular ejection fraction (EF) was significantly
reduced in the leukaemia survivors compared to the
controls (55.0 ± 4.6% vs. 59.4 ± 6.2%; p = 0.010). Five sur-
vivors (23%; 1 ALL with a cumulative anthracycline dos-
age of 150 mg·m2 and no history of cardiotoxicity. Four
AMLs with a cumulative anthracycline dosage ≥340
mg·m2, two of which had mildly dilated LVs acutely dur-
ing treatment and two with no history of cardiotoxicity)
had clinically reduced LVEF (defined as <50% [31–33]),
while all the controls were normal. Despite this, there
were no differences between groups in RVEF (leukaemia
survivors, 52.1 ± 3.5%; controls, 53.2 ± 7.1%; p = 0.516).
Figure 3 shows that there were no differences between
survivors and controls for measures of absolute and nor-
malised LV end diastolic volume (p = 0.443 and p =
0.516, respectively) and absolute or normalised stroke
volume (p = 0.622 and p = 0.079, respectively). There was
no difference between leukaemia survivors and controls
for absolute LV end systolic volume (p = 0.106), although
once normalised for body surface area LV end systolic
volume was higher in the survivors (p = 0.038). There
were no significant differences between groups for any
absolute or normalised measures of the RV (Fig. 3).
Measures of LV myocardial mass did not differ between
leukaemia survivors and controls, nor did LV and RV
cardiac output and cardiac index (Table 2).
Gadolinium scans did not unmask any fibrosis or

other myocardial changes.

Discussion
In the present study, cMRI detected subclinical changes
in cardiac structure and function suggestive of potential
future disease in a cohort of healthy, asymptomatic
childhood leukaemia survivors treated with anthracy-
clines. This study has also highlighted the presence of
vascular endothelial dysfunction that may accelerate pro-
gression of anthracycline injury, as well as predispose to
concomitant CVD in this population.
Importantly, none of the survivors included in the

current study had received radiotherapy and all were
free from cardiac symptoms and had normal resting

Table 1 Characteristics of the leukaemia survivors

Survivor
(n = 22)

No. %

Underlying Diagnosis

Leukaemia 22 100

ALL 15 68

Standard Risk 13

Intermediate Risk 0

High Risk 2

AML 7 32

Standard Risk 6

Intermediate Risk 1

High Risk 0

Treatment

Chemotherapy 20 91

Chemotherapy & HSCTa 2 9

Treatment Details

Anthracycline Chemotherapy 22 100

Cumulative Anthracycline Dosage

< 100mg·m2 9 41

100–249mg·m2 6 27

250–399mg·m2 7 32

ALL Acute lymphoblastic leukaemia, AML Acute myeloid leukaemia, HSCT
Haematopoietic stem cell transplant
aHSCT was used in the treatment of two AML patients. Total body irradiation
was not part of the conditioning schedule
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echocardiography. Despite this, cMRI uncovered signifi-
cantly reduced LVEF in the leukaemia survivors com-
pared to the healthy controls. Furthermore, 23% of these
survivors were detected to have clinically reduced (<50%
[31–33]) LVEF. These findings highlight a decline in car-
diac function following anthracycline chemotherapy
which is predominantly silent for an average of 13 years
following the end of leukaemia treatment. Additionally,
our findings have demonstrated that even those leukae-
mia survivors treated with relatively low cumulative
anthracycline dosages <250 mg·m2 are at risk of such de-
terioration and disease. Similar findings have been pre-
sented by Armstrong et al. [16], who reported that 27%
of their childhood cancer survivors who were previously
undiagnosed with cardiac dysfunction and treated with
cumulative anthracycline doses <150mg·m2 had LVEF
two standard deviations below normative ranges. The
present study both validates and strengthens these find-
ings through the use of a healthy control group and pro-
vides a novel analysis of cardiac function in an isolated
cohort of childhood leukaemia survivors. Interestingly,
the survivors included in the Armstrong et al. [16] study
had a significantly longer time since diagnosis (27.74
years, range 18–38 years) than our cohort, indicating
earlier detection of disease in our childhood leukaemia
survivor population is possible. This timely detection al-
lows for earlier intervention, which will help to maxi-
mise treatment outcomes.
A reduction in LVEF can be attributable to a decrease

in end diastolic volume or an increase in end systolic
volume [34]. In the current study, we observed

augmented normalised LV end systolic volume in the
leukaemia survivors when compared to the control par-
ticipants. In keeping with our findings, Ylänen et al. [17]
observed increased LV end systolic volume in anthracy-
cline-treated childhood cancer survivors upon assess-
ment with cMRI. However, the cohort utilised by Ylänen
et al. [17] included survivors who had also received adju-
vant radiotherapy. Therefore, our results provide a
unique picture of cardiovascular toxicity development in
AYA survivors of acute childhood leukaemia who only
received anthracyclines.
In the anthracycline-exposed individual, increased ven-

tricular volumes and cardiac dysfunction typically result
from underlying myocardial injury caused by cancer
treatment – for example, myocardial fibrosis, myofibril-
lar lysis, infiltrative disorder and myocellular dysfunction
[34–36]. However, in the present study there was no late
gadolinium enhancement on any of the survivor cMRIs
and no differences in myocardial mass between groups.
Similar to our study, Ylänen et al. [17] also failed to see
changes in late gadolinium enhancement scans used on
a mixed group of childhood cancer survivors with a me-
dian follow-up of 7.8 years. Additionally, Ylänen et al.
[17] did not find differences in myocardial mass between
their survivor cohort and referenced normative data,
despite observing abnormalities in EF and ventricular
volumes. Together, our findings suggest that there is
minimal fibrosis involved in the early remodelling
process (ie. larger LV volumes and lower LVEF) raising
the question as to whether there is any value in includ-
ing late gadolinium enhancement into cMRI follow-up

Fig. 2 Endothelial function data for leukaemia survivors and controls. Error bars represent standard deviation for each measure
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scans whilst cancer survivors are within the first two de-
cades of survival. However, it is important to note that
our lack of findings may also be due to imaging proce-
dures used and/or the inability of current measures to
detect subclinical myocardial changes in this cohort.
Interestingly, despite the similarities in findings, the sur-
vivor group used in the study by Ylänen et al. [17] had
received radiotherapy. This indicates that early progres-
sion of late anthracycline toxicity is similar between
childhood cancer survivors irrespective of treatment
with other therapies.
Anthracycline chemotherapy induces oxidative stress

that is toxic to the vascular endothelium [37, 38]. Endo-
thelial injury reduces the ability of the vessels to vasodi-
late and greatly increases susceptibility to accelerated
atherosclerosis; hence, FMD is a strong predictor of car-
diovascular events [24, 25]. In the current study we
observed a significantly reduced FMD in our cohort of
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Fig. 3 Left and right ventricular absolute and normalised blood volumes for leukaemia survivors and controls. Error bars represent standard
deviation for each measure

Table 2 Cardiac MRI parameters for leukaemia survivors and
controls

Survivors
(n = 22)

Controls
(n = 22)

P value

LV Cardiac Output (L·min−1) 6.8 ± 1.4 6.2 ± 1.1 0.117

LV Cardiac Index (L·min− 1·m2) 3.5 ± 0.5 3.2 ± 0.4 0.077

RV Cardiac Output (L·min− 1) 6.8 ± 1.5 6.1 ± 1.1 0.123

RV Cardiac Index (L·min− 1·m2) 3.5 ± 0.5 3.2 ± 0.4 0.088

LV Myocardial Mass at ED (g) 110.1 ± 33.4 104.9 ± 32.6 0.600

LV Myocardial Mass at ED (g·m2) 55.7 ± 10.9 54.3 ± 10.7 0.670

Average LV Myocardial Mass (g) 108.4 ± 31.9 103.6 ± 30.3 0.611

Average LV Myocardial Mass (g·m2) 54.6 ± 10.4 53.8 ± 9.9 0.784

MRI Magnetic resonance imaging, LV Left ventricular, RV Right ventricular, ED
End diastole
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asymptomatic childhood ALL and AML survivors. Not-
ably, this occurred despite similarities between survivor
and control groups in resting BP, body mass, BMI and
waist circumference. While endothelial dysfunction has
previously been demonstrated in survivors of childhood
ALL [39, 40] we are among the first to perform this
measure in an isolated leukaemia survivor population
that did not receive radiotherapy. Additionally, the inclu-
sion of a matched control group strengthens the validity
of our FMD findings. Impaired endothelial function may
lead to poor peripheral vasodilation which can, in turn,
increase systemic vascular resistance, resulting in an in-
crease in afterload [38]. Increased afterload can lead to a
concomitant increase in LV end systolic volume, which
was a prime observation in the current study. Our com-
bined observations imply a relationship between endo-
thelial dysfunction and the development of late cardiac
toxicity in this cohort. This finding will need to be cor-
roborated by larger studies.
There is currently no consensus on the best manage-

ment or treatment options for cardiovascular complica-
tions relating to anthracycline chemotherapy [41–44].
Unfortunately, once abnormalities are clinically observ-
able and/or symptomatic there is often limited time left
to trial different treatment strategies, resulting in varied
results that are often short-lived [41–44]. For example,
mortality from restrictive cardiomyopathy – a common
late presentation of anthracycline cardiotoxicity – can be
as high as 50% within 2 years of diagnosis [35, 45]. This
emphasises the importance of studies such as ours,
which help to characterise the earliest changes in cardio-
vascular structure and function that may indicate future
disease and, therefore, allow for timely intervention. This
is enforced by a study in adult cancer survivors, which
showed better outcomes with earlier initiation of treat-
ment for patients with diagnosed anthracycline cardio-
myopathy [46].
It may be considered that a limitation of this study is

the small sample size. However, when using cMRI the
sample size needed to detect a 3% change in EF, a 10 mL
change in end diastolic volume and end systolic volue,
and a 10 g change in myocardial mass is 81–97% smaller
than the sample size that is needed to detect the same
differences when using standard echocardiography
(range: 9–15 patients using cMRI vs. 53–273 patients
using echocardiography) [47]. Further, this study was
considerably strengthened by the use of a healthy,
matched control group. As there is variability between
machines, technicians, analysis procedures and software,
normative data is not the most accurate basis for com-
parisons. This can be seen when comparing our healthy
control group to the normative data used by Armstrong
et al. [16], with male controls in our study presenting
with a LVEF (56.3%) almost two standard deviations

below the mean LVEF reported for healthy males aged
20–39 years (64.3%) [48]. While we have reported on
some of the more common CVD risk-factors here (eg.
resting BP, BMI and waist circumference), we were
unable to collect data on lifestyle factors (eg. smoking
history and physical activity status) that may have con-
tributed to the development of endothelial dysfunction
in our leukaemia survivors. However, we are confident
that the anthracycline treatment was the primary vari-
able influencing our results. In a previous study we re-
ported normal endothelial function in AYA survivors of
childhood brain cancer who presented with significantly
reduced cardiorespiratory fitness [49]. This indicates that
endothelial abnormalities caused by such risk-factors are
slow to develop and, therefore, may not have had any
effect on our leukaemia survivor endothelial function
results.

Conclusions
The present study has demonstrated that cMRI is suc-
cessful in unmasking early subclinical changes in cardiac
structure and function indicative of future disease in
asymptomatic childhood leukaemia survivors exposed
solely to anthracycline chemotherapy. While gadolinium
enhancement did not appear to add any additional value
to scans in this stage of survival, cMRI alone allowed for
nearly one-quarter of the survivors to be referred for
cardiology review, possibly saving future costs of having
to treat advanced diseases and allowing for better out-
comes due to prompt initiation of treatment. In addition
to this, the current study has demonstrated the import-
ance of also assessing endothelial health in this cohort as
a means of investigating risk of exacerbated and/or con-
comitant CVD.
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Abstract:
Background: Survivors of paediatric brain cancer and/or cranial radiotherapy (CRT) are at an increased risk of
developing serious comorbidities. Established risk factors for chronic disease include central obesity, endothe-
lial abnormalities and diminished fitness.
Objectives: Here we characterised anthropometry, body composition, bone mineral density (BMD), heart rate
(HR), blood pressure (BP), endothelial function, muscular strength and endurance and aerobic fitness in ado-
lescent and young adult (AYA) survivors.
Methods: Twenty survivors (10 male, 10 female; 20 ± 2 years) were compared with 19 matched controls. Mus-
cular strength was assessed using three repetition maximum tests, while muscular endurance was determined
as number of repetitions performed per minute. Peak oxygen uptake (VO2 peak) was assessed on a treadmill
using a modified chronotropic protocol. Anthropometric measurements, HR and BP were taken using standard
clinical protocols, while body composition and BMD were determined using dual X-ray absorptiometry (DXA).
Endothelial function was measured using the flow mediated dilation technique.
Results: Survivors demonstrated deficits in muscular strength (latissimus dorsi pull-down, p = 0.020; bicep curl,
p = 0.009), muscular endurance (squats, p = 0.012; sit-ups, p = 0.030; push-ups, p = 0.013), minute ventilation at
peak exericse (p = 0.002) and VO2peak (L/min, p = 0.002; mL/kg/min, p = 0.008; mL/kg LBM/min, p = 0.010).
Additionally, survivors had greater waist-to-hip ratios (p = 0.032), resting HR (p = 0.048) and higher percentage
of total body (p = 0.017), central (p = 0.009) and peripheral (p = 0.032) fat. Lean body mass (p = 0.004) and BMD
(p = 0.005) were lower in the survivor group.
Conclusion: AYA survivors of paediatric brain cancer and/or CRT exhibit altered body composition, increased
resting HR and reduced BMD, muscular strength, muscular endurance and cardiorespiratory fitness compared
to controls.
Keywords: brain cancer, long-term survival, radiation therapy
DOI: 10.1515/ijamh-2017-0082
Received: May 9, 2017; Accepted: July 19, 2017

Introduction

In recent years, overall survival rates for paediatric cancers have increased. Unfortunately, it is estimated that
62% of the paediatric cancer survivors develop at least one chronic health condition within 17 years of diagnosis
[1]. Long-term survivors of paediatric brain cancer and/or cranial radiotherapy (CRT) who undergo invasive
and intensive treatment have a higher incidence of adverse effects [2], [3], [4], [5]. Further, as a consequence of
the cancer itself, survivors may develop a range of physical performance limitations that decrease quality of life
and increase overall risk of developing comorbidities [2], [5]. Numerous studies have documented such predis-
positions in adolescent and young adult (AYA) survivors of paediatric brain cancer and/or CRT, indicating a
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considerable increase in disease risk and all-cause mortality within this population [2], [5], [6], [7], [8], [9], [10],
[11]. However, many of these studies have relied upon self-report data and field-based estimations to charac-
terise these deficits. As such, research containing accurate and reproducible measures of body composition,
vascular health and functional fitness in this population are scarce [4], [6]. Here, we utilise standardised and
well-recognised protocols to define cardiorespiratory fitness, muscular strength and endurance, anthropome-
try, heart rate (HR) and blood pressure (BP), endothelial function, body composition and bone mineral density
(BMD) in a population of long-term paediatric brain cancer and/or CRT survivors once they have reached ado-
lescence or early adulthood. This information could aid the development of future interventions to ameliorate
these risk-factors and prevent chronic disease in this population.

Materials and methods

Participants

Twenty-one long-term (>5 years) AYA (15–23 years) survivors of paediatric brain cancer and/or CRT were re-
cruited from the Princess Margaret Hospital (Western Australia) oncology database. One survivor dropped out
of the study after initial recruitment due to personal reasons. Hence, 20 survivors (10 male, 10 female) partici-
pated in this study. Nineteen (9 male, 10 female) healthy control participants of similar age were recruited from
the community. It was a requirement that all participants were ambulatory and capable of participating in exer-
cise. Survivors with growth hormone deficiency (GHD) had ceased GH replacement 6 months prior to enrolling
in the study as therapy was only available until skeletal maturity. Exclusion criteria included pregnancy, cur-
rent inflammatory or malignant disease/s, and previous diagnoses of cardiovascular disease or dysfunction of
clinical importance. Survivors with neurological and/or physical deficits were screened prior to recruitment by
study doctors to determine exercise and participation capability. All participants were informed of the details
and requirements of the study and provided written informed consent. Ethical approval was granted by the
University of Western Australia (UWA) Human Research Ethics Committee and the Princess Margaret Hospital
Ethics Committee (HREC approval number, 2013059). All procedures performed were in accordance with the
1964 Helsinki declaration and its later amendments.

Experimental design

Participants were invited to complete a single 2-h testing session at the UWA School of Sport Science, Exer-
cise and Health. At this testing session anthropometry, body composition, BMD, HR, BP, endothelial function,
muscular strength, muscular endurance and cardiorespiratory fitness were assessed.

Heart rate, blood pressure and endothelial function

Participants fasted for 4 h preceding their appointment and rested supine for 20 min upon arrival to the lab-
oratory. During this time an electronic cuff (Dinamap Carescape V100, GE Healthcare, Chalfont St Giles, UK)
was used to measure HR, BP and mean arterial pressure (MAP) at 5-min intervals.

Conduit artery function was then assessed using the flow mediated dilation (FMD) technique defined by
Thijssen et al. [12]. A forearm cuff was placed distal to the olecranon process before the left brachial artery was
imaged using non-invasive, high-resolution ultrasound (Terason, t3200, Burlington, MA, USA). After 1 min of
recording brachial artery diameter, the cuff was inflated to 220 mm Hg for 5 min. Recordings of diameter and
blood flow resumed 30 s before cuff deflation and continued for another 3 min following release.

Anthropometry, body composition and bone mineral density

Body mass, height, body mass index (BMI), waist circumference, hip circumference and waist-to-hip ratio were
measured. Body mass was measured to the nearest 0.01 kg using an electronic scale (Sauter Model EB60, FSE
Scientific, Sydney, Australia). Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer
(Seca 216 Measuring Pole, Birmingham, UK). BMI was calculated as body mass divided by height in metres
squared (kg/m2). The World Health Organisation (WHO)’s criteria for BMI were used for classification pur-
poses [13]. Waist circumference was measured at the mid-level between the lateral T12 costal arch and the iliac
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crest, while hip circumference was measured at the level of the greater trochanters according to guidelines from
the American College of Sports Medicine (ACSM) [14]. Waist-to-hip ratio was calculated as waist circumference
divided by hip circumference.

Total and regional body composition and BMD were assessed using dual X-ray absorptiometry (DXA; Lunar
Prodigy, GE Medical Systems, Madison, WI, USA). Paediatric software and reference values were used for those
participants aged 15–18 years. Total body fat, central and peripheral fat were presented in kg and as percentages
of tissue mass. Central adiposity was defined as the area encompassing the trunk and android regions, while
peripheral adiposity was defined as the sum of the arms, legs and gynoid region. Total lean body mass (LBM)
was presented in kg and BMD was determined by dividing bone mineral content by bone area (g/cm2).

Muscular strength and endurance

Protocols for muscular strength and endurance testing were in accordance with ACSM guidelines [14].
Before evaluation, participants were guided through a 5–10 min warm-up consisting of static stretching

and familiarisation, consisting of several light intensity repetitions of the specific exercises being tested so that
correct technique could be achieved and full range of motion (ROM) of each exercise successfully adhered to.

Muscular strength in the upper body was assessed using standardised three repetition maximum (RM) tests
in which latissimus dorsi and biceps brachii strength was assessed using pull-down and unilateral curl exer-
cises. In these tests, participants were required to move the greatest resistance they could manage three times
through the full joint ROM in a controlled manner with good posture. To begin with, the average strength of
each participant was gauged through questioning. Maximum strength was then assessed by increasing weight
in 5–10 kg increments for latissimus dorsi pull-downs and 1–5 kg increments for bicep curls from an initial
weight of ∼50%–70% of predicted capacity. Repetition maximums were taken at the point before technique
was compromised or when participants indicated a maximal effort.

Latissimus dorsi pull-downs were performed in a seated position on a standard, weighted pulley machine.
A wide, over-hand grip was used to hold the bar, with one complete repetition performed when the bar could
be lowered to the level of the chin and back above the head in a controlled motion. Participants performed
bicep curls using dumbbell weights. Left and right arms were assessed individually, with one repetition taken
as full elbow extension beside the body to full elbow flexion next to the chest. Results for left and right arms
were combined and averaged for analysis.

Relative muscular endurance was assessed using standard 1-min maximum tests in which participants were
required to complete as many repetitions of each exercise as possible in 1 min, with good form. Three of these
tests were conducted in which strength of the trunk, legs and chest was assessed through the use of un-weighted
abdominal crunches, squats and push-ups.

Cardiorespiratory fitness

Peak oxygen uptake (V̇O2 peak) was assessed on a treadmill using a modified chronotropic protocol designed
for clinical populations. Prior to commencing the test, resting heart rate (HR; Polar Electro Oy, Kempele, Fin-
land) and blood pressure (BP; Bronze Series DS54 DuraShock Hand Aneroid Sphygmomanometer, Welch Allyn,
Skaneateles Fall, NY, USA) were recorded. Each stage was 3-min in duration with participants encouraged to
continue until volitional exhaustion. At the end of each 3 min stage, HR, BP and ratings of perceived exertion
(RPE), based upon the Borg scale (6-20) [15] were recorded. Recovery HR and BP were also measured and
recorded 10 min after cessation of the exercise test.

During the assessment, participants breathed through a mouthpiece connected to a computerised gas anal-
ysis system. This system included a ventilometer (Universal ventilation meter, VacuMed, Ventura, CA, USA)
to calculate minute ventilation (V̇E) and respiratory exchange ratio (RER) at 15-s intervals, in addition to oxy-
gen and carbon dioxide analysers (Ametek Applied Electrochemistry S-3A/1 and CD-3A, AEI Technologies,
Pittsburgh, PA) to measure the percentage of oxygen and carbon dioxide in the expired air. Calibration of the
ventilometer was completed prior to each test and the analysers were calibrated prior to use and verified after
each test using a standard reference gas of known concentration. Values were recorded in absolute (L/min) and
relative (mL/kg/min) terms. Absolute V̇O2 peak was then converted into mL and divided by LBM for a true
representation of aerobic capacity.
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Statistical analyses

Data were analysed using SPSS (version 20.0, IBM, Armonk, NY, USA). All descriptive data was reported as
mean ± standard deviation (SD). Unpaired (independent samples) two-tailed Student’s t-tests were used to
analyse the differences in outcome measures between the two groups. Statistical significance was set at p ≤
0.05 for all analyses.

Results

Participant characteristics

The mean age for both the survivors and control participants was 20 ± 2 years. The mean time since last treat-
ment was 11.91 ± 4.60 years. At time of review, all participants had completed puberty based on menarchal
timing in females and self-identified Tanner stages in males. Additional characteristics of the survivor group
are presented in Table 1.

Table 1: Characteristics of the cancer survivor group.

Survivor (n = 20)

No. %

Age at first diagnosis
 <5 years 13 65
 6–10 years 5 25
 11–15 years 2 10
Age at first exposure
 N/A 6 30
 <5 years 8 40
 6–10 years 4 20
 11–15 years 2 10
Age at last exposure
 N/A 6 30
 <5 years 5 25
 6–10 years 4 20
 11–15 years 5 25
Underlying diagnosis
 Brain cancer 13 65
  Tumour type
   Craniopharyngioma 1 5
   Glioma 10 50
   Medulloblastoma 1 5
   Teratoma 1 5
  Tumour location
   Brain stem 1 5
   Cerebellum 1 5
   Frontal lobe 2 10
   Optic pathway 2 10
   Posterior fossa 2 10
   Subependymal zone 1 5
   Supracellar cistern 1 5
   Temporal lobe 2 10
   Tempero-parietal region 1 5
 Leukaemia 6 30
  ALL 5 25
  MML 1 5
 Other
  Undifferentiated
rhabdomyosarcoma of the right
petrous temporal bone

1 5

Treatment
 Surgery 6 30
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 Surgery and chemotherapy 1 5
 Surgery and XRT 2 10
 Chemotherapy and XRT 2 10
 Surgery, chemotherapy and XRT 5 25
 Chemotherapy, XRT and HSCT 4 20
Treatment details
 XRT
  Dosage
   6–24 Gy 6 30
   50–56 Gy 7 35
  Location
   Cranial 9 45
   Spinal 2 10
   Total body 4 20
 Chemotherapy
  Agents
   Alkylating agents 9 45
   Anthracyclines 6 30
   Vinca alkaloids 9 45
Other characteristics
  Growth hormone deficiencya 8 40

ALL, acute lymphoblastic leukaemia; HSCT, haematopoietic stem cell transplant; MML, myelo monocytic leukaemia; XRT, radiotherapy.
aParticipants had not received hormonal supplements for the 6 months preceding the study.

Survivor data was further investigated for trends based on treatment (Appendix Table 5) and hormone sta-
tus (Appendix Table 6). Survivors who received surgery and/or chemotherapy recorded higher maximal HR in
the V̇O2 peak assessment than those who received radiotherapy. Survivors with GHD and thyroid stimulating
hormone (TSH) deficiency were significantly shorter than their counterparts and had lower hip circumferences,
LBM and absolute V̇O2 peak. There were no other significant differences observed between treatment or hor-
mone groups.

Heart rate, blood pressure and endothelial function

All vascular data is presented in Table 2.

Table 2: Heart rate, blood pressure and endothelial function data for the cancer survivor group and the control group.

Survivor (n = 20) Control (n = 19)

Mean SD Mean SD p-Value

Heart rate and blood pressure
 Systolic blood pressure, mm Hg 117 17 120 12 0.637
 Diastolic blood pressure, mm Hg 69 11 65 4 0.146
 Mean arterial pressure, mm Hg 88 14 86 6 0.583
 Heart rate, bpm 76 14 66 14 0.048a

Endothelial function
 Baseline diameter, cm 0.31 0.07 0.35 0.07 0.111
 Peak diameter, cm 0.34 0.07 0.38 0.07 0.079
 Delta diameter, cm 0.05 0.07 0.03 0.02 0.475
 Delta percent, % 10.35 3.84 10.18 5.47 0.918
 Time to peak, s 53.15 25.60 60.30 30.46 0.457

aDenotes statistical significance (p ≤ 0.05).

Cancer survivors had significantly higher resting HR compared to control participants. There were no other
significant differences between groups in BP or endothelial function data.

Anthropometry, body composition and bone mineral density

As a group, cancer survivors were shorter than the control participants and had higher waist-to-hip ratios
(Table 3). According to the WHO criteria for BMI [13], 15.8% of individuals in the survivor group were un-
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derweight (BMI < 18.5 kg/m2), 36.8% were within the normal weight range (BMI 18.5–24.99 kg/m2), 36.8%
were overweight (BMI 25.0–29.99 kg/m2) and 10.5% were obese (BMI > 30 kg/m2). In comparison, no controls
were underweight, 57.9% were normal weight, 36.8% were overweight and 5.3% were obese. There were no
significant differences between groups in all other anthropometric measures (Table 3).

Table 3: Anthropometric, body composition and bone mineral density data for the cancer survivor group and the control
group.

Survivor (n = 20) Control (n = 19)

Mean SD Mean SD p-Value

Anthropometry
 Height, cm 164.1 12.9 176.3 8.1 0.001a

  Stature-for-age z score
   Females (15–18) –3 –1
   Females (18+) –0.5 1.1 1.2 1.2 0.009a

   Males (15–18) –1.1 1.8 0.6 0.9 0.121
   Males (18+) –0.7 1.6 0.3 0.8 0.243
  Body mass, kg 66.55 22.50 74.69 14.83 0.193
  Body mass index, kg/m2 24.5 7.0 23.8 3.5 0.714
  Waist circumference, cm 79.4 15.2 76.7 10.4 0.523
  Hip circumference, cm 96.0 17.4 99.1 6.1 0.461
  Waist:hip ratio 0.83 0.07 0.77 0.08 0.032a

Body composition
  Total fat mass, kg 23.62 13.41 19.69 9.90 0.307
  Central fat mass, kg 14.20 9.33 10.60 6.36 0.171
  Peripheral fat mass, kg 15.26 7.74 14.22 6.72 0.659
  Total percent fat, % 36.08 9.82 27.53 11.52 0.017a

  Central percent fat, % 37.50 9.79 27.98 11.81 0.009a

  Peripheral percent fat, % 39.09 10.57 30.62 13.12 0.032a

  Total lean body mass, kg 39.45 11.74 51.58 12.96 0.004a

Bone mineral density
 Total bone mineral density, g/cm 1.13 0.11 1.23 0.11 0.005a

  z score
   Females (15–18) –2.0 0.1
   Females (18+) –0.6 1.7 0.5 0.8 0.121
   Males (15–18) –0.2 1.1 0.8 1.5 0.329
   Males (18+) 0.2 1.1 1.4 0.8 0.070

aDenotes statistical significance (p ≤ 0.05).

With regards to DXA measurements, total body, central and peripheral fat mass was not significantly differ-
ent between groups; however, percentage values for each measure were comparatively higher in the survivor
cohort. Further, reductions in total LBM and total BMD were observed in this group (Table 3).

Muscular strength and endurance

Cancer survivors had reduced measures of muscular strength and endurance when compared with controls
(Table 4).

Table 4: Muscular strength, muscular endurance and aerobic capacity data for the cancer survivor group and the control
group.

Survivor (n = 20) Control (n = 19)

Mean SD Mean SD p-Value

Muscular strength, kg
 Latissimus dorsi pull down 42 17 58 23 0.020a

 Bicep curl 8 3 12 6 0.009a

Muscular endurance (60 s)
 Squats 32 15 43 11 0.012a

 Sit-ups 26 9 34 11 0.030a
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 Push-ups 24 11 38 20 0.013a

Aerobic capacity
 Rating perceived exertion 17 3 18 2 0.102
 Maximal heart rate, bpm 182 13 188 10 0.165
 Minute ventilation, L/min 66.59 28.90 94.09 21.64 0.002a

 Respiratory exchange ratio 1.05 0.28 1.06 0.07 0.930
 V̇O2 peak, L/min 2.4 1.05 3.49 0.97 0.002a

 V̇O2 peak, mL/kg/min 35.84 13.53 46.61 9.44 0.008a

 V̇O2 peak, mL/kg LBM/min 57.42 13.18 67.29 6.29 0.010a

LBM, lean body mass.
aDenotes statistical significance (p ≤ 0.05).

Peak oxygen uptake

All aerobic capacity data is presented in Table 4. Cancer survivors recorded lower absolute and relative
V̇O2 peak values compared with control participants. Significant reductions were observed when V̇O2 peak
was calculated based on LBM. Cancer survivors also recorded lower values for  at peak exercise.  There were
no significant differences between cancer survivors and control participants in measures of maximal RPE, RER
and maximal HR recorded during the assessment(s).

Discussion

This study utilised standardised and well-recognised protocols to characterise physical fitness and body com-
position in a cohort of adolescent and young adult survivors of paediatric brain cancer and/or CRT. When
compared to healthy controls, survivors demonstrated poorer muscular performance and cardiorespiratory
fitness, coupled with reduced LBM and BMD. Further, increased percentages of total body, central and pe-
ripheral fat were observed in the survivor cohort, as well as greater waist-to-hip ratios and resting HR. Finally,
survivors were significantly shorter in stature than their counterparts.

Muscular strength, muscular endurance and aerobic capacity were assessed using optimal exercise physi-
ology protocols, facilitating comparison with established reference values. Survivor ratings for these measure-
ments were poor when compared to age-appropriate normative data. In fact, values for V̇O2 peak were equiva-
lent to those expected for male and female cohorts aged 60–69 years and 50–59 years, respectively [14]. Similarly,
abdominal endurance scores for the survivors corresponded to values typical for individuals between the third
and fifth decades of life [16]. These results are consistent with those reported by Ness et al. [5] who found esti-
mates of V̇O2 peak and muscular strength for adult survivors of paediatric brain cancer to be within the range
expected for a cohort of individuals aged 60–69 years. Likewise, Wolfe et al. [11] reported significantly reduced
estimates of treadmill maximal oxygen uptake for survivors of posterior fossa tumours when compared to
similarly-aged, healthy control participants. This reinforces the notion that AYA survivors of paediatric brain
cancer and/or CRT are at an enhanced risk of physical impairment and early-onset chronic disease typically
associated with older-age [5], [17]. Moreover, aerobic insufficiency and muscular weakness are both causes and
consequences of physical inactivity [18], [19]. This may create a deconditioning cycle that eventually restricts
independence [20], [21] and further predisposes this cohort to inactivity-induced disease [18], [19], [22], [23],
[24], [25], [26], [27].

Consistent with our muscular strength and endurance results, LBM was reduced in the survivor cohort –
particularly in those with GHD and TSH deficiency. These findings are important as previously reported data
on LBM in this population has failed to reach significance [28], although studies in other paediatric cancer sur-
vivor groups have corroborated our findings [10], [21], [28]. Our results may reflect the cancer-related fatigue,
muscular catabolism and overall deconditioning that occurs in paediatric brain cancer and/or CRT survivors
both during and after treatment [20], [21], [27].

Obesity is one of the most commonly reported side-effects of childhood cancer treatment [21], [24], [25],
[27], [29], [30]. Survivors of paediatric brain cancer and/or CRT may develop obesity as a result of treatment
consequences – such as GHD or hypothalamic damage – or imbalances between energy consumption and en-
ergy expenditure [3], [6], [7]. In this study, survivors had comparatively higher measurements of total body fat
and demonstrated both peripheral and central adiposity. These findings parallel with those found by Heikens
et al. [6] who reported increased waist-to-hip ratios in long-term survivors of paediatric brain cancer and Stein-
berger et al. [28] who observed abdominal adiposity in survivors of central nervous system tumours. This is of
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particular concern given that accumulation of central adiposity is a major cardio-metabolic risk factor for other
obesity-related diseases including insulin resistance, dyslipidaemia and hypertension [7], [9].

Another commonly reported side-effect of paediatric cancer treatment that was reflected in our results is
short stature [31], [32]. As parental heights were not available, we were not able to determine if there was a famil-
ial contribution to the shorter stature of the survivor group. However, additional hormone deficiency is known
to negatively correlate with final height [33] which was reflected in the stature differences between the GHD
and TSH deficient group when compared to those with normal pituitary function. Further, treatment induced
GHD and gonadal failure have been reported to negatively influence bone metabolism and mineral acquisition
resulting in short stature and reduced BMD in this population [34], [35]. This is concomitant with our BMD
results and highlights the risk of fracture and subsequent osteopenia and osteoporosis in these survivors [36],
[37].

Limitations of our study include the small sample size and heterogeneous subject group. We were also un-
able to match the control participants for height and BMI. In order to account for these discrepancies, matches
occurred based on age and gender and V̇O2 peak data was analysed in relative terms and by LBM. Secondly,
while all of our participants were ambulatory, it is possible that potential treatment-induced balance and coor-
dination disturbances may have influenced treadmill performance and prevented the survivors from attaining
their true V̇O2 peak. It is important to note that cycle ergometry was considered for assessing V̇O2 peak in this
study but was deemed inappropriate due to some participants suffering pathologies that induced pain upon
seated movement and/or reduced limb range of motion. However, both of our cohorts recorded similar RPE,
RER and maximal HR values using the treadmill protocol, suggesting that physiological intensity and aerobic
effort were equal despite potential motor limitations in the survivor cohort. Whilst participants were asked
to identify their tanner stage and timing of menstruation, pubertal examination was not performed as it was
deemed too invasive for the purposes of this study. Historical details relating to timing of maximal growth
velocity were not available. It is possible that pubertal timing in this cohort may affect interpretation of our
BMD and strength data. Finally, while there were no stature differences in this study between those survivors
who received irradiation and those who did not, we did not have measures of sitting height to confirm whether
there was an impact on spinal growth.

In summary, AYA survivors of paediatric brain cancer and/or CRT have significantly decreased functional
fitness, abnormal body composition and reduced BMD. These limitations not only have the potential to inhibit
performance of everyday activities but considerably increase the risk of chronic disease and all-cause mortal-
ity within this population. Therefore, it is important to consider the inclusion of physical fitness, function and
profile testing into the regular monitoring of survivors. As the testing protocols used in this study were time-
efficient, well tolerated by participants and modifiable based on ability, they are highly appropriate for use in a
clinical setting. The results of our study raise the question as to what extent implementation of exercise would
ameliorate further decline in physical fitness in a population of paediatric brain cancer and/or CRT survivors.
Specifically, determination of the most beneficial training modality (e.g. resistance training vs. aerobic training),
training objective (e.g. decreased sedentary time or improved physical fitness) and initiation time should occur
so future practice can involve the implementation of such programmes.
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Appendix

Table 5: Comparison data for cancer survivors who received surgery and/or chemotherapy and cancer survivors who
received radiotherapy only.

Surgery and/or chemotherapy
(n = 7)

Radiotherapy
(n = 13)

Mean SD Mean SD p-Value
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Heart rate and blood pressure
 Systolic blood pressure, mm Hg 121 9 116 20 0.571
 Diastolic blood pressure, mm Hg 69 6 69 13 0.911
 Mean arterial pressure, mm Hg 89 5 87 17 0.836
 Heart rate, bpm 76 10 75 16 0.905
Endothelial function
 Baseline diameter, cm 0.34 0.07 0.31 0.07 0.461
 Peak diameter, cm 0.37 0.06 0.34 0.07 0.402
 Delta diameter, cm 0.03 0.01 0.06 0.09 0.576
 Delta percent, % 10.19 4.69 9.78 3.08 0.836
 Time to peak, s 50.41 39.59 54.16 20.93 0.799
Anthropometry
 Height, cm 168.51 18.17 161.77 9.12 0.278
 Body mass, kg 66.96 18.87 66.33 24.99 0.955
 Body mass index, kg/m2 23.1 3.5 25.2 8.3 0.542
 Waist circumference, cm 75.6 10.0 81.6 17.6 0.421
 Hip circumference, cm 95.0 8.6 96.5 21.4 0.863
 Waist:hip ratio 0.79 0.07 0.85 0.07 0.133
Body composition
 Total fat mass, kg 20.91 8.06 25.08 15.68 0.521
 Central fat mass, kg 12.02 5.10 15.37 10.98 0.459
 Peripheral fat mass, kg 14.24 5.45 15.81 8.90 0.677
 Total percent fat, % 33.56 10.13 37.43 9.78 0.415
 Central percent fat, % 35.02 10.37 38.83 9.62 0.422
 Peripheral percent fat, % 36.95 11.44 40.24 10.36 0.522
 Total lean body mass, kg 42.96 15.54 37.57 9.30 0.341
Bone mineral density
 Total bone mineral density, g/cm 1.14 0.09 1.13 0.12 0.875
Muscular strength, kg
 Lateral pull downs 49 18 38 15 0.184
 Bicep curl 8 3 7 4 0.805
Muscular endurance (60 s)
 Squats 34 12 30 17 0.612
 Sit-ups 25 7 28 10 0.500
 Push-ups 26 11 23 12 0.628
Graded exercise test
 Rating perceived exertion 17 1 16 3 0.345
 Maximal heart rate, bpm 190 3 178 15 0.023a

 Minute ventilation, L/min 80.63 39.55 58.41 17.75 0.200
 Respiratory exchange ratio 1.01 0.06 1.08 0.35 0.634
 V̇O2 peak, L/min 2.96 1.51 2.06 0.56 0.209
 V̇O2 peak, mL/kg/min 43.99 13.66 31.40 11.75 0.064
 V̇O2 peak, mL/kg LBM/min 65.68 11.29 52.92 12.28 0.053

LBM, lean body mass.
aDenotes statistical significance (p ≤ 0.05).
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Abstract

Adolescent and young adult (AYA) survivors of pediatric oncology related cerebral insult are

vulnerable to numerous treatment-induced deficits that significantly enhance cardiovascular

disease risk. Regular exercise improves endothelial function, fitness, body composition and

musculoskeletal function which may reduce predisposition for cardiovascular disease. Here

we assessed the feasibility and effectiveness of a 24-week exercise intervention on cardio-

vascular, physical and metabolic outcomes in this population. Thirteen survivors (6 male, 7

female; median age 19 y (range 16–23 y) were recruited to participate in a 48-week study

consisting of a 24-week control period (regular care) followed by a 24-week exercise inter-

vention. Outcome measures were collected at entry (week 0) and following regular care (24-

week) and exercise (48-week). Assessed variables included endothelial function (flow medi-

ated dilation, FMD), blood pressure, heart rate (HR), aerobic capacity, anthropometry, body

composition, muscular strength (3 repetition maximum testing), muscular endurance (repe-

titions/min) and physical activity levels (accelerometry). Compared to baseline, delta diame-

ter (p = 0.008) and FMD (p = 0.029) of the brachial artery increased following exercise.

Bicep-curl strength also increased following exercise compared to baseline (p = 0.019),

while submaximal (6 min mark) measures of ventilation (p = 0.012), rating of perceived exer-

tion (p = 0.012), HR (p = 0.001), absolute (p = 0.000) and relative (p = 0.000) aerobic capac-

ity decreased. Breaks in sedentary time increased (p = 0.043) following exercise compared

to regular care. Although the sample was small and heterogeneous, this study demonstrates

that exercise is achievable and has positive effects on vascular function, submaximal fit-

ness, local strength and physical activity in a population of AYA survivors of pediatric oncol-

ogy related cerebral insult.
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Introduction

Advances in treatment have increased the population of pediatric cancer survivors over the

past three decades, with approximate five-year survival rates in Australia, America and the

United Kingdom currently sitting at 85% [1–3]. However, concurrent with improved survival

is the eventual development of an array of long-term and late side-effects with potentially dire

health consequences [1, 4, 5]. As a result, the incidences of chronic disease and early mortality

among this population are in excess of the normal population [1, 4, 6, 7]. Indeed, cardiovascu-

lar events are currently the number one non-malignant cause of mortality among pediatric

cancer survivors [6, 7].

Survivors of pediatric oncology related cerebral insult are among those at the highest risk of

developing severe, disabling or life-threatening long-term and late effects [1, 4]. The invasive

nature of cancer and its treatment during childhood may limit physical performance and exac-

erbate cardiovascular disease (CVD) risk during adolescence and young adulthood [8–11].

Cardiotoxicity is a well-known side effect of certain chemotherapeutic agents, most notably

the anthracyclines [12–14]. Specifically, the anthracyclines have direct toxic effects on the vas-

cular endothelium and cardiac myocytes, with a dose dependent relationship resulting in clini-

cal heart failure at cumulative doses > 550mg/m2 [15]. Radiation to the heart, young age at

exposure and concomitant therapy with agents such as cyclophosphamide further increase

risk of cardiotoxicity, which increases linearly as a function of follow-up time [15]. In addition,

radiotherapy can cause fibrosis and atrophy of muscular tissues, thereby inhibiting function of

the cardiac, vascular and/or musculoskeletal structures within the area of exposure [16, 17].

Accelerated atherosclerosis has also been reported in vessels within the radiation portal, which

predisposes to myocardial infarction and stroke [18, 19]. Although radiation dosage to the

heart is lower in this cohort than for those with Hodgkin’s Lymphoma or solid tumors, cardiac

fibrosis and ventricular dysfunction are potential late complications that may result from exit

radiation in patients receiving craniospinal irradiation for intracranial tumors such as medul-

loblastoma. Notably, our group and others have also previously demonstrated that CVD may

develop secondary to the direct ramifications of cancer and its treatment [20]. For example,

hypothalamic insult instigates disorders of endocrine function, energy balance and metabo-

lism, which manifest as obesity, cachexia and fatigue [5, 20, 21]. Subsequently, limitations to

activities necessary for basic care and health maintenance may develop, exacerbating CVD risk

by means of physical de-conditioning [4, 5, 20, 22, 23].

While these limitations are well recognized, few studies have attempted to minimize or

reverse them using an intervention. Exercise improves global function of the cardiovascular,

respiratory, musculoskeletal and metabolic systems [24–26]. It also encourages breaks in pro-

longed bouts of sedentary time, which is preventative against deterioration [27, 28]. As a result,

we propose that exercise may be a potential therapy for the prevention and/or remediation of

long-term and late effects that predispose cancer survivor populations to accelerated CVD.

Both Fiuza-Luces et al. [29] and San Juan et al. [30] demonstrated that exercise during pediat-

ric cancer therapy has positive effects on body strength, aerobic fitness and functional mobil-

ity. To date, the few studies that have utilized exercise interventions in survivor populations

post-therapy have also reported positive outcomes, with reports of improved exercise toler-

ance, maximal aerobic performance, upper and lower body strength, function, quality of life

and reduced fatigue [31, 32]. However, the majority of these exercise training studies have

been performed in survivors of leukemia or breast cancer, with little evidence regarding effi-

cacy in pediatric cancer survivors who have sustained a brain insult and suffer specific long-

term morbidity. As such, it is unknown whether these side-effects will limit the extent of the

benefits gained from regular exercise. Here, we implemented a 24-week exercise intervention
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in adolescent and young adult (AYA) survivors of pediatric oncology related cerebral insult.

Endothelial function, a surrogate measure of CVD [33, 34], was assessed before and after inter-

vention to ascertain effectiveness of exercise in ameliorating cardiovascular risk in this popula-

tion. Secondary risk factors for CVD that were measured included aerobic capacity, resting

heart rate (HR) and blood pressure (BP), physical activity (PA) levels, anthropometry, body

composition and muscular strength and endurance.

Methods

Participants

A search of the Princess Margaret Hospital for Children (Western Australia) oncology data-

base identified 87 long-term (>5 years) AYA (15–23 years) survivors of pediatric oncology

related cerebral insult that were eligible to participate in the study. Survivors were contacted

about participation via phone and mail. Thirteen (6 male, 7 female) survivors consented to

participate and met all study requirements to be included in analysis. Seven additional survi-

vors participated in the study to varying degrees but were excluded from the final results due

to drop out (n = 2; both cases related to relapse) or non-compliance to the intervention stan-

dards (n = 5; work and university timetables clashed with the exercise sessions making regular

attendance difficult).

Pregnancy or a diagnosis of CVD were exclusion criteria from this study. Four of our par-

ticipants were growth hormone deficient (GHD) and had previously been treated with GH.

Three ceased treatment six months prior to study participation, while one started low-dose

replacement therapy following baseline assessment. Survivors taking thyroid (n = 2) and sex

hormone (n = 4) supplements were not excluded. Prior to participation survivors were

informed of all study requirements and were asked to provide written consent. All survivors

below the age of 18 were required to have written parental or guardian consent for participa-

tion. Ethical approval was granted by the University of Western Australia (UWA) Human

Research Ethics Committee and the Princess Margaret Hospital Ethics Committee (HREC

approval number, 2013059.).

Experimental design

Upon recruitment, resting BP, HR, endothelial function, anthropometry, body composition,

muscular strength and endurance and aerobic capacity were assessed. Accelerometers and

activity journals were used to record physical activity levels over a seven day period.

Following baseline testing participants began a 24-week control phase (regular care) during

which they were instructed to maintain usual PA levels and habits. Immediately following the

regular care phase a 24-week exercise intervention was commenced. Order was non-random-

ized to counter potential carry-over effects and difficulties employing extended wash-out peri-

ods. At the conclusion of the 24-week exercise intervention all assessments were repeated. To

account for a lack of healthy controls in this study, we have compared our “Following Exer-

cise” survivor data to baseline data collected on a similarly aged, healthy control group from a

previous characterization publication [20] in the discussion of this manuscript.

Vascular function

On arrival to the laboratory, following a four hour fasting period, participants rested supine

for 20 min. During this rest HR, BP and mean arterial pressure (MAP) were measured at five

min intervals using an electronic BP cuff (HR and BP; Dinamap Carescape V100, GE Health-

care, General Electric’s Company, Buckinghamshire, UK).

Exercise improves health in survivors of pediatric oncology related cerebral insult
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Following rest, conduit artery function was assessed using the flow mediated dilation

(FMD) technique as detailed by Thijssen et al. [35]. Non-invasive, high-resolution ultrasound

(Terason, t3200, Burlington, MA 01803, USA) was used to image the left brachial artery. Bra-

chial artery diameter was recorded for one min before a forearm cuff placed distal to the olec-

ranon process was inflated to 220 mmHg for five min. Diameter and blood flow recordings

resumed 30 sec before cuff deflation and continued for three min. Brachial artery blood flow

was calculated using measurements of continuous (30 Hz) brachial lumen cross-sectional area

and Doppler velocity. Change in artery diameter between baseline and peak was presented in

mm (delta diameter). Flow mediated dilation (delta percent) was calculated as (delta diameter/

baseline diameter) x 100. Specific details of FMD analysis and analysis software have been pre-

sented elsewhere [35].

Physical activity monitoring

Participants were fitted with an Actical accelerometer (Respironics; Bend, Oregon, USA) to

record PA during waking hours over seven days. The Actical accelerometer was chosen for its

lightweight (28×27×10 mm: 17 g), waterproof design, and omnidirectional sensor [36]. As per

the manufacturer’s instructions, accelerometers were placed medial to the right iliac crest

(under clothing), fastened by an adjustable waist strap [37]. Participants were provided with

an activity journal and were instructed to record daily accelerometer use, as well as activity

undertaken whilst wearing the accelerometer. Accelerometers were not worn during the exer-

cise sessions to ensure recordings were of external and volitional PA.

To encourage compliance, participants received thrice-weekly text messages and phone

calls (upon receipt of the monitor, mid-week and prior to monitor return) each time they were

in possession of the Acticals. This ensured that participants were wearing the monitors and

that journal recordings were being made.

Anthropometry and body composition

Anthropometric measurements included body-mass, height and body-mass index (BMI).

Body-mass was rounded to the nearest 0.01 kilogram (kg) using an electronic scale (Sauter

Model EB60, FSE Scientific, New South Wales, AUS) and a wall-mounted stadiometer (Seca

216 Measuring Pole, Birmingham, UK) measured height to the nearest tenth of a centimeter.

Body-mass index was calculated as body-mass (kg) divided by height squared, as defined by

The World Health Organization (WHO) [38].

Body composition was assessed using dual x-ray absorptiometry (DXA; Lunar iDXA, GE

Healthcare, Madison, USA). Total body and peripheral fat were presented in kg and as per-

centages of tissue mass, while visceral adipose tissue (VAT) was presented in terms of mass (g)

and volume (cm3). Total lean body mass (LBM) was presented in kg.

Muscular strength and endurance

Protocols for muscular strength and endurance testing were in accordance with the American

College of Sports Medicine (ACSM) guidelines for exercise testing and prescription [26] and

are detailed by Long et al. [20]. Three repetition maximum (3RM) testing was used as a clini-

cally safe, yet accurate [26, 39], way to assess latissimus dorsi pull-down and bicep curl

strength. This assessment has previously been used in a pediatric brain cancer survivor popula-

tion with no adverse events [20] and none occurred during testing for the current study.

Strength testing was limited to the upper body to avoid causing or exacerbating any hip or

knee joint pain in our population. To account for this, muscular endurance of the trunk and
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lower body (squats, sit-ups and push-ups) was assessed by determining the maximum number

of repetitions participants could complete of each exercise in 60 sec.

Aerobic capacity

Submaximal (3 min, 6 min and 9 min) and peak (VO2peak) aerobic capacity was assessed on a

treadmill using a modified chronotropic protocol designed for clinical populations. Procedural

details can be found in Long et al. [20].

Incremental stages were three min in duration and participants were encouraged to con-

tinue until volitional exhaustion. Heart rate (Polar Electro Oy, Professorintie Kempele, Fin-

land), BP (Bronze Series DS54 DuraShock Hand Aneroid Sphygmomanometer, Welch Allyn,

New York, USA) and ratings of perceived exhaustion (RPE) based upon the Borg scale (6–20)

[40] were recorded in the last 30 sec of each stage. Heart rate and BP were also recorded pre

and post assessment.

Expired air was collected through a mouthpiece connected to a computerized gas analysis

system. Measurements of minute ventilation (VE) and respiratory exchange ratio (RER) were

recorded every 15 sec. Aerobic capacity at both submaximal and peak stages were recorded in

absolute (L�min-1) and relative (ml�kg-1�min-1) terms. End-stage absolute VO2peak was also

converted into ml and divided by LBM for a true representation of peak aerobic capacity.

Exercise intervention

Exercise sessions were 90 min long and held three days per week. Participants were required to

attend a minimum of two sessions per week in order to be included in the final analysis. Those

able to attend all three training sessions were strongly encouraged to; however, there was low

adherence at the third session which was held on a weekend. To aid adherence, the program

was held at a number of venues chosen for their proximity to the participant’s home addresses.

Attendance was marked at each session and participants contacted via phone if they appeared

to be falling behind and had not given previous notice of absence.

Exercise programs were designed by an accredited exercise physiologist and followed

ACSM [26] guidelines for exercise prescription. These programs were tailored for each indi-

vidual based on their baseline strength, endurance and aerobic capacity testing results and

included elements of both resistance and aerobic training. All programs were monitored dur-

ing each exercise session to ensure adherence; the supervising exercise physiologist marked off

exercises on each individual’s training log as they were completed, and monitored intensity of

each using the Borg scale (6–20) [40]. A session was considered completed if�90% of the pre-

scribed exercises had been performed within the time frame.

Resistance work encompassed all major muscle groups (chest, abdomen, back, shoulders,

arms and legs; ~6–10 exercises) and was performed in a circuit with short rest periods (3–5

min) between exercises. A combination of free weights (eg. bicep curls, tricep extensions,

shoulder press), machine weights (eg. leg curl, leg extension, chest press, latissimus dorsi pull

down) and body weight (eg. squats, calf raises, abdominal curls, bridges) was used to provide a

range of resistance levels and exercise types. While weight was individualized (60–70% of

3RM; ~50–60% of 1RM), sets and repetitions were generally kept constant between partici-

pants (3 sets, 10 repetitions). Programs were progressed by increasing weight every 3–4 weeks,

or earlier if self-reported and/or observed effort reached light to moderate (11–13) on the Borg

scale (6–20) [40].

Aerobic training utilized a moderate intensity interval protocol whereby sub-maximal

sprints (~60% HR maximum) were alternated with periods of active rest (~40% HR maxi-

mum). Intensity was monitored throughout using RPE and HR readings provided by hand
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sensor pads on the ergometers. Participants performed four consecutive sprint-rest bouts

before passively resting for 3–5 minutes. This was repeated three times using different ergome-

ters (rower, stationary bike, arm cycler). Total time of aerobic activity for all participants was

between 10–15 min. Progressions were made by first decreasing time of active rest and then by

increasing sprint duration. This occurred whenever self-reported and/or observed effort fell

below ~11 on the Borg scale (6–20) [40], or when the participant had been on the same proto-

col for 3–4 weeks.

Data analyses

Three days (two weekdays and one weekend,� 8 hr) of full recorded accelerometer data from

each participant was analyzed. Participants were excluded from analysis if they lost or failed to

return their accelerometer, or if wear time was too sporadic. Actograms were visually inspected to

remove any sleep and/or non-wear time from the data, before the Freedson equation [41] and a

translation equation by Straker and Campbell [36] were used to process the data in LabView

V71 (National Instruments, Austin, Texas, USA). Sedentary time was measured using a thresh-

old of 91 counts per min (cpm) [36, 41]. Thresholds for light, moderate and vigorous intensity PA

were 1776 cpm, 5180 cpm and>5180 cpm, respectively [36, 41]. Breaks were defined as a distur-

bance in sedentary behavior that registered> 100 cpm and lasted at least one min. Physical activ-

ity guidelines [24–26] were used for comparison to assess whether participants were meeting daily

PA recommendations (at least 30 min of daily, moderate intensity PA).

Statistical analyses

Data was analyzed using SPSS version 20.0 (IBM, USA). One-way repeated measures ANO-

VA’s were applied to identify changes in measures over time, with significance set at p� 0.05.

Where appropriate, paired t-tests were used to make post hoc comparisons between assess-

ment points. Cohen’s D effect sizes [42] were calculated for all measures, between all time-

points. Only moderate (0.5–0.79) and large (� 0.8) effect sizes are reported. All descriptive

data is presented as mean ± standard deviation (SD).

In order to assess whether nature of the tumors had any effect on our results a sub-analysis

occurred whereby survivor data was further categorized into benign and malignant groups,

and then re-analyzed using mixed model ANOVA’s. Significance was set at p� 0.05 and post

hoc comparison occurred as above. Due to the large amount of additional data this analysis

procured, and to avoid repeating time effects, only significant group differences have been pre-

sented in text. Remaining data from this analysis can be found elsewhere (S1 Table).

Results

Participant characteristics

As a group, median age of the participants was 19 y (range 16–23 y), while median age at diag-

nosis was 3 y (range 3 months– 10 y) Thus, median time since diagnosis was 15 y (range 7–22

y), while median time since final treatment was 13 y (range 7–21 y).

Median age of benign tumor survivors was 19 y (range 16–21 y). Median age at diagnosis

was 3 y (range 9 months– 10 y), median time since diagnosis was 15 y (range 7–20 y), while

median time since final treatment was 11 y (range 7–19 y). Malignant tumor survivors had a

median age of 19 y (range 19–23 y). Median age at diagnosis was 3 y (range 3 months– 5 y).

Median time since diagnosis was 16 y (range 14–22 y), while median time since final treatment

was 13 y (range 12–21 y). Additional treatment and diagnostic information is presented in

Table 1.
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Table 1. Participant characteristics.

Survivors

(n = 13)

No. %

Underlying Diagnosis

Brain Tumor 9 69.23

Tumor Type

Craniopharyngioma 1 7.69

Glioma 7 53.85

Medulloblastoma 1 7.69

Tumor Location

Brain Stem 1 7.69

Frontal Lobe 2 15.39

Optic Pathway 1 7.69

Posterior Fossa 2 15.39

Subependymal Zone 1 7.69

Temporal Lobe 2 15.39

Leukemia 3 23.08

ALL 3 23.08

Other 1 7.69

Undifferentiated rhabdomyosarcoma of the right petrous temporal bone 1 7.69

Treatment

Surgery 5 38.46

Surgery & XRT 1 7.69

Chemotherapy & XRT 1 7.69

Surgery, Chemotherapy & XRT 4 30.77

Chemotherapy, XRT & HSCT 2 15.39

Treatment Details

XRT 8 61.54

Dosage

6–24 Gy 3 23.08

50–56 Gy 5 38.46

Location

Cranial 3 23.08

Craniospinal 3 23.08

Total Body 2 15.39

Chemotherapy 7 53.85

Agents

Alkylating Agents 7 53.85

Anthracyclines 4 30.77

Vinca Alkaloids 6 46.15

Age at First Exposure 8

<5 years 6 46.15

6–10 years 2 15.39

Age at Last Exposure 8

<5 years 2 15.39

6–10 years 4 30.76

11–15 years 2 15.39

Other Characteristics

(Continued)
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Vascular function

At baseline, mean resting HR was 71 ± 8 bpm, mean SBP was 111 ± 10, and mean DBP was

64 ± 3.There were no changes in HR (74 ± 12 and 76 ± 16, following regular care and exercise

respectively, p = 0.535), SBP (113 ± 11 and 116 ± 14, following regular care and exercise

respectively, p = 0.148), or DBP (63 ± 4 and 63 ± 6, following regular care and exercise respec-

tively, p = 0.587) over the course of the study.

Endothelial function data is presented in Fig 1. A significant change in delta diameter and

FMD was found over the course of the study (p = 0.006 and p = 0.031, respectively). Compared

Table 1. (Continued)

Survivors

(n = 13)

No. %

Growth Hormone Deficiency 4 30.77

ALL, acute lymphoblastic leukemia; HSCT, hematopoietic stem cell transplant; XRT, radiotherapy

https://doi.org/10.1371/journal.pone.0201449.t001

Fig 1. Change in endothelial function over the course of the study. Baseline: n = 13, Following Regular Care: n = 13, Following Exercise, n = 13, �p< 0.05, ��p< 0.01, ˚

d> 0.5, †d< -0.8.

https://doi.org/10.1371/journal.pone.0201449.g001
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to baseline, delta diameter and FMD increased following the exercise intervention (p = 0.008,

d = 0.72 and p = 0.029, d = 0.63 respectively). Delta diameter was also elevated following exer-

cise when compared to regular care (p = 0.043, d = 0.56). There was a moderate, positive effect

size (d = 0.56) suggesting that time to peak increased following regular care when compared to

baseline. A large, negative effect size (d = -0.83) indicates time to peak shortened again follow-

ing exercise when compared to regular care. Baseline and peak diameter remained unchanged

across all time points.

With regards to endothelial function differences between benign and malignant tumor sur-

vivors, the malignant group had reduced times to peak dilation (S1 Table.). There were no

other group differences present.

Physical activity monitoring

Accelerometer wear time was highest at baseline when compared to regular care (Table 2;

p = 0.002) and exercise periods (p = 0.028). There was a positive effect of exercise on a

Table 2. Accelerometer, body composition and muscular strength and endurance data.

Baseline Following

Regular Care

Following

Exercise

Mean SD Mean SD Mean SD P value

Accelerometer Data

N 13 9 10

Wear Time (min/day) 842.60 21.63 752.34˚a 10.74 767.54†b 18.32 0.003�

Sedentary Breaks 62.43 19.36 50.64˚a 13.44 68.13Δc 14.26 0.048�

Counts (per min) 164.92 121.38 109.72a 53.01 147.37c 46.39 0.222

Body Composition

N 13 13 13

Total Fat Mass (kg) 23.76 15.16 24.56 14.93 23.23 15.75 0.559

Total Percent Fat (%) 35.17 11.25 35.48 12.26 33.46 12.81 0.178

VAT Mass (g) 594.44 742.96 626.44 615.47 397.91 260.20 0.316

VAT Volume (cm3) 630.33 787.46 664.22 652.24 421.91 275.85 0.316

Total Lean Body Mass (kg) 40.62 12.80 41.38 13.07 41.99 13.28 0.202

Muscular Strength (kg)

N 13 13 13

Latissimus Dorsi Pull Downs 41 17 39 20 40 19 0.730

Bicep Curl 7.5 2.5 8.0 3.0 9.0†Δ 3.5 0.009�

Muscular Endurance (60 s)

N 13 13 13

Squats 33 15 30 11 32 12 0.409

Sit-ups 26 11 28 11 28 11 0.643

Push-ups 23 12 21 10 27c 14 0.180

VAT, visceral adipose tissue

�Denotes statistical significance (p� 0.05) between time points using One-Way Repeated Measures ANOVA

˚Denotes statistical significance (p� 0.05) between Baseline and Regular Care using post-hoc paired t-tests
†Denotes statistical significance (p� 0.05) between Baseline and Exercise using post-hoc paired t-tests
ΔDenotes statistical significance (p� 0.05) between Regular Care and Exercise using post-hoc paired t-tests
aDenotes moderate to large effect size (d = � 0.5) between Baseline and Regular Care using Cohen’s D effect sizes
bDenotes moderate to large effect size (d = � 0.5) between Baseline and Exercise using Cohen’s D effect sizes
cDenotes moderate to large effect size (d = � 0.5) between Regular Care and Exercise using Cohen’s D effect sizes

https://doi.org/10.1371/journal.pone.0201449.t002
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decline in volitional PA found to occur during regular care. Compared to baseline, breaks

in sedentary time decreased following regular care (Table 2; p = 0.021, d = -0.79). Acceler-

ometer counts also decreased following regular care compared to baseline (Table 2; d =

-0.56), while percentage of sedentary time subsequently increased (Fig 2; d = 0.68), albeit

both were insignificant. This cycle of physical inactivity was reversed with exercise training,

with number of breaks and counts increasing from regular care (p = 0.043, d = 1.14 and

d = 0.63, respectively) and sedentary time decreasing (d = -1.01). Percentage of time spent

in light and moderate intensity PA followed similar patterns (Fig 2), although these were

also statistically insignificant. Compared to baseline, percentages of light (d = -0.61) and

moderate (d = -0.5) intensity PA showed tendencies to decline following regular care; how-

ever, both improved again following exercise when compared to regular care (light inten-

sity, d = 0.96; moderate intensity, d = 1.86).

With regards to PA recommendations, mean moderate intensity PA was 19.20 ± 23.57

min/day at baseline, indicating that this cohort were inactive upon entry [24–26]. Physical

activity did not reach the recommended levels over the course of the study (6.59 ± 3.97 min/

day following regular care and 13.90 ± 9.46 min/day following intervention). Examination of

individual data indicated only one participant met the daily activity recommendations follow-

ing intervention (35.00 min/day).

Fig 2. Percentage of time per day spent in different levels of physical activity. Baseline: n = 13, Following Regular Care: n = 9, Following Exercise, n = 10, †d< -0.5,

˚d> 0.60.

https://doi.org/10.1371/journal.pone.0201449.g002

Exercise improves health in survivors of pediatric oncology related cerebral insult

PLOS ONE | https://doi.org/10.1371/journal.pone.0201449 August 9, 2018 10 / 19

https://doi.org/10.1371/journal.pone.0201449.g002
https://doi.org/10.1371/journal.pone.0201449


Anthropometry and body composition

Upon entry, average height was 164.5 ± 12.6 cm, body-mass was 67.86 ± 24.65 kg and BMI was

24.8 ± 8.2. There were no significant changes in body-mass (following regular care,

67.70 ± 24.04 kg; following exercise, 68.33 ± 24.33 kg; p = 0.707) or BMI (following regular

care, 24.8 ± 8.4; following exercise, 25.2 ± 8.8; p = 0.435) over time. There were no significant

effects or effect sizes for any of the DXA measures (Table 2). Further, the malignant tumor sur-

vivors were shorter in stature, and had reduced body mass and lean body mass compared to

benign tumor survivors (S1 Table.).

Muscular strength and endurance

There was a significant change in bicep curl strength over time (Table 2); in particular, an

increase following exercise was apparent compared to both baseline (p = 0.019) and regular

care (p = 0.041). There was a moderate, positive effect size for push-ups after the exercise inter-

vention compared to regular care (d = 0.54). No main effects or effect sizes were observed for

latissimus dorsi pull-downs, squats or sit-ups.

Aerobic capacity

Aerobic capacity data can be found in Table 3. With regards to the 3 min submaximal epochs

recorded during the VO2peak test, there were significant main effects for VE, RER, absolute and

relative VO2peak. Following regular care these measures were reduced compared to baseline

(VE, p = 0.011, d = -0.71; RER, p = 0.016, d = -0.68; absolute VO2peak, p = 0.010, d = -0.97; rela-

tive VO2peak, p = 0.011, d = -2.26). Following exercise, VE (p = 0.015, d = 0.57), RER (p = 0.017,

d = 1.83) and relative VO2peak (p = 0.025) increased compared to regular care. Further, abso-

lute and relative VO2peak decreased after exercise compared to baseline (p = 0.004, d = -0.91

and d = -1.37, respectively). At the first interval of the exercise test (3 min mark), submaximal

HR and RPE was found to be lower after exercise compared to baseline (d = -0.53 and d = -0.5,

respectively). There were significant changes recorded during the second interval of the exer-

cise test (6 min mark) for all in submaximal aerobic measures over time. Minute ventilation,

absolute and relative VO2peak decreased following regular care (VE, p = 0.007, d = -0.54; abso-

lute VO2peak, p = 0.036; relative VO2peak, p = 0.036, d = -0.81) and following exercise (VE,

p = 0.012, d = -0.58; absolute VO2peak, p = 0.000, d = -0.93; relative VO2peak, p = 0.000, d =

-1.35) compared to baseline. Further, absolute VO2peak declined after exercise compared to

regular care (p = 0.012), with relative VO2peak following similar patterns (d = -0.56). Also at

this 6 min interval, RER decreased following regular care compared to baseline (p = 0.018, d =

-0.66) and increased again following exercise (p = 0.000, d = 1.22) when compared to regular

care. Heart rate for this epoch was lowest following exercise (compared to baseline, p = 0.001,

d = -0.88 and following regular care, p = 0.034, d = -0.5), as was RPE (compared to baseline,

p = 0.012, d = -0.5 and following regular care, d = -0.52). For the 9 min time point, VE, absolute

and relative VO2peak all decreased following regular care (VE, p = 0.000, d = -0.6; absolute

VO2peak, p = 0.015, d = -0.69; relative VO2peak, p = 0.010, d = -0.78) and following exercise (VE,

p = 0.006, d = -0.67; absolute VO2peak, p = 0.001, d = -0.94; relative VO2peak, p = 0.001, d =

-1.32) compared to baseline. Submaximal 9 min HR was also lower following exercise com-

pared to baseline (p = 0.001, d = -0.78). With regards to peak aerobic data, there was a main

effect for RER. Notably, RER following regular care was significantly reduced compared to

baseline (p = 0.035, d = -0.88) and following exercise (p = 0.001, d = 1.12).

Differences in absolute aerobic capacity between benign and malignant tumor survivors

were evident at all sub-maximal stages (S1 Table.). There were no other group differences

present.
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Discussion

This study assessed the effect of a 24-week exercise intervention on CVD risk in AYA survivors

of pediatric oncology related cerebral insult. In our cohort, exercise training induced significant

Table 3. Submaximal and maximal aerobic capacity data.

Baseline Following

Regular Care

Following

Exercise

Mean SD Mean SD Mean SD P value

Aerobic Capacity (3 min Stage)

N 13 13 13

Rating Perceived Exertion 8 2 8 2 7bc 1 0.252

Submaximal HR (bpm) 104 10 103 14 99b 13 0.281

Minute Ventilation (L�min-1) 23.59 8.67 17.44˚a 5.97 20.83Δc 4.71 0.004�

Respiratory Exchange Ratio 0.79 0.27 0.61˚a 0.07 0.72Δc 0.04 0.042�

VO2 (L�min-1) 1.13 0.30 0.83˚a 0.40 0.86†b 0.29 0.004�

VO2 (ml�kg-1�min-1) 15.84 1.70 12.05˚a 3.08 13.51Δb 2.55 0.010�

Aerobic Capacity (6 min Stage)

N 13 13 13

Rating Perceived Exertion 9 2 9 2 8†bc 2 0.025�

Submaximal HR (bpm) 137 17 132 20 122†Δbc 15 0.001�

Minute Ventilation (L�min-1) 28.45 8.47 23.89˚a 8.09 23.53†b 6.23 0.007�

Respiratory Exchange Ratio 0.86 0.29 0.67˚a 0.09 0.78Δc 0.04 0.048�

VO2 (L�min-1) 1.35 0.34 1.15˚ 0.45 0.98†Δb 0.31 0.000�

VO2 (ml�kg-1�min-1) 18.79 2.27 16.66˚a 2.48 15.26†bc 2.07 0.001�

Aerobic Capacity (9 min Stage)

N 13 13 13

Rating Perceived Exertion 11 2 10a 2 9bc 2 0.142

Submaximal HR (bpm) 161 12 156 14 152†b 12 0.002�

Minute Ventilation (L�min-1) 35.64 12.03 28.41˚a 9.15 27.57†b 7.56 0.000�

Respiratory Exchange Ratio 0.95 0.43 0.72a 0.08 0.80c 0.03 0.098

VO2 (L�min-1) 1.63 0.52 1.27˚a 0.58 1.14†b 0.42 0.001�

VO2 (ml�kg-1�min-1) 22.69 4.10 19.52˚a 2.63 17.30†Δbc 2.42 0.000�

Aerobic Capacity (Peak)

N 13 13 13

Rating Perceived Exertion 17 2 16 2 17 3 0.319

Maximal Heart Rate (bpm) 184 10 180 16 181 15 0.201

Minute Ventilation (L�min-1) 73.18 30.86 62.44 23.16 68.85 22.29 0.114

Respiratory Exchange Ratio 0.98 0.08 0.91˚a 0.09 1.01Δc 0.08 0.003�

VO2peak (L�min-1) 2.72 1.03 2.46 1.10 2.51 1.14 0.163

VO2peak (ml�kg-1�min-1) 38.50 12.32 37.35 11.94 38.53 12.92 0.431

VO2peak (ml�LBM-1�min-1) 61.07 10.04 60.74 10.91 58.25 11.25 0.261

HR, heart rate; LBM, lean body mass.

�Denotes statistical significance (p� 0.05) between time points using One-Way Repeated Measures ANOVA

˚Denotes statistical significance (p� 0.05) between Baseline and Regular Care using post-hoc paired t-tests
†Denotes statistical significance (p� 0.05) between Baseline and Exercise using post-hoc paired t-tests
ΔDenotes statistical significance (p� 0.05) between Regular Care and Exercise using post-hoc paired t-tests
aDenotes moderate to large effect size (d = � 0.5) between Baseline and Regular Care using Cohen’s D effect sizes
bDenotes moderate to large effect size (d = � 0.5) between Baseline and Exercise using Cohen’s D effect sizes
cDenotes moderate to large effect size (d = � 0.5) between Regular Care and Exercise using Cohen’s D effect sizes

https://doi.org/10.1371/journal.pone.0201449.t003
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improvements in endothelial function, submaximal aerobic capacity, PA levels and local

strength.

Impairment of endothelial function precedes morphological changes that contribute to ath-

erosclerotic lesion development and progression of CVD [34, 35]. Radiotherapy has been shown

to accelerate plaque deposition, while certain classes of chemotherapeutic agents (eg. alkylating

agents, anthracyclines, antiangiogenics) are reported to cause direct injury to the endothelium

[13, 14, 18, 19]. We observed improvements in delta diameter, FMD and time to peak in brachial

artery function after exercise training. Notably, the FMD in survivors after exercise was compa-

rable to the FMD reported at baseline in a group of similarly aged healthy controls (11.51% vs.

10.18%)[20]. Importantly, an increase in FMD corresponds to a decreased risk of cardiac events

[33, 43, 44]. This is a compelling finding and, to our knowledge, the first of its kind in this spe-

cific population. Järvelä et al. [12] reported an increase in brachial FMD following 16-weeks of

home exercise in AYA survivors of pediatric leukemia; however, recordings were not continuous

and changes in FMD were only apparent at 40 sec post cuff release. In contrast, our study involv-

ed continuous recordings and demonstrated improvements across the entire protocol. This

suggests that exercise plays an important role in alleviating endothelial dysfunction in AYA sur-

vivors of pediatric oncology related cerebral insult. Additionally, it establishes that exercise can

help to normalize endothelial function in survivors. When analyzing survivor data based on

nature of the tumor, the malignant survivors had reduced times to peak dilation. As there are no

other endothelial differences between these groups, and time to peak is not a useful adjunctive

measure of endothelial function [35], the relevance of this finding is limited.

In contrast to the majority of previous reports, we did not observe any changes in peak aer-

obic capacity with exercise [11, 32]. As a result, peak aerobic capacity remained lower than it

was in healthy controls from our previous publication (38.53 ml�kg-1�min-1 vs. 46.61 ml�kg-

1�min-1) [20]. We theorize that late-effects exclusive to oncology related cerebral insult survi-

vors (eg. GHD) may limit the extent of cardiorespiratory benefits gained from exercise,

although it is beyond the scope of our study to determine this. Fitness may have also been

impacted by adherence issues and the subsequent reduction in number of exercise sessions

held per week. Interestingly, endothelial benefits seen here occurred irrespective of changes in

end-stage VO2peak. This is another novel finding in this population and parallels vascular and

aerobic capacity data reported in adolescents with type II diabetes [45]. Importantly, we

observed significant improvements in submaximal aerobic capacity after exercise training.

Participation in activities necessary for daily living (ADL’s), employment, homemaking, social-

ization and basic care require an ability to maintain prolonged, submaximal aerobic workloads

[46]. However, AYA survivors of pediatric oncology related cerebral insult may suffer cardio-

respiratory deconditioning secondary to direct consequences of treatment [4, 5, 20, 22, 23].

During the 6 min submaximal epoch of the VO2peak exercise test our participants were work-

ing at 40–60% of their HR reserves, which is classified as moderate intensity activity according

to ACSM [26]. This corresponds to 3–6 metabolic equivalents–the energy cost required to per-

form most household chores and ADL’s [47]. Thus, our data revealed that exercise is effective

at improving submaximal aerobic capacity and, hence, ability to perform necessary daily tasks

in this population. While other studies have reported improvements in peak or maximal aero-

bic capacity in pediatric cancer survivors [11, 32], our results instead align with those pre-

sented by Keats and Culos-Reed [48] and Piscione et al. [49], who found improvements in

submaximal fitness among pediatric brain cancer cohorts.

Although the survivor strength and endurance measures after exercise were lower than

those reported in healthy controls at baseline [20], we observed an improvement in bicep curl

strength. There was also a moderate influence of exercise on push-up endurance. These results

are consistent with previous research [30, 48, 50] and indicate an improved ability of our
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survivors to perform tasks requiring the use of the upper-limb, which may further ease ADL’s

and help improve quality of life. With respect to body composition, we discovered no signifi-

cant effects of exercise on adiposity. As a result, survivors had higher levels of fat than controls

at baseline [20]. Nonetheless, improvements in endothelial function indicate that cardiovascu-

lar health and disease risk can be ameliorated in this population irrespective of changes in fat

mass. Of note, the survivors of malignant tumors were shorter in stature than the benign

tumor survivors and had reduced body masses and lean body masses. Based on previous litera-

ture [20, 51–53], we hypothesize that these anthropometric differences are due to the spinal

and total body irradiation received exclusively by the malignant tumor survivors. These body

mass differences subsequently affected absolute aerobic capacity between benign and malig-

nant groups at submaximal stages.

Health guidelines recommend 30 min of daily, moderate intensity PA to protect against

CVD [24, 26]. Additionally, increasing breaks in sedentary time is associated with improved

cardiovascular, metabolic and physical profile independent of PA levels [27, 28].

Compared to normative data reported by Colley et al. [54], the survivors here recorded

higher percentages of sedentary time (average 79% vs. 62%) and less light (average 20% vs.

29%) and moderate-to-vigorous (average 0.9% vs. 6%) intensity PA compared to healthy ado-

lescents. Further, when compared to healthy adults aged 20–39 years, our survivors recorded

fewer minutes of moderate intensity PA per day at all time points (baseline, 19.20 min/day; fol-

lowing regular care, 6.59 min/day; following exercise, 13.9 min/day vs. 24 min/day) [55]. This

indicates a substantial risk for inactivity induced disease among our cohort. However, while

the survivors here failed to increase their amount of volitional PA (ie. PA external to what was

undertaken in the study exercise sessions) to meet recommendations throughout the course of

the study, we observed a significant increase in sedentary breaks following the exercise inter-

vention. Further, the downward spiral of inactivity and deconditioning that ensued regular

care was arrested as a result of exercise. Keats and Culos-Reed [48] reported comparable find-

ings regarding the immobilizing effect of exercise on physical inactivity in adolescent cancer

patients. This highlights the importance of exercise interventions for influencing positive PA

behaviors and for further reducing CVD risk in this population. Of note, accelerometer wear

time was reduced compared to baseline at the regular care and exercise time points. We believe

that assessment fatigue was the primary reason for these differences; that is, participants

became bored or tired with wearing the monitors each day and subsequently forgot, or refused,

to continue wearing them. Despite these differences, significant improvements in activity mea-

sures were evident, indicating the positive effect of exercise on PA behaviors.

Our results do not vary greatly compared to other exercise intervention studies imple-

mented in pediatric cancer populations. Both Fiuza-Luces et al. [29] and Piscione et al. [49]

also observed limited improvements following the implementation of exercise interventions in

pediatric patients and survivors with solid tumors. Similar to findings here, Fiuza-Luces et al.

[29] failed to see improvements in VO2peak, body mass and BMI following a thrice-weekly

exercise program held over 19 weeks. However, there was a significant improvement in 5RM

global body strength that we failed to find [29]. Conversely, we observed improvements in sub-

maximal aerobic capacity and PA levels that were not apparent in the Fiuza-Luces et al. [29]

study. Primary differences observed in the exercise programming by Fiuza-Luces et al. [29]

included a three session per week protocol run for 16 weeks, 60–70 min training sessions, and

a continuous bout of aerobic activity. Interestingly, there were no major differences between

strength protocols in the two studies (all major muscle groups, 2–3 sets of 8–15 repetitions

with 1–2 min rest between), although there was no information regarding resistance intensity

in the study by Fiuza-Luces et al. [29]. As such, we can only speculate as to whether the adher-

ence issues experienced here affected our strength results. However, Piscione et al. [49] also
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failed to see improvements in global body strength following a 12 week intervention. On the

other hand, San Juan et al. [30] observed significant improvements in global strength, functional

mobility and VO2peak following 16 weeks of intra-hospital exercise training with pediatric leuke-

mia patients. Once again, details regarding resistance intensity were not reported, however the

remaining strength protocols were similar to what was implemented here (11 exercises for all

major muscle groups, 1 set of 8–15 repetitions with 1–2 min rest in between) [30]. Aerobic

activities similarly worked participants at 50–70% of their HR maximum for 10–30 min,

although running and aerobic games were also part of the protocol implemented by San Juan

et al. [30]. These varied exercise intervention results highlight the complexity of this population

and suggest that confounding variables such as cancer treatment and associated side-effects

may affect acquisition of exercise benefits irrespective of training protocol [5, 10, 56].

The primary limitations of this study were the small and heterogeneous study population,

the lack of healthy control group and the variable exercise attendance. Further, with regards to

PA measures, accelerometers can only accurately record unweighted, full-body motion. There-

fore, participants who undertook any stationary, isolated and/or weight-bearing exercise such

as squats or bicep-curls would have had seemingly lower levels of PA compared to those who

completed an activity such as running.

This study demonstrates that implementation of exercise programs in AYA survivors of

pediatric oncology related cerebral insult can be challenging, albeit overall feasible. Although

we saw reduced attendance at the third, weekend exercise session (only four participants con-

sistently attended all three sessions throughout the course of the study) many participants

noted that they would have attended the class regularly if it wasn’t scheduled on a Saturday

(attendance among the remaining participants varied based on whether work or social events

had been planned for the weekend). Further, the primary reported barrier to regular participa-

tion among the non-compliant participants was conflicting work and university timetables.

This indicates the importance of considering participants’ schedules and lifestyles when plan-

ning future interventions. Importantly, participants noted that they enjoyed having individual-

ized programs that they could perform in a group setting and greatly valued their relationships

with the trainers. Future research should aim to determine whether shorter exercise programs

can confer the same benefits while maintaining participant compliance.

In conclusion, we have demonstrated that long-term exercise significantly improves vascular

function and hence decreases the risk of cardiac events in AYA survivors of pediatric oncology

related cerebral insult. These effects occurred despite a lack of change in fat mass and peak aerobic

capacity. In addition, sedentary break time increased as a result of exercise, translating into a fur-

ther amelioration of CVD risk. Finally, exercise may aid performance of ADL’s and health-related

behaviors via improvements in submaximal aerobic capacity and local strength. While our results

need to be interpreted with some caution due to the small and heterogeneous sample, it is assuring

to see such significant findings in this limited population; thus, there is much promise for the suc-

cess of future interventions utilizing larger and more representative populations.
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Original Article

Metabolic and Psychological Impact
of a Pragmatic Exercise Intervention Program

in Adolescent and Young Adult Survivors
of Pediatric Cancer-Related Cerebral Insult

Shoshana R. Rath, MBBS,1,2,* Treya M. Long, BSc (Hons),3 Natasha L. Bear, BSc (Phys), MBiostats,4

Gordon C.P. Miles, MA Clin Psych,5 Andrew M. Bullock, MBBS,6

Nicholas G. Gottardo, MB, ChB, PhD,2,5,7 Catherine H. Cole, MBBS,2,5,7,8

Louise H. Naylor, BSc (Hons), PhD,3 and Catherine S.Y. Choong, MBBS, MD1,2

Purpose: To assess metabolic function among adolescent and young adult (AYA) survivors of childhood
cancer-related brain surgery or cranial irradiation (CRT) and to determine feasibility, safety, and metabolic as
well as psychological impact of a 6-month exercise program in this cohort.
Methods: Twenty AYAs aged 15–23 years were recruited. All had completed cancer treatment by age 15.5 and were
more than 1 year after end of treatment. Metabolic function was assessed at baseline (T1), after a 6-month non-
intervention period (T2), and after the 6-month intervention (T3). Psychological assessments were performed at T1
and T3. Eight to 12 months after the program (T4), its lasting impact was assessed by questionnaire. The 6-month
intervention consisted of small group-based, tailored, supervised exercise sessions combining resistance and aerobic
exercise. Sessions were offered up to thrice per week and adherence defined as participation in q24 sessions.
Flexibility was built into the design with an alternative home-based program offered to those who could not attend the
gymnasium.
Results: Thirteen of the 20 recruited participants were adherent to the program. There was one fall during
exercise, but no injury was sustained. Higher rates of metabolic impairment than would be expected in a healthy
cohort were found at baseline both among brain tumor survivors and survivors of total body irradiation. Central
adiposity reduced post-intervention ( p = 0.014) and improvements in adaptive function were seen. Participants
enjoyed the program, but work and study commitments limited attendance.
Conclusion: AYA survivors of childhood brain tumors and CRT should be screened for metabolic and psycho-
logical well-being. Small group-based exercise is safe, feasible, and enjoyable for this cohort and may benefit them
both metabolically and psychologically. Trial registration: ACTRN12614000796684. Retrospectively registered
July 28, 2014.

Keywords: exercise, metabolic, psychological, brain tumor, cranial irradiation

Background

More than 80% of children diagnosed with cancer
today survive into adulthood,1 although they contend

with multiple morbidities.2 In particular, cardiovascular mor-
bidity and mortality are prevalent in this population as they

age3 and they are at higher risk of obesity and metabolic
syndrome (MetS),4–6 as well as mental health problems7 and
poor psychiatric outcomes.8 Despite this, screening for meta-
bolic and psychological well-being is not currently included in
most long-term follow-up programs. Lifestyle modifications
have been recommended for metabolic health;6,9 however,
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studies demonstrate a high prevalence of poor lifestyle choices
among survivors.10

Certain brain tumors such as craniopharyngiomas are as-
sociated with obesity,11 but in general, brain tumors or cranial
irradiation (CRT) is not recognized as risk factors for poor
metabolic outcomes. Recent evidence, however, indicates
that there may be central control of glucose homeostasis and
energy expenditure, coordinated by the hypothalamus, but
involving complex cerebral pathways,12 suggesting that ce-
rebral insult (brain surgery or CRT) may contribute to met-
abolic impairment, a finding noted in several studies to date.4

Adolescent and young adult (AYA) survivors of brain tumors
or CRT may thus be at risk of metabolic impairment because
of the dual impact of cerebral insult and their underlying
oncological diagnosis.

Previous studies have employed exercise interventions in
children (under 14) who have survived cancer or are going
through treatment.13–15 In the AYA age group, however, only
two exercise intervention studies were identified.16,17 Neither
examined the metabolic effect of exercise nor performed psy-
chological assessment of participants. To our knowledge, no
study to date has investigated the metabolic and psycholog-
ical impact of exercise on AYAs or on survivors of cerebral
insult.

We aimed to assess metabolic function among 15- to 23-
year-old survivors of childhood cancer-related brain surgery
and/or CRT, and to determine the feasibility, safety and
metabolic as well as psychological impact of a 6-month tai-
lored, supervised, pragmatic exercise program in this cohort.

Methods

The oncology database of the only pediatric institution
servicing the state of Western Australia was searched for 15- to
23-year-old survivors of childhood brain tumors (treated with
brain surgery +/or CRT), or total body irradiation (TBI), di-
agnosed between 1989 and 2011 and being at least 1 year after
end of treatment. Mail and phone contact were made with the
87 survivors identified. Twenty of the 87 consented to partic-
ipate (6 TBI) and all met eligibility criteria. Exclusion criteria
were as follows: pregnancy, active inflammatory or malignant
disease, severe neurological impairment, exertion-limiting
cardiac dysfunction, or cardiovascular disease.

Assessments were performed at baseline (T1), after a 6-month
non-intervention period during which no lifestyle modifications
were made (T2), and after the 6-month intervention period
(T3). Eight to 12 months after completion of the program (T4),
a questionnaire assessed the lasting impact of the intervention.

At T1, T2, and T3, assessments included auxology, body
composition, oral glucose tolerance test (OGTT), and lipid
profile. Height was measured on a Harpenden stadiometer to
the nearest 0.1 cm, weight was measured on Sauter electronic
scales to the nearest 0.1 kg, and waist/hip circumferences were
measured to the nearest 0.1 cm as per the WHO STEPwise
approach to Surveillance guidelines.18 The 75 g OGTT was
performed on fasted participants, with glucose and insulin
levels measured at baseline, and 1 and 2 hours post-ingestion.19

Lipid and pituitary hormone profiles were assessed at baseline.
Dual-Energy X-ray absorptiometry (DEXA) was performed
for body composition,20 and to ensure safety, an echocardio-
gram was performed by a qualified technician and analyzed by
a pediatric cardiologist (at T1 only).

Psychological testing occurred at T1 and T3 (but not T2, to
avoid distorting results by repetitive testing). Three instru-
ments were employed: the Wechsler Abbreviated Scale of
Intelligence, second edition (WASI-II) to examine cognitive
function,21 the Adaptive Behavior Assessment Scale, second
edition (ABAS-II) for adaptive function,22 and the Achen-
bach System Empirically Based Assessment (ASEBA)23,24

for mental health. In all three instruments, scores in the
borderline or clinical/severely impaired range should trigger
referral for psychological assessment in clinical practice.
None of our participants was receiving psychological input at
the time of review.

The exercise intervention consisted of thrice weekly, super-
vised, individually tailored sessions over 24 weeks. Participants
were encouraged to attend a minimum of two sessions per week,
and program adherence was defined as attendance at q24
sessions. Two participants were trained together at a different
location for geographical reasons and were offered two ses-
sions per week. To maximize access to the intervention, those
regularly unable to attend group sessions were offered home-
based programs with compliance established through phone
calls and home visits. This pragmatic approach to adminis-
tering the intervention was adopted to maximize AYA par-
ticipation in the program.

Exercise programs were progressed every 3–4 weeks,
unless self-reported and/or observed effort reached light to
moderate on the Borg scale25 earlier. Strength-based exer-
cises were progressed by increasing weight, while aerobic
activity was progressed by first decreasing the time of active
rest, and then by increasing work duration. Strength assess-
ments (three repetitions of maximum tests of all major muscle
groups) were conducted on an 8-weekly basis to ensure the
exercise programs were being progressed appropriately. An
exercise physiologist (T.M.L.) supervised all training. For four
of the 6 months, exercise physiology students assisted with
clinic sessions.

Sessions consisted of circuit-based resistance training with
exercises targeting all major muscle groups and aerobic ex-
ercise utilizing an interval protocol of consecutive bouts of
high-intensity and low-intensity work. Warm-up and cool-down
were performed at every session. Attendance was recorded at
each session.

In view of the small number of participants and skewed
distributions, non-parametric methods were utilized and data
presented with medians and interquartile ranges (IQRs), al-
though descriptive statistics were also included to describe
the sample. Wilcoxon signed-rank tests were used to assess
changes pre-intervention to post-intervention for all measures.
The proportion of measures falling outside normal range was
compared using Fisher’s exact test. STATA 14 (StataCorp,
College Station, TX) was used for data analysis, with sta-
tistical significance set at p < 0.05.

Results

Twenty 15- to 23-year-old participants were recruited (10
female). All were eligible to participate and deemed fit for
physical exertion on echocardiography. Median age at re-
cruitment was 19.8 years (IQR 2.8, range 15.7–23.8 years),
median age at diagnosis was 3.9 years (IQR 6.8 years, range
0.2–15.4 years), and median time since end of treatment was
11.1 years (IQR 5.4 years, range 2.2–21.1 years). Six had a
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history of TBI for hematological cancers and 14 had either
brain surgery alone (n = 7) or surgery+CRT (n = 7). Table 1
presents demographic data. Only participants listed as ‘‘ad-
herent’’ in Table 1 were included in the pre-analysis/post-
analysis. Of the 20 who initially consented, 19 had a 6-month
control period. The 20th was recruited later and wanted to
commence training with the rest of the group. Participants with
evidence of thyroid dysfunction at baseline were treated
appropriately. One participant had thyroidectomy and was
variably compliant with replacement therapy (thyroid sti-
mulating hormone [TSH] fluctuated between 4 and 11 mU/L
during the study period). Five participants had been diag-
nosed with growth hormone deficiency (GHD) on biochem-
ical testing; however, none was on GH at T1 or T2. One
commenced low-dose GH just before the intervention period

and demonstrated an increased 2-hour glucose at T3 com-
pared to T1 and T2. Eight participants were on replacement
therapy for various other pituitary deficiencies.

Two participants dropped out of the study before com-
mencing the intervention for personal reasons; two withdrew in
the first 2 weeks for lack of time. Three others continued to
attend, but did not achieve minimum requisite attendance (24
sessions) for adherence (22, 22, and 14 sessions). Four of the
remaining 13 participants were provided with home-based
programs with which they reportedly complied. The remaining
nine participants adhered to the clinic-based program. Two
participants did not attend T3 metabolic or psychological testing
sessions, but did have DEXAs. Median number of sessions at-
tended by the 12 clinic participants (including those who did not
achieve adherence threshold) was 29.5 (range 14–58, IQR 17.5).

Table 1. Demographic Data

Participant Diagnosis Craniotomy

Cranial
XRT
(Gy) TBI Chemo GHD

Physical
disability

Adherent
to

intervention
(Y/N)

1 ALL N 12 Y Y N Cataracts Y
2 ALL N 12 Y Y N Cataracts,

scoliosis
Y

3 Optic Pathway
Pilocytic Astrocytoma

Y 55.8 N Y Y Vision and
balance
impairment

Y

4 Immature Suprasellar
Cystic Teratoma

Y 50.4 N Y Y Nil N

5 Undifferentiated
Rhabdomyosarcoma
Rt Petrous
Temporal Bone

Y 50.4 N Y Y Nil Y

6 Pilocytic Astrocytoma—
Optic Nerve Glioma

Y 0 N Y N Nil N

7 ALL N 24 N Y N Nil Y (home-based)
8 Desmoplastic infantile

ganglioglioma
Y 0 N N N Nil Y (home-based)

9 Cerebellar Pilocytic
Astrocytoma

Y 0 N N N Balance,
nystagmus

N

10 Craniopharyngioma Y 54 N N Y Nil Y (home-based)
11 Juvenile Myelomonocytic

Leukemia
N 12 Y Y N Nil N

12 Brain Stem Glioma Y 54 N Y N Balance and
coordination
difficulties

Y

13 Ganglioglioma Y 0 N N N Nil Y (home-based)
14 Pilocytic Astrocytoma Y 54 N N N Hemiplegia,

hemianopia
N

15 Pilocytic Astrocytoma Y 0 N N N Seizures Y
16 Sub Ependymal Giant Cell

Astrocytoma
Y 0 N N N Balance Y

17 ALL N 18 N Y Y Avascular necrosis,
peripheral
neuropathy

N

18 Pilocytic Astrocytoma—
posterior fossa

Y 0 N N N Avascular necrosis
both knees

Y

19 ALL N 12 Y Y N Blind right eye N
20 Posterior fossa

Medulloblastoma
Y 55.8 N Y N Nil Y

Adherent, attendance at 24 or more exercise sessions; ALL, acute lymphocytic leukemia; Chemo, treated with any chemotherapy; Cranial
XRT, radiation dose to brain (gray); GHD, growth hormone deficiency; home-based, participation in home-based exercise program; TBI,
total body irradiation.
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There were two adverse events in the course of the study: a
fall during an exercise session, not complicated by injury, and
an elective surgical procedure that occurred during the in-
tervention period, but was unrelated.

Baseline metabolic findings from the 20 recruited partici-
pants included the following: waist:hip ratio elevation in 55%
of participants (n = 11/20) and elevated waist circumferences in
40% (n = 8/20) of participants, impaired glucose tolerance
(IGT: 2-hour glucose level >7.8 mmol/L) in 15% (n = 3/20) and
diabetes (2-hour glucose level >11.1 mmol/L) in 5% (n = 1/20)
of participants, hyperinsulinemia (fasting insulin >12 mU/L or
peak insulin >100 mU/L) in 45% (n = 9/20) of participants, and
fasting c-peptide was elevated (>0.9) in 30% (n = 6/20) of
participants; however, all subjects had HbA1c <6%.

Lipid profile was available for 19/20 participants due to
technical difficulties with the 20th sample. Derangement in at
least one parameter occurred in 79% of participants (n = 15/19),
while 53% (n = 10/19) of participants had derangement in two
or more parameters. Elevated cholesterol:HDL ratio, associated
with increased risk of heart disease in adults,26 occurred in 79%

(n = 15/19) of participants and elevated systolic blood pressure
occurred in 30% (n = 6/20) of participants.

The incidence of abnormal findings among various sub-
groups was compared using Fisher’s exact Test. No difference
was observed between those who had TBI compared with brain
tumor survivors, except that hyperinsulinemia occurred only in
the brain tumor cohort and not in the TBI group ( p = 0.014).
There was little difference between CRT survivors and survi-
vors of surgery alone, except that CRT survivors had a slightly
higher incidence of elevated waist:hip ratio ( p = 0.029) and
C-peptide ( p = 0.035), and no difference was seen between
those with GHD and those without.

Analysis of metabolic outcomes for adherent participants
comparing the control and intervention periods is demon-
strated in Table 2. At baseline in the subset of adherent par-
ticipants (n = 13), median body mass index (BMI) fell slightly
above the normal range (26 kg/m2, IQR 6.2), one participant
was obese (BMI >30 kg/m2) and five were overweight (BMI
25–30 kg/m2). Compared with current Australian norms, this
is consistent with a higher prevalence of overweight (25% vs.

Table 2. Metabolic Data: Results from the Three Test Periods

Outcome

Baseline (T1)

Pre
intervention

(T2)

Post
intervention

(T3)
T2–T1 T3–T2

Median (IQR) Median (IQR) Median (IQR)
Median difference

(95% CI) p
Median difference

(95% CI) p

Total cholesterol
(mmol/L)

5.1 (1.6) 4.5 (0.6) 4.7 (1.2) -0.6 (-2.4, 0.2) 0.059 0.3 (-0.6, 0.9) 0.593

Triglycerides
(mmol/L)

1.6 (0.9) 0.9 (0.6) 1.3 (0.6) -0.4 (-0.8, -0.1)a 0.028a -0.1 (-0.2, 0.2) 0.474

HDL (mmol/L) 1.0 (0.5) 1.1 (0.4) 1.2 (0.3) 0.1 (-0.1, 0.1) 0.154 0.1 (-0.3, 0.2) 0.929
LDL (mmol/L) 3.0 (1.5) 2.8 (0.4) 2.8 (1.1) -0.2 (-0.9, 0.3) 0.355 0.0 (-0.2, 0.7) 0.348
TC/HDL 4.7 (1.9) 3.6 (1.7) 3.9 (1.2) -0.6 (-2.4, 0.2) 0.093 0.5 (-0.3, 0.6) 0.248
C peptide

(mmol/L)
0.7 (0.6) 0.6 (0.4) 0.7 (0.3) -0.1 (-0.6, 0.6) 0.534 0.0 (-0.5, 0.3) 0.563

HbA1c (%) 5.2 (0.1) 5.2 (0.2) 5.3 (0.3) 0.0 (-0.2, 0.2) 0.662 0.0 (-0.1, 0.2) 0.336
Glucose 0 hour

(mmol/L)
4.5 (0.6) 4.3 (0.6) 4.5 (0.2) -0.1 (-0.5, 0.1) 0.197 0.0 (-0.1, 0.7) 0.260

Glucose
2 hours
(mmol/L)

5.2 (3.1) 4.6 (3.0) 4.9 (1.9) -1.0 (-1.7, -0.3)a 0.018a 0.1 (-1.5, 1.2) 0.824

Insulin 0 hour
(mU/L)

7.0 (7.0) 11.0 (5.0) 10.0 (3.0) 1.0 (-1.0, 4.9) 0.263 1.0 (-3.3, 4.3) 0.687

Insulin 1 hour
(mU/L)

88.5 (73.8) 59.0 (82.5) 78.0 (120.5) 9.0 (-31.3, 40.0) 0.475 29.0 (7.1, 48.6) 0.003

Insulin 2 hours
(mU/L)

89.0 (73.5) 48.5 (83.0) 36.0 (32.0) -4.5 (-32.8, 8.1) 0.444 2.5 (-53.0, 26.4) 0.878

HOMA2-IR 0.8 (0.9) 1.3 (0.6) 1.2 (0.4) 0.1 (-0.1, 0.8) 0.374 0.1 (-0.3, 0.5) 0.635
BMI (kg/m2) 26.0 (6.2) 25.5 (6.1) 23.6 (8.4) -0.2 (-0.7, 0.5) 0.373 0.3 (-0.3, 1.5) 0.230
Systolic BP

(mmHg)
114.0 (14.5) 115.0 (16.0) 119.0 (16.5) -3.0 (-8.0, 5.6) 0.593 4.0 (-6.9, 10.1) 0.449

Diastolic BP
(mmHg)

67.0 (10.0) 60.0 (5.5) 70.0 (13.5) -6.0 (-12.6, -2.4)a 0.007a 8.0 (0.7, 13.3)a 0.023a

aStatistically significant at p < 0.05.
Total cholesterol: over age 19 NR <5.5 mmol/L, under 19 years NR <4.5 mmol/L; triglycerides: NR <1.7 mmol/L; HDL: normal range

>1.0 mmol/L; LDL: NR <3.0 mmol/L; TC/HDL ratio (indicator of cardiovascular risk in adults): NR <3.5; C-peptide: NR 0.2–0.9 nmol/L;
HbA1c: NR <6.0%; glucose 0 hour: NR <6.0 mmol/L; Glucose 2 hours: NR <7.8 mmol/L; Insulin 0 hour: NR p12; Insulin 1 hour and
Insulin 2 hours: NR <100 mU/L; HOMA2-IR: NR <1.4; BMI: NR 18–25 kg/m2; systolic BP: NR <130 mmHg; diastolic BP: NR <90 mm.

BMI, body mass index; BP, blood pressure; CI, confidence interval; Glucose 0 hour, glucose at baseline of OGTT; Glucose 2 hours,
glucose at 2 hours mark of OGTT; HDL, high-density lipoprotein; Insulin 0 hour, insulin at baseline of OGTT; Insulin 1 hour, insulin at
1-hour mark; Insulin 2 hours, insulin at 2-hour mark; IQR, interquartile range; LDL, low-density lipoprotein; NR, normal ranges; OGTT,
oral glucose tolerance test; TC, total cholesterol.
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14%, p = 0.002), but a similar prevalence of obesity (5% vs.
12.5% obese, p = 0.732).27 When comparison was made be-
tween the control period and the intervention period, minor
improvements were identified in some outcomes during the
control period, but not during the intervention period. There
was no difference in the number of measures in the normal
range, subsequent to the intervention period compared with
the control period. No difference was seen when survivors of
craniotomy/CRT were compared with TBI survivors. Despite
the lack of statistically significant findings, three adherent
participants had IGT or diabetes at baseline, with findings
still outside the normal range after the control period. By the
end of the intervention period, all had normalized.

Trunk:limb ratio improved slightly with the intervention.
While this ratio worsened during the control period (1.01–1.14,
p = 0.006), improvement was evident subsequent to the in-
tervention (1.14–0.99, p = 0.015), demonstrated in Figure 1. No
improvement was seen in bone density or other measures of
body composition.

Results from the psychological assessment instruments are
included in Table 3. Cognitive and adaptive function of par-
ticipants were similar to the general population,21,22 although
some adaptive function challenges were identified among
participants. Mental health problems were more prevalent than
would be expected in the normal population, in which 16%
score in the borderline or clinical range (compared with 64% of
adherent participants).23,24 Analysis of pre-intervention/post-
intervention results revealed improvement in several adaptive
function measures (ABAS-II) as depicted in Table 3; however,
no improvement was identified in mental health (ASEBA) or
cognitive function (WASI-II) measures.

The program impact questionnaire was completed by 15/16
participants who participated in the intervention beyond the first
2 weeks. The need to correlate responses with attendance ne-
gated the possibility of anonymity. All respondents claimed to

have enjoyed the program and felt inspired to be more active.
Most indicated that they felt stronger and fitter during the
intervention (the 2 that did not, attended the fewest sessions)
and 14/15 reported other benefits, including improved con-
centration, mood, and confidence. Two participants felt that
the exercise exacerbated musculoskeletal pains, one found
that it exhausted her, and a fourth felt that it exacerbated
headaches. Thirteen respondents would continue attending if
the program was still running at convenient times and locations.
Seven described lasting effects in terms of motivation to ex-
ercise. The biggest attendance barriers were work/study con-
flicts and transportation difficulties. Several mentioned that the
exercise physiology students, who attended for the first 4
months, enhanced their motivation and enjoyment of the pro-
gram by providing more individualized attention. Their par-
ticipation and performance in sessions declined once student
attendance ceased.

Discussion

In this study, we aimed to determine the metabolic function
of AYA survivors of cerebral insult related to childhood cancer.
We then investigated the safety, feasibility, and metabolic as
well as psychological impact of a 6-month exercise interven-
tion program. Participants had worse metabolic function than
would be expected for their age and BMI. The exercise inter-
vention was safe and feasible, but required flexibility to ac-
commodate the busy lifestyles of the AYA participants. They
enjoyed the program, particularly when a high level of one-on-
one attention was provided, and most declared a willingness to
continue with it. No statistically significant impact was iden-
tified on most metabolic outcomes; however, there was a trend
toward improvement in glucose tolerance and central adiposity.
Improvements were evident in some measures of adaptive
function, but no effect was seen on mental health or cognitive
function. Participants reported subjective improvement in

FIG. 1. Central adiposity.
Each adherent participant is
denoted by their own line.
Overall, there is an increase
in trunk:limb fat mass ratio
observed during the control
period and a reduction in this
ratio during the intervention
period.
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concentration, mood, and confidence, as well as feeling stron-
ger and fitter during the program.

Exercise interventions can be difficult to administer, perhaps
explaining the small participant numbers in most oncology-
related studies to date.28 The AYA age group, in particular, is
seen as difficult to engage and has therefore been excluded

from some studies.15 This age group, however, is on the cusp of
adulthood, facing a lifetime of living with late effects that will
impact their psychological and physical well-being, as well
as their employment prospects and social lives.29 They are thus
in a position to benefit greatly from establishing good long-
standing lifestyle habits.

Table 3. Cognitive and Adaptive Functioning (WASI-II and ABAS-II) and Mental Health (ASEBA Results)

Pre-median
(IQR)

Post-median
(IQR)

Median difference
post-pre (95% CI) p

WASI-II
Vocabulary 50 (14) 53 (19) 2.0 (-6.9, 6.7) 0.824
Block Design 57 (14) 57 (13) 2.0 (-2.0, 7.6) 0.154
Similarities 54 (13) 54 (9) 0.0 (-4.1, 3.4) 0.778
Matrix Reasoning 57 (5) 57 (6) 4.0 (-2.6, 6.0) 0.195
Verbal IQ 101 (21) 106 (19) 2.0 (-6.6, 8.3) 0.893
Performance 108 (19) 112 (10) 5.0 (-3.0, 9.0) 0.229
Full-Scale IQ 100 (12) 107 (12) 0.0 (-4.3, 10.6) 0.721
Subjects with scores

in the borderline or clinically impaired range
n = 0 n = 1 — —

ABAS-II
Communication 13 (2) 13 (2) 1.0 (-1.6, 1.0) 0.524
Community Use 12 (5) 14 (2) 1.0 (0.0, 3.0)a 0.042a

Functional Academics 11 (4) 12 (5) 1.0 (-1.3, 5.0) 0.181
Home Living 9 (5) 13 (5) 2.0 (0.0, 5.3)a 0.015a

Health and Safety 10 (3) 12 (3) 2.0 (0.7, 4.0)a 0.045a

Leisure 12 (4) 13 (5) 2.0 (0.0, 3.6)a 0.044a

Self-Care 11 (5) 12 (1) 1.0 (-0.3, 5.3) 0.088
Self-Direction 11 (5) 13 (5) 2.0 (0.4, 3.4)a 0.034a

Social 11 (7) 13 (4) 0.0 (-0.6, 3.6) 0.215
Work 11.5 (3) 12 (3.5) 0.0 (-0.9, 3.7) 0.493
Global Adaptive 106 (24) 120 (15) 10.0 (1.1, 20.7)a 0.013a

Conceptual 103 (17) 120 (20) 6.0 (-3.6, 17.3) 0.167
Social 105 (23) 116 (27) 8.0 (0.0, 23.6) 0.090
Practical 104 (16) 118 (19) 11.0 (4.3, 18.3)a 0.007a

Subjects with scores in the borderline
or clinically impaired range

n = 5 n = 1 — —

ASEBA
Anxious depressed 54 (13) 56 (12) –1 (-3.3, 0.6) 0.206
Depressive problems 55 (10) 55 (13) 0 (-1.1, 4.0) 0.358
Anxiety problems 54 (15) 56 (13) –1 (-3.9, 0.0) 0.058
AD/H problems 57 (13) 54 (15) 0 (-5.4, 8.3) 0.619
Avoidant personality 51 (13) 59 (9) 0 (-1.3, 15.6) 0.402
Withdrawn 55 (11) 56 (15) 0 (-6.0, 3.3) 0.787
Somatic complaints 51 (17) 58 (15) 2 (-2.1, 7.3) 0.165
Somatic problems 50 (16) 55 (14) 1 (-1.1, 3.6) 0.321
Thought problems 55 (19) 56 (18) 0 (-6.0, 3.6) 0.857
Attention problems 53 (8) 57 (8) 0 (-3.1, 7.6) 0.721
Aggressive behavior 52 (13) 55 (11) 0 (-4.1, 3.9) 0.748
Rule breaking behavior 53 (5) 51 (5) –1 (-5.3, 0.9) 0.240
Internalizing problems 58 (17) 58 (14) 1 (-1.9, 4.9) 0.531
Externalizing problems 52 (14) 54 (18) –2 (-6.3, 3.3) 0.421
Total problems 55 (21) 56 (14) –1 (-5.0, 2.1) 0.500
Subjects with scores in the borderline

or clinically impaired range
n = 7 n = 9 — —

aStatistically significant at p < 0.05.
For the WASI-II, T-score outcomes are shown for individual tests (Vocabulary, Similarities, Block Design, and Matrix Reasoning), NR >35.

Standardized scores are shown for IQ (Verbal, Performance, and Full-Scale IQ), NR >80. For the ABAS-II, scaled scores are shown for subscale
tests (Communication, Community, Functional Academics, Home Living, Health and Safety, Leisure, Work, Self-Care, Self-Direction, and
Social), NR >6. Standardized scores are shown for composite measures (Global Adaptive, Conceptual, Social, and Practice), NR >80. In the
ASEBA instrument, T-scores are shown for each test, NR <65. For Internalizing, Externalizing and, Total Score measures, NR is <60.

ABAS-II, Adaptive Behavior Assessment Scale, second edition; ASEBA, Achenbach System Empirically Based Assessment; Post-median,
post-exercise intervention median score; Pre-median, pre-exercise intervention median score; WASI-II, Wechsler Abbreviated Scale of
Intelligence, second edition.
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Group-based interaction has recognized benefits for
AYAs,30,31 and studies have shown that they have an often
unmet desire to meet other survivors in a social setting.32,33

We therefore elected to train participants in a small-group,
community-based environment, while allowing flexibility in
the way of a home-based program for those who could not
attend they gymnasium. Training with people of a similar age
and past history was a positive experience for participants.
Trainers commented that, those who attended regularly formed a
strong group bond, instrumental in producing a positive, en-
couraging environment. Although allowing home-based training
reduced the uniformity of the intervention, it facilitated in-
creased AYA participation. D’Agostino et al.34 comment on the
importance of flexibility in service provision to the AYA age
group; however, there is a dearth of evidence relating to means of
maximizing AYA adherence.35 We suggest that offering flexi-
bility in models of intervention may increase participation.

An element of this intervention that unexpectedly con-
tributed to increased participation was the presence of exer-
cise physiology students assisting voluntarily at training
sessions. Several participants commented in the question-
naire that the presence of the students enhanced their en-
joyment and motivation to train, and that their participation
declined once the volunteers ceased attending, 4 months into
the 6-month program. Volunteers provided increased supervi-
sion and added a social element to the program, being of similar
age to participants. Buman et al. found that peer volunteers en-
hanced long-term maintenance of physical activity gains from a
community-based intervention in older adults.36 It would appear
that volunteer trainers may be beneficial in working with the
AYA age group as well and therefore, volunteer engagement
should perhaps be considered in future physical intervention
programs for AYAs.

AYA survivors have been found to have a ‘‘strong interest’’
in participating in lifestyle intervention programs.10 Among our
participants, the 16 who attended beyond the first 2 weeks, all
either adhered to home-based programs or attended relatively
regularly for most of the intervention period (although three
did not meet adherence criteria), suggesting that attendance
past the very early stage may indicate adequate motivation
for long-term participation. This finding, in addition to par-
ticipants’ stated enthusiasm for ongoing training, implies that
were permanent exercise programs available and accessible,
the AYA age group might be readily engaged. The sparsity of
adverse events suggests that with adequate supervision, ex-
ercise programs can be safe for cancer survivors, a finding
corroborated by all other studies to date.13–15,37,38

Aside from body composition and BMI,16,39,40 none of the
exercise intervention programs identified in the literature has
explored the metabolic health of AYA survivors or the im-
pact of exercise on this. Several studies, however, have
identified increased risk of MetS among AYA survivors of
childhood TBI and CRT with a prevalence of 20%–39%,41,42

compared with only 8% of those treated with chemotherapy
alone.43,44 Among our cohort, 15% satisfied diagnostic cri-
teria for MetS45 and a further 65% had one or two features. In
comparison, a large U.S. study found a MetS rate of 6.7% in
20- to 29-year olds.46 Furthermore, in the general population,
IGT or hyperinsulinemia is almost nonexistent in this age
group.47 The prevalence of abnormal glucose tolerance was
similar in our cohort to that seen in similarly aged morbidly
obese patients (mean BMI 38), among whom IGT occurred in

21% and type 2 diabetes in 4%.48 The brain is increasingly
being recognized as a control center of metabolic function.49

Our findings, as well as those of Pietilä et al.,42 Taskinen
et al.,41 and Trimis et al.44 suggest that cerebral insult related
to childhood cancer may interfere with this. Poor metabolic
health should thus be recognized as a late effect of cancer
therapy with screening mandated from a young age for sur-
vivors of cerebral insult, even in the absence of obesity or
other risk factors that might alert the physician to a need for
investigation.

Although no metabolic improvement could be statistically
attributed to the intervention, either in terms of changes in
median results or in the number of measures falling in the
normal range, positive changes were evident over the course of
the study: at baseline, 3/11 subjects had IGT or diabetes, and
by the end of the intervention, all were within normal range.
Given that IGT/type 2 diabetes would generally be expected to
worsen over time in the absence of positive lifestyle changes,
this effect is likely to be clinically significant, although greater
power is required to confirm it. In addition, while the absolute
change in fat distribution from baseline to post-intervention
was minimal, the gradient of change shifted from worsening
central adiposity during the control period to improving fat
distribution during the intervention phase. Over the long term,
this alteration may also prove clinically important.

Unrecognized GHD or abnormalities of the GH axis may
contribute to the abnormal metabolic profile of some partici-
pants,50,41 although GHD participants were similar to non-GHD
in our cohort. Formal testing with subsequent GH replacement,
where appropriate, may improve body composition51 and pos-
sibly augment metabolic improvement in response to exercise.
Further studies are required to explore this interaction.

Mental health in survivors of childhood cancer has been
demonstrated to be worse than in the general population.7,8

Although several participants reported social isolation, de-
pressive symptoms, and anxiety, none was receiving psycho-
logical support, implying a need for mental health screening.
The improvement that was noted not only in adaptive function,
particularly in the composite measure of practical skills, but
also in the areas of home living and social interaction may be
attributed to the effects of the intervention on motivation,
confidence, and concentration noted by many participants in
the questionnaires. Alternatively, recent evidence suggests
that aerobic exercise may improve white matter architecture,
hippocampal growth, and reaction time in children who have
survived brain tumors and CRT.52 It is possible that the
effects that we observed are directly related to such im-
provement. These findings first point to the importance of
psychological screening in survivors of cancer and second,
suggest that exercise in a small-group format may improve
adaptive function and self-care.

The study was limited by small numbers and a heteroge-
neous participant group (brain tumors and hematological
cancers); however, these are realities of working in this
population and increase the external validity. Furthermore,
because of the flexibility built into our trial, participants re-
ceived slightly different interventions depending on whether
they elected to participate in the group program or home-
based program. Although potentially mitigating the strength
of the findings, this flexibility increases the generalizability
of our results. The time-consuming nature of the assessments
resulted in some dropout in the later test periods and not all
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participants completed all measures. The information was nec-
essary, however, to facilitate accurate and meaningful exploration
of the impactofexercise on metabolicandpsychological function.

While this study suggests that cerebral insult may negatively
impact on metabolic well-being, large, controlled studies are
required to further investigate this effect. Furthermore, exercise
intervention studies powered to detect the various effects of
GHD, brain tumors, TBI, and CRT are necessary to elucidate
the benefits of exercise and identify those subgroups likely to
benefit most. Likewise, the impact of exercise on mental health,
adaptive function, and cognitive function in AYA survivors
requires further exploration. Incorporating flexibility of trial
design, similar-aged volunteer trainers, and a high trainer:par-
ticipant ratio may facilitate maximal AYA engagement in such
future studies.

Conclusion

Small-group based exercise is enjoyable, safe, and feasible
for AYA survivors of childhood brain tumors or CRT, pro-
vided the program is flexible and engaging. These survivors
may have abnormal metabolic profiles, including MetS and
IGT, from an early age and suffer from higher rates of mental
health problems than the general population; thus, screening
for metabolic and psychological well-being is important.
Small-group based exercise may be of benefit in the long term.
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42. Pietilä S, Mäkipernaa A, Sievänen H, et al. Obesity and
metabolic changes are common in young childhood brain
tumor survivors. Pediatr Blood Cancer. 2009;52(7):853–9.

43. Gurney JG, Ness KK, Sibley SD, et al. Metabolic syndrome
and growth hormone deficiency in adult survivors of child-
hood acute lymphoblastic leukemia. Cancer. 2006;107(6):
1303–12.

44. Trimis G, Moschovi M, Papassotiriou I, et al. Early indicators
of dysmetabolic syndrome in young survivors of acute lym-
phoblastic leukemia in childhood as a target for preventing
disease. J Pediatr Hematol Oncol. 2007;29(5):309–14.

45. Alberti K, Eckel R, Grundy S. Harmonizing the metabolic
syndrome: a joint interim statement of the International
Diabetes Federation Task Force on Epidemiology and
Prevention National Heart, Lung, and Blood Institute.
Circulation. 2009;120(16):1640–5.

46. Ford ES, Giles WH, Dietz WH. Prevalence of the metabolic
syndrome among US adults. JAMA. 2002;287(3):356.

47. Neville KA, Cohn RJ, Steinbeck KS, et al. Hyperinsulinemia,
impaired glucose tolerance, and diabetes mellitus in survivors
of childhood cancer: prevalence and risk factors. J Clin En-
docrinol Metab. 2006;91(11):4401–7.

48. Sinha R, Fisch G, Teague B, et al. Prevalence of impaired
glucose tolerance among children and adolescents with
marked obesity. N Engl J Med. 2002;346(11):802–10.

49. Roh E, Song DK, Kim M-S. Emerging role of the brain in
the homeostatic regulation of energy and glucose metabo-
lism. Exp Mol Med. 2016;48(3):e216.

50. Attanasio AF, Mo D, Erfurth EM, et al. Prevalence of
metabolic syndrome in adult hypopituitary growth hormone
(GH)-deficient patients before and after GH replacement.
J Clin Endocrinol Metab. 2010;95(1):74–81.

51. Newman CB, Carmichael JD, Kleinberg DL. Effects of
low dose versus high dose human growth hormone on body
composition and lipids in adults with GH deficiency: a
meta-analysis of placebo-controlled randomized trials. Pi-
tuitary. 2015;18(3):297–305.

52. Riggs L, Piscione J, Laughlin S, et al. Exercise training for
neural recovery in a restricted sample of pediatric brain
tumor survivors: a controlled clinical trial with crossover of
training versus no training. Neuro Oncol. 2016;19(3):440–
50. doi:10.1093/neuonc/now177.

Address correspondence to:
Shoshana R. Rath, MBBS

Post Box 1219, Mitspeh Netofah
Lower Galillee 15295

Israel

E-mail: nooshirath@gmail.com

METABOLIC AND PSYCHOLOGICAL IMPACT OF EXERCISE INTERVENTION 9

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
es

te
rn

 A
us

tr
al

ia
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
25

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 




