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Abstract

Background
Exercise training is now accepted as a safe, adjunct therapy in stable heart failure patients.

Acceptance of exercise training or therapy within this population is due to the benefits that
have been demonstrated over the past three decades in trials and data syntheses presented
in systematic reviews and meta-analyses. As new concepts emerge and with an increase in
the number of trials comes the challenge of keeping up-to date with all the information,
deciphering what’s relevant, deciding how to interpret and apply the findings and what
should happen next. Fortunately, the research methodologies of systematic review and
meta-analysis provide a suitable platform for collecting, analysing and critically appraising

studies.

Methods
An initial evidence mapping exercise identified the current level of research activity in

regard to the synthesis of evidence focusing on the broad question of the benefits and/or
effects of exercise training in heart failure patients. The objective of the exercise was to
identify gaps in research synthesis and areas in which research synthesis would be valuable.
A series of research syntheses were then conducted based on the identified gaps, using
systematic reviews as the research methodology, and applying the statistical technique of

meta-analysis where possible.

Results
While some of the effects of exercise training are now well established, e.g., improved

functional capacity and quality of life, new trials and new concepts continue to emerge.
Evidencing mapping highlighted a number of areas in which research synthesis was limited
or out dated. The identified areas addressed the effect of exercise training on specific areas
of cardiac, autonomic and systemic inflammatory markers in chronic heart failure patients;
all associated with the pathogenesis and progression of heart failure. Evidence from
systematic reviews and meta-analyses demonstrated that exercise training/therapy resulted
in statistically significant improvements in: 1) endothelial function (FMD and EPCs), 2) direct

(MSNA) and indirect (HRR, HRV) measures of autonomic function, 3) cardiac biomarkers



(BNP, NT-proBNP) and 4) diastolic function, measured as E/E’. However, the evidence for
improvements in a number of inflammatory markers was inconclusive, and limited evidence
is currently available to allow for any conclusion to be drawn on the effect of exercise on

emerging heart failure biomarkers.

Conclusion

This thesis utilised systematic reviews and meta-analyses as the research methodology to
answer questions in relation to exercise training in heart failure patients. This work adds to
the current evidence base by providing a robust synthesis of data in regard to effects of
exercise training and therapy on endothelial function, autonomic function, inflammatory

markers, biomarkers and diastolic function in heart failure patients.



1 Chapter 1 Introduction - Thesis Overview

Heart Failure remains a worldwide leading cause of morbidity and mortality, with significant
social and financial consequences. While there is no cure for heart failure, pharmacological
therapy is the mainstay of treatment for heart failure patients. However, exercise training is
now a recommendation in numerous countries and several published guidelines exist to
inform exercise prescription. Due to its ability to improve functional capacity, symptoms and
reduce risk of hospitalisation, the most recent European Society of Cardiology (ESC)
guidelines for diagnosis and treatment of chronic heart failure identify aerobic exercise
training as a Class 1A recommendation in stable heart failure patients (Ponikowski et al.,

2016).

Over the past three decades the amount of research in this area has expanded. Given that
we are still learning about the pathophysiology of this complex syndrome, studies will
continue to emerge and at a more rapid pace, adding to and strengthening current evidence
or refuting previous evidence. As the volume of studies increases, the garnishing of relevant
and useful information becomes a time consuming task for those involved in patient
management. Fortunately, methods exist by which information can be accumulated and
data from studies combined, allowing us to evaluate the effect of these interventions,
thereby providing evidence to inform decisions. Additionally, reviews and analyses
combining a number of studies at one time aid in the identification of areas that require
more research, in order to consolidate, strengthen or clarify particular areas of already

existing evidence. Systematic review and meta-analyses allow us to do these things.

This thesis had two main aims:

1) Firstly to identify the current level of systematic review and meta-analysis
research activity dealing with the benefits and/or effects of exercise training;
informing research synthesis gaps; and

2) To undertake research synthesis using systematic review as the research

methodology and where appropriate apply meta-analysis to determine an effect



size, based on the identified areas considered a valuable addition to the current

literature.

Literature Review - Chapter 2

Chapter two provides a brief overview of the burden, diagnosis, pathophysiology and
treatment of chronic heart failure. A brief history of exercise training in heart failure
patients is presented. An overview of systematic reviews and meta-analyses in this area
was conducted via evidence mapping to determine the research activity within this area. As
a result of the information garnished from the evidence map and the identified gaps,
research questions were formulated upon which the remaining chapters of this work are
based. Chapters 3 to 9 are a series of studies using systematic reviews and meta-analysis as

the research methodology (Figure 1).
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Peer reviewed publication - Chapter 3 - Effect of exercise training on endothelial function

in heart failure patients: a systematic review meta-analysis

Pearson, M. J., & Smart, N. A. (2017). Effect of exercise training on endothelial function in
heart failure patients: a systematic review meta-analysis. International Journal of

Cardiology, 231, 234-243, https://doi.org/10.1016/].ijcard.2016.12.145

Endothelial dysfunction is associated with the pathogenesis and progression of heart failure.
The endothelium plays a major role in the regulation of vascular homeostasis and exercise
training has demonstrated improvements in endothelial function across different
populations. A number of studies have now investigated endothelial function and exercise in
heart failure patients. This chapter is a systematic review and meta-analysis conducted to

answer the following questions:

Research questions and aims
a. Does exercise training improve endothelial function in heart failure patients with
reduced ejection fractions? If so, can the improvement be quantified?
b. Does exercise training promote mobilisation of endothelial progenitor cells (EPCs) in

this population?

Peer reviewed publication - Chapter 4 - Aerobic Training Intensity for Improved

Endothelial Function in Heart Failure Patients: A Systematic Review and Meta-Analysis.

Pearson, M. )., & Smart, N. A. (2017). Aerobic Training Intensity for Improved Endothelial
Function in Heart Failure Patients: A Systematic Review and Meta-Analysis
Cardiology Research and Practice, 2017. Article ID 2450202.
https://doi.org/10.1155/2017/2450202

Identification of training characteristics which produce the most optimal benefits is an ever

expanding area of research and this is no different in the heart failure setting. While all


https://doi.org/10.1016/j.ijcard.2016.12.145
https://doi.org/10.1155/2017/2450202

training characteristics will influence results to some degree, the area of training intensity in
cardiac rehabilitation has received increased attention over the last decade. In light of the
findings of the results on improved endothelial function in chapter 3, this chapter is a

systematic review and meta-analysis conducted to answer the following questions:

Research questions and aims
a. Is there an optimal training intensity for the improvement of endothelial function in

heart failure patients with reduced ejection fractions?

Peer reviewed publication - Chapter 5 - Exercise therapy and autonomic function in heart

failure patients: a systematic review and meta-analysis.

Pearson, M. J., & Smart, N. A. (2018). Exercise therapy and autonomic function in heart
failure patients: a systematic review and meta-analysis. Heart Failure Reviews, 23(1),

91-108. https://doi.org/10.1007/s10741-017-9662-7

Autonomic imbalance, reflected by increased Sympathetic Nervous System (SNS) activity
and reduced Parasympathetic Nervous System (PNS) activity, is a hallmark of heart failure. A
number of different tools, providing a range of indices, are utilised to access autonomic
function. This chapter is a systematic review and meta-analysis conducted to answer the

following questions:

Research questions and aims
a. What evidence exists for improved heart rate recovery (HRR) from exercise training
in heart failure patients? Can the level of improvement be quantified?
b. What evidence exists for improved heart rate variability (HRV) from exercise training
in heart failure patients? Can the level of improvement be quantified?
c. What evidence exists for improved muscle sympathetic nerve activity (MSNA) in
heart failure patients? Can the level of improvement be quantified?

d. Does exercise training improve autonomic balance in patients with heart failure?


https://doi.org/10.1007/s10741-017-9662-z

Peer reviewed publication - Chapter 6 - Effect of aerobic and resistance training on

inflammatory markers in heart failure patients: systematic review and meta-analysis.

Pearson, M. J.,, Mungovan, S. F., & Smart, N. A. (2018). Effect of aerobic and resistance
training on inflammatory markers in heart failure patients: systematic review and
meta-analysis. Heart Failure Reviews, 23(2), 209-223.
https://doi.org/10.1007/s10741-018-9677-0

Heart failure is characterised by increased levels of pro-inflammatory markers and exercise
is widely considered to have an “anti-inflammatory” effect. This chapter is a systematic

review and meta-analysis conducted to answer the following questions:

Research questions and aims

a. Have the latest training studies helped clarify the effect of exercise training on
circulating pro-inflammatory cytokines Tumor Necrosis Factor alpha (TNF-a) and
Interleukin 6 (IL-6) in heart failure patients?

b. To what extent, if any, can aerobic and resistance training improve circulating levels
of TNF-a and IL-6 in heart failure patients?

c. To what extent, if any, can aerobic and resistance training improve acute-phase
reactants, C-reactive protein (CRP) and Fibrinogen in heart failure patients?

d. To what extent, if any, can aerobic and resistance training improve the adhesion
molecules, vascular adhesion molecule (VCAM) and intercellular adhesion molecule

(ICAM) in heart failure patients?


https://doi.org/10.1007/s10741-018-9677-0

Peer reviewed publication - Chapter 7 - Effect of exercise therapy on established and
emerging circulating biomarkers in heart failure patients: A systematic review and meta-

analysis.

Pearson, M. J,, King, N., & Smart, N. A. (2018). Effect of exercise therapy on established and
emerging circulating biomarkers in heart failure patients: A systematic review and

meta-analysis. Open Heart http://dx.doi.org/10.1136/openhrt2018-000819

Levels of circulating biomarkers are important in the diagnosis and risk stratification of heart
failure patients. However, the role of biomarkers has evolved over the last decade with the
discovery and emergence of “new” biomarkers aiding in our understanding of the numerous
pathophysiological pathways involved in heart failure. It is suggested that biomarker profiles
may be effective in improving and guiding treatment strategies. This chapter is a systematic

review and meta-analysis conducted to answer the following questions:

Research questions and aims
a. Have the more recent exercise training studies strengthened the evidence for
improvements in traditional heart failure biomarkers, BNP and NT-proBNP?
b. To what extent do traditional and non-traditional modes of exercise training improve
BNP and NT-proBNP in heart failure patients?
c. Can exercise therapy improve the levels of emerging heart failure biomarkers that

reflect different pathophysiological pathways?

Peer reviewed publication - Chapter 8 - Effect of exercise on diastolic function in heart

failure patients: a systematic review and meta-analysis.

Pearson, M. J., Mungovan, S. F., & Smart, N. A. (2017). Effect of exercise on diastolic
function in heart failure patients: a systematic review and meta-analysis. Heart

Failure Reviews, 22(2), 229-242. https://doi.org/10.1007/s10741-017-9600-0

Diastolic dysfunction is associated with the development and progression of heart failure.

While most frequently referred to in the context of patients with preserved ejection
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http://dx.doi.org/10.1136/openhrt2018-000819
https://doi.org/10.1007/s10741-017-9600-0

fraction, diastolic dysfunction often coexists with systolic function and is hence evident in
patients with reduced ejection fractions. This chapter is a systematic review and meta-

analysis conducted to answer the following questions:

Research questions and aims
a. What evidence exists for the use of exercise training to improve diastolic function in
heart failure patients with reduced ejection fractions?
b. What evidence exists for the use of exercise training to improve diastolic function in

heart failure patients with preserved ejection fractions?

Peer reviewed publication - Chapter 9 - Reported methods for handling missing change
standard deviations in meta-analyses of exercise therapy interventions in patients with

heart failure: a systematic review

Pearson, M.J., & Smart, N.A. (2018). Reported methods for handling missing change
standard deviations in meta-analyses of exercise therapy interventions in patients
with heart failure: a systematic review. Submitted to PLOS ONE 25" May 2018 -

Under review

During the research and writing of this thesis a number of issues arose which created
difficulties. The most common issue encountered throughout the series of analyses was the
absence of a reported change in standard deviation. This chapter is a review of current
methods reported and utilised in heart failure and exercise training studies to deal with

missing change standard deviations when these cannot be obtained directly from authors.

Research questions and aims
a. What methods are currently reported by researchers performing meta-analyses, to
deal with missing change standard deviations?
b. What methods are currently utilised by researchers performing meta-analyses, to

impute a change in standard deviation?
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c. Isthere any consistency in standard deviation imputation in current heart failure and

exercise meta-analyses?

Conclusion - Chapter 10

This chapter brings together the findings from all manuscripts within this thesis. Systematic
reviews synthesise results from all studies that fit the stated inclusion criteria, and where
possible meta-analyses provide statistical analysis, in an effort to provide quality evidence
that can guide clinicians and shape future research. Results from the manuscripts in this
thesis add to the current evidence base for exercise training in heart failure patients.
Furthermore, they highlight the need and importance of updating previously published
evidence, as new studies and new research methodologies applied in studies can change the

conclusion of a review.
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2.1

Chapter 2 - Literature Review

Introduction

The following is a brief overview of the burden, diagnosis, classification,

pathophysiology and current treatment of chronic heart failure.

2.1.1 Epidemiology and Burden of Heart Failure

Heart failure is a major global health problem. Worldwide it is estimated to affect
37.7 million people (Ziaeian & Fonarow, 2016). The lifetime risk of developing heart
failure is 20% and even greater in people with hypertension (Metra & Teerlink,
2017). Despite improvements in therapy, mortality rates and hospitalisation remain
high (Ponikowski et al., 2016). Currently the majority of incidence and prevalence
data comes from North America and Europe, with an estimated prevalence of 1-2%
of the adult population (Ponikowski et al., 2016). In the United States of America
(USA) approximately 960,000 new cases of heart failure are diagnosed per year and
an estimated 6.5 million adults live with heart failure (Benjamin et al., 2017). This is
projected to increase to more than 8 million by 2030 (Benjamin et al., 2017).
Concurrently, the cost associated with heart failure is expected to rise, increasing
from $30.7 billion in 2012, of which 68% is attributable to direct medical costs, to an
estimated $69.7 billion in 2030 (Heidenreich et al, 2013). In the USA one in eight
deaths had heart failure mentioned on the death certificate in 2014 (Benjamin et al.,
2017). Previous global estimates published in 2014, put the cost of heart failure at
$108 billion per year, a value which will undoubtedly rise (Cook, Cole, Asaria,

Jabbour & Francis, 2014).

The picture in Australia is similar, with the estimated prevalence of heart failure
ranging from 1-2% (Sahle, Owen, Mutowo, Krum & Reid, 2016). Prevalence however,
increases with age, is higher in indigenous Australians and greater in rural and

remote locations (Sahle et al., 2016). However, while the 2014-2015 National Health

12



Survey by the Australian Bureau of Statistics estimated that 111,000 adult
Australians were living with heart failure, this is based on self-reported data, which
likely underestimates the true burden of the disease (Australian Institute of Health
and Welfare, 2017). In fact, comprehensive data to describe the burden of heart
failure in Australia is lacking (Chan et al., 2016a). Most recently it was estimated that
in excess of 67,000 Australian adults 45 years of age or older are diagnosed with
heart failure every year and that an estimated 511,000 Australians (~2.1%
population) are currently living with heart failure (Chen, Booley, Keates & Stewart,
2017). However, this estimate is for heart failure patients with reduced ejection
fraction. It is estimated that a further 536,000 have heart failure with preserved
ejection fraction (Chen et al., 2017). Currently it is estimated that 61,000 deaths per
year are heart failure related (Chen et al., 2017). With an estimated number of
hospital admissions in excess of 158,000, equating to more than 1.1 million days in
hospital per year, the estimated annual community and in-patient health costs of
heart failure in Australia are AUD $3.1 billion (Chen et al., 2017). With a predicted
increase in the next 10-15 years of the number of patients living with heart failure to
750,000, the cost is predicted to increase to an estimated AUD $3.8 billion per

annum (Chan et al., 2016a).

2.1.2 Definition, Diagnosis and Classification

Chronic heart failure is a complex clinical syndrome with typical signs and symptoms
that occur at rest or during exertion (Ponikowski et al., 2016). It is the result of
structural and/or functional cardiac abnormalities, impairing the heart’s ability to fill
with blood at normal pressure or eject sufficient blood to support the body’s
physiological needs (Ponikowski et al., 2016; Yancy et al., 2013). While it is defined
by typical symptoms, quite often these are non-specific (Ponikowski et al., 2016).
The cardinal symptoms of heart failure are dyspnoea, fatigue and exercise
intolerance (Yancy et al.,, 2013). In heart failure patients, exercise tolerance,
measured as peak oxygen uptake (VOazpeak) is approximately 35% lower than in

healthy individuals (Tucker et al., 2018) and peak VO, is an independent predictor of
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prognosis (Alba et al., 2016). As heart failure progresses, these symptoms impact on
the ability to perform activities of daily living (ADLs) and contribute to poor quality of
life. The condition is considered one of complexity given its impact on multiple

organs within the body.

A heart failure diagnosis is based on the clinical assessment of the patient’s medical
history, signs (e.g., elevated jugular venous pressure, peripheral oedema, tissue
wasting) and symptoms (e.g., breathlessness, fatigue, ankle swelling, orthopnea),
and a number of medical and imaging investigations including assessment of
natriuretic peptides (NPs), electrocardiogram (ECG) and echocardiography
(Ponikowski et al., 2016). The updated 2016 ESC Guidelines (Ponikowski et al., 2016)
provide an algorithm for the diagnosis of heart failure in the non-acute setting
outlining tests and when these should be utilised. Application of the ESC criteria,
further establishes the type of heart failure based on the results of investigations,
with heart failure phenotypes primarily described according to left ventricular

ejection fraction (LVEF).

Formerly known as systolic heart failure, heart failure with reduced ejection fraction
(HFrEF) is defined by signs and symptoms and a LVEF of <40% (Ponikowski et al.,
2016). Heart failure with normal or preserved ejection fraction (HFpEF), formerly
known as diastolic heart failure, is defined by the presence of signs and symptoms
of heart failure, a LVEF of 250%, elevated levels of NPs (BNP and/or NT-proBNP) and
evidence of relevant structural heart disease or diastolic dysfunction (Ponikowski et
al., 2016). The key structural alterations are: left ventricular hypertrophy, increased
left ventricular mass index or left atrial volume index, with an increased E/E’ ratio
and E’ as the main functional alterations (Ponikowski et al., 2016). However, timely
diagnosis of HFpEF remains a challenge (Ponikowski et al., 2016) and comorbidities
can be a confounder in the diagnosis. The recent 2016 ESC guidelines introduced a
new classification, heart failure with mid-range ejection fraction (HFmrEF), defined
as signs and symptoms of heart failure with a LVEF of 40-49%, elevated levels of NPs
and either relevant structural heart disease or diastolic dysfunction as per HFpEF

(Ponikowski et al., 2016). While not defined as a separate phenotype in the USA

14



guidelines (ACCF/AHA), it is stated that the characteristics and treatment patterns in
this population (LVEF 41-49%) represent an intermediate group (Yancy et al., 2013).
However, whether HFmrEF is a distinct clinical entity is currently a matter of debate

(Rickenbacher et al., 2017).

In addition to defining and classifying heart failure according to LVEF, heart failure is
also classified according to the level of severity of symptoms. The New York Heart
Association (NYHA) functional classification table is the most commonly used
method to grade the severity of heart failure. Categorising patients into one of four
classes according to functional limitations, with severity ranging from asymptomatic
(NYHA Class I; ordinary physical activity does not cause undue fatigue, dyspnoea or
palpitations) to severe (NYHA Class IV; symptoms of heart failure present even at

rest, mostly bedbound) (Yancy et al., 2013).

2.1.3 Aetiology and Pathophysiology

The aetiologies of heart failure are quiet diverse, with structural and/or functional
changes resulting from a myriad of causes and events (Yancy et al., 2013; Ponikowski
et al.,, 2016). Many patients with chronic heart failure have a history of coronary
artery disease, hypertension, cardiomyopathies, valve disease or a combination
(Metra & Teerlink, 2017). Additionally, many people with heart failure have

comorbid conditions.

Traditionally heart failure was considered to be purely a hemodynamic disorder (Van
Linthout & Tschope, 2017). However, over the past few decades our understanding
of the development and progression of heart failure has significantly improved and a
number of pathophysiological models or “hypotheses” have emerged (Braunwald,
2013). However, no single model has been able to fully explain the
pathophysiological mechanisms. Therefore, it is now accepted that heart failure is a
complex multifactorial syndrome involving different pathways and pathological

processes (Chow et al., 2017), with adaptations involving many body organs and
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systems, including cardiovascular, neuroendocrine, musculature, renal, hemostatic,

immune and inflammatory responses (Piepoli & Coats, 2013).

HFrEF

After the initial myocardial injury or stress, the pumping capacity of the heart is
impaired, however, a number of compensatory mechanisms are activated to restore
cardiovascular homeostasis (Hartupee & Mann, 2017). To date the main
compensatory mechanisms described involve neurohormonal adaptations, which
include activation of the sympathetic nervous system (SNS) and renin-angiotensin
aldosterone systems (RAAS); increased secretion of natriuretic peptides (NPs),
antidiuretic hormone and endothelin; alterations in nitric oxide (Hartupee & Mann,
2017) and inflammatory mediators (Mann, 2015). In the short-term compensatory
mechanisms help to restore cardiac output by increasing heart rate, cardiac
contractility, vascular resistance and renal sodium and fluid retention (Hartupee &
Mann, 2017). Therefore, these mechanisms are initially beneficial; however a
sustained response leads to further damage to the heart, kidneys and peripheral
vasculature (Hartupee & Mann, 2017). The structural changes occurring in response
to cardiomyocyte loss and increased neurohormonal activation are referred to as left
ventricular remodelling (Metra & Teerlink, 2017) and these changes further

contribute to disease progression (Hartupee & Mann, 2017).

The nature of heart failure does not lend itself to one single pathophysiological
model. However, in HFrEF the predominant mechanism leading to left ventricular
remodelling is considered to be the result of the progressive loss of cardiomyocytes
due to various modes of cell death and increased myocardial strain (Paulus &
Tschope, 2013), with neurohormonal activation and eccentric remodelling
dominating the pathophysiology after an initial myocardial insult (Shah, 2017).
Furthermore, heart failure severity and clinical prognosis have been correlated with
neurohormonal activity (Hartupee & Mann, 2017; Florea & Cohn, 2014). The role of
neurohormonal mechanisms in HFrEF is evident with pharmacological treatment in
HFrEF targeting inhibition of SNS and RAAS, with demonstrated improvements in

morbidity and mortality (Ponikowski et al., 2016).
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HFpEF

About 50% of patients with heart failure have HFpEF and it is more prevalent in
older, female patients (van Heerebeek & Paulus, 2016). Although diastolic
dysfunction (impaired relaxation and increased diastolic stiffness) is the most
prevalent and typical pathophysiological finding in HFpEF patients (van Heerebeek &
Paulus, 2016), it is now recognised as a far more complex syndrome associated with
multiple cardiac, vascular and non-cardiac factors (Borlaug, 2014; Borlaug 2016).
Other contenders in the pathophysiology of HFpEF are: impaired systolic reserve
function, abnormal ventricular-arterial coupling, chronotropic incompetence,
inflammation, endothelial dysfunction, pulmonary arterial hypertension, renal
insufficiency and altered myocardial energetics and skeletal muscle metabolism and
perfusion (Borlaug, 2016; Shah, Katz & Deo, 2014). However, HFpEF is a highly

heterogeneous syndrome and its pathophysiology is still not completely understood.

Traditionally, the pathophysiology of HFpEF was attributed to hypertensive left
ventricular remodelling, with pressure overload leading to concentric hypertrophy,
diastolic dysfunction and fibrosis (Redfield, 2016). However, in HFpEF there exists a
high prevalence of cardiovascular and non-cardiovascular comorbidities, with
systemic inflammation and endothelial dysfunction hallmarks of these comorbidities
(van Heerebeek & Paulus, 2016). In 2013, a novel paradigm of HFpEF proposed that
myocardial remodelling and associated dysfunction is driven by comorbidities (e.g.,
obesity, hypertension, diabetes mellitus, metabolic syndrome, COPD and iron
deficiency), which induce a systemic pro-inflammatory state, oxidative stress,
microvascular and endothelial dysfunction (Paulus & Tschépe, 2013). This cascade of
events leads to myocardial and vascular stiffness (Giamouzis, Schelbert & Butler,
2016). Systemic inflammation is evident from elevated levels of inflammatory
biomarkers, and the chronic inflammation affects not only the myocardium, but
skeletal muscles, lungs and kidneys leading to diverse HFpEF phenotypes (Shah et al.,
2016). The mechanisms leading from the pro-inflammatory state to myocardial
fibrosis also promote arterial stiffening (Samson, Jaiswal, Ennezat, Cassidy & Le

Jemtel, 2016). Furthermore, the high-incidence of HFpEF among the elderly
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highlights age as a risk factors for HFpEF, with age-related increases in arterial
stiffness likely a trigger for left ventricular remodelling (Samson et al., 2016). Given
the heterogeneity of the HFpEF population it is likely a number of pathophysiological

abnormalities support a multifactorial aetiology (Zakeri & Cowie, 2018).

Currently, it is estimated that approximately up to 20% of patients have HFmrEF
(Nauta et al., 2017). However, at this point in time with the limited data available,
the underlying pathophysiology of HFmrEF is still not completely elucidated (Nauta
et al., 2017). The establishment of this new category has stimulated research into
characteristics, pathophysiology and treatment for patients (Rickenbacher et al.,
2017). However, emerging data is inconsistent as to whether HFmrEF is closer to
HFrEF or HFpEF (Lund et al., 2018). Patients with HFmrEF have a high prevalence of
Ischemic heart disease and therefore in terms of aetiology are more similar to HFrEF

than HFpEF (Nauta et al., 2017).

Simplistically, in HFrEF, a direct sudden insult triggers cardiomyocyte damage and
loss, and a neurohormonal cascade, however, HFpEF is considered a slower
progressive process driven by age and comorbidities (Lourenco et al., 2018).
Regardless of HF phenotype, neurohormonal activation (including autonomic
dysfunction, with increased SNS activity), inflammation and endothelial dysfunction
are involved in the pathophysiology of HF, however, the role each plays likely differs
according to phenotype (Giamouzis et al., 2016; Van Linthout & Tschope, 2017,
Verloop et al., 2015), in addition to possible differing roles in “sub phenotypes” in

HFpEF (Shah et al., 2016; Samson et al., 2016)

Overall, a number of mechanisms and pathways operating at varying levels (e.g.,
cellular, molecular) are involved in the development and progression of heart failure.
Fortunately, biomarker research has improved our understanding of the
pathophysiology of heart failure, with biomarkers classified according to the
associated pathophysiological processes; e.g., biomarkers of myocardial stretch,
myocyte injury, fibrosis, matrix remodelling, inflammation, oxidative stress,

neurohumoral activation and renal dysfunction (Correale et al., 2018). This
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classification of biomarkers also helps distinguish the pathophysiological differences
between heart failure phenotypes (Tromp et al.,, 2017; Sanders-van Wijk et al.,
2015). The importance of biomarkers in the heart failure setting is evidenced by their
recommended use in heart failure guidelines (Ponikowski et al., 2016; Yancy et al.,
2013, Yancy et al., 2017), with BNP and/or NT-proBNP the “gold standard”
biomarkers. Not only providing diagnostic information, they also provide important
clinical information in regard to heart failure severity, risk stratification and
prognosis (Correale et al., 2018). Furthermore, biomarker profiles which provide a
more in-depth knowledge of the pathophysiology may prove beneficial in guiding

heart failure therapy (Correale et al., 2018).

2.1.4 Heart Failure Management

Current heart failure management involves pharmacological and non-
pharmacological therapies. The aim of treatment is to improve clinical status,
symptoms, quality of life and survival time and reduce hospitalisation (Ponikowski et
al., 2016). In patients with HFrEF, mortality and morbidity are improved with
pharmacological therapies, including, angiotensin-converting enzyme inhibitors
(ACEls), beta-blockers (B-blockers) and mineralocorticoid receptor antagonists
(MRAs), while diuretics may reduce congestion (Ponikowski et al., 2016). However,
in HFpEF evidence of reduced mortality and hospitalisation from pharmacological
therapy remains unclear. While to date no pharmacological therapies in HFpEF have
convincingly demonstrated improvements in morbidity or mortality (Ponikowski et
al., 2016), meta-analyses of pharmacological trials have demonstrated
improvements in clinical and surrogate endpoints from a number of drugs (Tschépe
et al, 2018) including beta-blockers and MRAs (Bonsu, Arunmanakul,
Chaiyakunapruk, 2018; Zheng et al., 2018). Hence, treatment strategies currently
focus on relief of symptoms, improving quality of life and management of risk factors
and comorbidities (Tschope et al., 2018). Furthermore, given HFpEF is a highly

heterogeneous syndrome, management and treatment strategies require an
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2.2

individualised approach based on the specific HFpEF phenotype (Tschope et al.,
2018).

Non-pharmacological management of heart failure focusing on lifestyle changes and
exercise training is recommended regardless of heart failure phenotype (Ponikowski
et al., 2016; Yancy et al.,, 2013). Medical devices and surgical therapies are also
utilised in the management of heart failure and include implantable cardiac
defibrillators, cardiac resynchronisation therapy, left ventricular assistive devices,

and heart transplantation (Ponikowski et al., 2016; Yancy et al., 2013).

Exercise Training and Heart Failure

While pharmacological therapy is the mainstay of treatment for heart failure
patients, exercise training is now widely considered a safe, adjunct treatment in
stable heart failure patients. The most recent ESC guidelines for diagnosis and
treatment of chronic heart failure identify aerobic exercise training as a Class 1A

recommendation in stable heart failure patients (Ponikowski et al., 2016).

2.2.1 History

Avoidance of physical activity and bed rest were initially prescribed for heart failure
patients due to concerns it would worsen cardiac function further reducing exercise
capacity and quality of life. In 1988, Sullivan and colleagues reported improved
exercise tolerance in addition to a number of other physiological improvements,
after training in a small cohort (n=12) of chronic heart failure patients. Not long
after, Coats and colleagues (1990) reported on the results of a prospective controlled
trial. Using a crossover design, eleven patients completed eight weeks of home-
based aerobic training and eight weeks of restricted activity. Exercise training was
not only safe, with no recorded adverse events, but it improved exercise duration,
VOypeak, and heart failure related symptoms (Coats, Adamopoulos, Meyer, Conway &
Sleight, 1990). In 1999, Belardinelli and colleagues published the first study

demonstrating improved prognosis in heart failure patients after cardiac

20



rehabilitation. Ninety-nine heart failure patients were randomised to training or no
training for 14 months. In addition to improved exercise capacity and quality of life
(Qol), exercise training was associated with lower mortality [RR 0.37 (95% Cl, 0.17 to
0.84), p=0.01] and lower rates of hospital readmission for heart failure [RR 0.29 (95%
Cl, 0.11 to 0.88), p=0.02] (Belardinelli, Georgiou, Cianci & Purcaro, 1999).

A common problem with the majority of studies investigating this population
however, relates to the small sample sizes. To date the largest exercising training
study in heart failure patients is the HF-ACTION Trial (Heart Failure: A Controlled Trial
Investigating Outcomes of Exercise) (Whellan et al.,, 2007); a large (n=2331)
multicentre trial designed to assess the efficacy and long term safety of aerobic
training in participants with an LVEF<35%. Patients were randomised to usual care or
usual care plus 36 supervised aerobic sessions followed by home-based training. The
median follow-up time was 30 months and initial results failed to produce any
significant findings in regard to mortality or hospitalisation. However, after
adjustments for prognostic factors, exercise training was associated with modest but
significant reductions in all-cause mortality and hospitalisation as well as
cardiovascular mortality and heart failure hospitalisation (O’Connor et al., 2009).
Furthermore, at both three and 12 months VOjpeak demonstrated modest but
significant improvements (O’Connor et al., 2009). There have been a number of
ancillary studies from the HF-ACTION trial, with modest but significant
improvements observed in self-reported health status (Flynn et al., 2009), depressive
symptoms (Blumenthal et al., 2012) and global health status (Ambrosy et al., 2017)
in exercise training patients compared to usual care controls, although questions
remained as to whether the results were clinically meaningful . In another ancillary
study, Keteyian et al. (2012) reported that only a moderate level of exercise (3-7
MET hrs per week) was needed to obtain a clinical benefit. However, while
considered to provide strong evidence on the effects of exercise training due to its
design, the trial suffered from a number of limitations, including crossover of
patients between usual care and exercising groups, as well as issues with exercise
adherence (O’Connor et al., 2009; Flynn et al., 2009). These issues may have reduced

the potential benefits and needs to be considered when interpreting the results.
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Over the past three decades numerous trials of varying design have investigated the
effects of exercise training in this population. Furthermore, over the years our
understanding of the development and progression of heart failure has become
progressively clearer. With acknowledgement that heart failure is a multisystem
disorder involving not only the heart, but a number of organ systems and, due to the
fact that exercise training likely exerts its beneficial effects at different levels, studies
have investigated and analysed a diverse range of outcomes. These outcomes can be
categorised as clinical (e.g., mortality and morbidity, exercise or functional capacity),
physiological/pathophysiological (e.g., skeletal muscle function, vascular function,
inflammation, autonomic function) and psychological effects (e.g., quality of life,
depression). Trials and meta-analyses have consistently demonstrated that exercise
training improves functional capacity (VOgpeak) and quality of life across the heart
failure spectrum (Ismail, McFarlane, Nojoumian, Dieberg & Smart, 2013; Dieberg,
Ismail, Giallauria & Smart, 2015; Taylor et al., 2014). Furthermore, it appears that
there is a reduction in hospitalisation (Taylor et al., 2014). Trials to date have
demonstrated the responses and adaptations to exercise training in various organs
and systems with the general consensus that the benefits of exercise training are
due to central and peripheral adaptations and these underlie the improvements in
exercise capacity (Tucker et al.,, 2018). Over the years trials have demonstrated
improvements in cardiac output and stroke volume, attenuation of left ventricular
remodelling, and improvements in vascular and skeletal muscle function, with
associated improvements in blood flow and oxygen extraction (Tucker et al., 2018).
However, while these mechanisms are considered to mediate VO;peak improvements

in HFrEF the situation in HFpEF is not as clear (Tucker et al. 2018).

In understanding the current landscape of exercise training in heart failure, it is
important to recognise that the majority of trials to date are in patients with HFrEF
or an unspecified ejection fraction. Therefore while the evidence for exercise
training in HFrEF is well established, evidence in HFpEF is still emerging, with a
limited number of trials to date. However, meta-analyses (Chan, Giallauria, Vigorito

& Smart, 2016; Dieberg et al., 2015; Pandey et al., 2014) have consistently
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demonstrated improvements in VOypeak and quality of life. A limited number of other
trials have added to the HFpEF literature. Kitzman et al. (2016) considered the effect
of exercise and/or calorie restriction in obese HFpEF; demonstrating increased
VO,,eak With aerobic exercise or calorie restriction, however, the combination of diet
and exercise provided an additive benefit. In a small pilot study Angadi et al. (2014)
found that high-intensity interval training (HIIT) significantly improved VOjpeak
compared to moderate-continuous training. Improvements in diastolic function
measured as E/E’, the ratio of early mitral inflow velocity and mitral annular early

diastolic velocity (Edelmann et al., 2011; Fu et al., 2016), have also been observed.

2.2.2 Exercise Rehabilitation Practices and Guidelines

Over the years as the evidence from heart failure trials expanded a number of
recommendations and guidelines for exercise training in this population emerged.
Furthermore, as new and robust evidence emerges guidelines and recommendations
are updated. Based on the evidence to date, from individual studies and research
synthesis, exercise training for stable heart failure patients is currently
recommended by the ESC (Ponikowski et al., 2016) and ACC/AHA (Yancy et al., 2013)
guidelines (evidence 1A) in the treatment of chronic heart failure. Furthermore, a
number of exercise prescription guidelines for cardiac rehabilitation exist across the
world; some solely dedicated to heart failure cardiac rehabilitation (Price, Gordon,
Bird & Benson, 2016). Specific exercise guidelines for heart failure patients have
been issued by a number of authoritative organisations including, Exercise and
Sports Science Australia (ESSA), American Heart Association (AHA), European
Association of Cardiovascular Prevention and Rehabilitation (EACPR), Dutch Royal

Society of Physiotherapy (KNGF) and the Canadian Cardiovascular Society (CCS).

While aerobic training is recommended by all guidelines, currently there is no
universal agreement on the best modality of training in chronic heart failure
patients. Exercise prescription should therefore be individualised based on clinical
evaluation and consideration of patient preferences likely to have a positive impact

on exercise adherence. In Australia, the current ESSA position statement for exercise
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2.3

in stable chronic heart failure recommends that patients undertake low-to-moderate
intensity aerobic exercise on most days of the week (4-7 days per week) (Selig et al.,
2010). Prescription should be individualised and volume and intensity of training
should be based on the patients’ characteristics and the severity of the condition
(Selig et al., 2010). Aerobic training can be performed as continuous training or
interval training, with training duration and intensity progressed gradually according
to patient’s tolerance (Selig et al., 2010). Additionally, it is recommended that low-
to-moderate intensity resistance training is performed at least twice per week (Selig

et al., 2010).

Evidenced-based Medicine in Healthcare Interventions — Systematic Reviews and

Meta-analyses

Well-designed RCTs provide high quality evidence; however, single studies may be
unrepresentative of all the evidence (Murad et al., 2014). Therefore, by examining
the totality of evidence in a particular field with systematic reviews and meta-
analyses, a stronger, more comprehensive picture is provided (Gough, Oliver &
Thomas, 2017) and the overall usefulness of individual results is enhanced.
Furthermore, finding, appraising, interpreting and presenting all relevant available
evidence in relation to a particular topic or clinical question is a time consuming and
resource intensive task (Higgins & Green, 2011). Well-constructed systematic
reviews and meta-analyses are hallmarks of evidenced-based medicine. They play a
key role; helping inform clinical guidelines and practice (Liberati et al.,, 2009).
Furthermore, and as importantly, they assist in identifying knowledge gaps,

informing future research (Higgins & Green 2011; Shamseer et al., 2015).

The synthesis of research evidence is necessary to understand not only what we
know, but also how we know it (Gough et al., 2017). Systematic reviews can also
assist in reducing research waste; ensuring new primary research is only done with
full knowledge of what has preceded it and interpreted in the context of what is

already known (Chalmers et al., 2014). The importance of systematic reviews in
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healthcare is evidenced by the creation of international organisations, such as the
Cochrane Collaboration, the Joanna Briggs Institute and organisations actively
involved in contributing to the development of systematic reviews such as PRISMA,

Prospero and Equator.

Starting with a clearly defined question and following rigorous and robust research
methodology, systematic reviews bring together the evidence from all relevant
primary research, with a synthesis of findings and critical appraisal, resulting in a
new result and conclusion (Gough et al.,, 2017). The key characteristics of a
systematic review: clearly stated objectives and criteria, explicit and reproducible
methods, systematic searching, assessment of validity, and systematic presentation
and synthesis of studies and findings (Higgins & Green, 2011) are what define the
robustness of this type of research. In the same manner as is the case for a primary
research study, the research question(s) helps determine the appropriate method
for the systematic review. In the case of a research question about the effect of an
intervention, the methodology for data synthesis may involve combining studies for
statistical analysis, i.e., meta-analysis, in order to estimate an effect size (Higgins &

Green, 2011).

Karl Pearson (1904) is considered to have made the first formal attempt at
combining results of a medical intervention using a meta-analytic approach
(Gurevitch, Koricheva, Nakagawa & Stewart, 2018). However, the term meta-
analysis, was first coined by Glass in 1976, and was defined as “the statistical analysis
of a large collection of analysis results from individual studies for the purpose of
integrating the findings”. Simply, it's the statistical combination of results from
independent studies. This combination of individual study results leads to a pooled
result, and more specifically an estimated effect size (Borenstein, Hedges, Higgins &
Rothstein, 2011). In the case of a healthcare intervention, this effect size allows for
the interpretation of its effectiveness. By combining a number of studies, a meta-
analysis has the advantage of increasing precision and statistical power (Borenstein

et al., 2011; Higgins & Green, 2011). Furthermore it allows one to understand the

25



results of any one study in the context of all the other studies (Borenstein et al.,

2011).

Not only is the conduct of a new review and analysis of previously unsynthesised
evidence important, but updating of systematic reviews is also crucial. Data from
new studies can change the conclusion of a previous review, possibly impacting
clinical decisions, policy development and new research agendas (Garner et al.,
2016). Additionally, as new methodologies emerge, for example in statistical analysis

(meta-analysis), these too can impact previous conclusions (Garner et al., 2016).

24 Evidence Map of Systematic Reviews and Meta-analyses — Effects and/or benefits

of exercise training/therapy interventions in heart failure patients

An evidence map is an overview of the available research, examining the extent and
nature of research activity by identifying, organising and summarising evidence on a
broad topic (Miake-Lye, Hempel, Shanman & Shekelle, 2016). In addition to providing
a mechanism for summarising and disseminating research findings, a key focus is the
identification of research gaps in the existing literature prior to conducting a
systematic review and/or new research (Miake-Lye et al., 2016). Aspects detailed in

an evidence map will depend on the review question (Gough et al., 2017).

In 1998, the European Heart Failure Training Group conducted an “overview” of
studies, reviewing data from RCTs involving a total of 134 heart failure patients,
concluding that exercise training was safe and beneficial, with improvements in
exercise tolerance (Piepoli, Flather & Coats, 1998). While a number of review papers
began to emerge focusing on various aspects of exercise training and heart failure
(Afzal, Brawner & Keteyian, 1998; Coats, 1998; McKelvie et al., 1995), in what
appears to be the first review described and titled as a systematic review, Lloyd-
Williams and Colleagues in 2002 published “Exercise training and heart failure: a
systematic review of current evidence”. In the systematic review of trials carried out

between 1966 and December 2000, which totaled 31 (14 RCTs, 8 randomised
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crossover trials, 2 non-RCTs and 7 pre-post-test trials), the authors concluded that
short-term exercise training had physiological benefits and positive effects on quality
of life in selected subgroups of patients with chronic heart failure (Lloyd-Williams,
Mair & Leitner, 2002). Since 2002, systematic reviews have become a major
research methodology utilised to examine various aspect of exercise therapy in heart
failure patients and in 2004 the first Cochrane Review of Exercise-based
rehabilitation in heart failure was published (Rees, Taylor, Singh, Coats & Ebrahim,

2004).

Objective

The evidence map is based on an overview of systematic reviews and meta-analyses
of exercise therapy interventions in heart failure patients. The objective of the
mapping exercise was to determine what systematic reviews and meta-analyses
currently exist addressing the broad question of the benefits and/or effects of
exercise therapy in heart failure patients. The intent was to describe the main
outcomes addressed by these published systematic reviews and meta-analyses in
order to ascertain what research syntheses are lacking, and to aid in determining the

value of undertaking further systematic reviews and meta-analyses.

Method

A search of the Cochrane Database of Systematic Reviews, PubMed and EMBASE was

conducted for systematic reviews and meta-analyses related to exercise training and

heart failure using the following criteria.

> End search date 31* December 2016

» Publications must have identified themselves as a systematic review and/or
meta-analysis or indicated pooled analysis of data

» Systematic reviews and meta-analyses were only included if the sole focus was

heart failure patients
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» Systematic reviews and meta-analyses focused on the benefits and/or effects of
exercise therapy interventions
Exercise therapy included both traditional and non-traditional forms of exercise
» Systematic reviews and meta-analyses which included the analysis of other
interventions in addition to exercise therapy were not included in the evidence
map

» The search was limited to full-text articles available in English

Data Analysis

Tables and graphs are used to display the evidence map of systematic reviews and

meta-analyses.

Results

In total 55 systematic reviews and/or meta-analyses were identified. Forty five
systematic reviews with meta-analyses were identified (Table 1) and three
publications were individual patient data (IPD) analyses (Table 2). An additional
seven publications were systematic reviews without meta-analyses (Table 3). The

identified reviews and analyses were published between 2002 and 2016 (Figure 2).

Three of the included reviews were Cochrane Reviews. Overall, five reviews focussed
solely on HFpEF patients, four of which also included meta-analyses. Exercise
training within the various meta-analyses included the following exercise training
and therapy modalities:

Aerobic training; including aquatic (Hydrotherapy)

Endurance training

Resistance training

Yoga

Tai Chi

YV V V VY V

Functional Electrical Stimulation/Neuromuscular Electrical Stimulation
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» Inspiratory Muscle Training

» Combinations of one or more modalities

Figure 2 - Systematic Reviews and Meta-analyses by Publication date
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Year

The majority of systematic reviews that conducted meta-analyses only included
studies within the review that provided data suitable for quantitative analysis (data
pooling) of at least one of the stated review outcomes. However, a small number of
reviews did include studies that were only suitable for a qualitative analysis in
addition to studies suitable for meta-analyses. Where studies were not included in
any associated meta-analysis, a descriptive review and/or tabulated data was

generally provided.
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Table 1 — Characteristics of Systematic Reviews with Meta-analysis included in Evidence Map - as at 31°* December 2016

Author (year) Last search Study designs Total HF Intervention(s)/ Outcome analysed by Meta-Analysis (statistical analysis)
date in review n= phenotype'” Comparator (n= no. studies in pooled analysis of outcome)
Adsett (2015) Mar 2014 RCTs=5 156 HFrEF Aquatic vs. Land-based or VOjpeak (N=3), MWD (n=2) , Peak power (n=3)
Pre-Post =2 Usual Care or Self- Descriptive review of secondary outcomes (BP, HR, SV, CO, SVR,
Cohort =1 comparator LVEDV, BNP)
Chan (2016)b Sep 2015 RCTs =8 317 HFpEF Exercise vs. Usual Care VOypeak (N=5), VE/VCO; (n=4), HRyax (n=5), 6MWD (n=5),

Diastolic Function: E/A (n=4), E/E’ (n=5), DT (n=3), MLHFQ
(n=7), SF-36 (n=3)
Descriptive review of adverse events

Chen (2012)a Oct 2011 RCTs =15 813 HF Aerobic, Resistance or LVEF, EDV, ESV
Combined Aerobic/ Aerobic, Resistance & Combined: LVEF (n=15), EDV (n=15), ESV
Resistance (n=15)
vs. Usual Care Aerobic: LVEF (n=12), EDV (n=12), ESV (n=11)

Combined: LVEF (n=3), EDV (n=3), ESV (n=3)

Chen (2012)b Jun 2012 RCTs=4 296 HFrEF Combined Aerobic/ 6MWD (n=4)
Resistance
vs. Usual Care

Chen (2013)a Feb 2012 RCTs=4 106 HFrEF IMT vs. Placebo IMT or Submaximal Exercise Capacity (n=4)
Aerobic

Chen (2013)b Sep 2012 RCTs =7 530 HFrEF Aerobic, Resistance or All-cause Mortality (n=5), Hospitalisation (n=4), VO;pea (N=3),
Combined Aerobic/ 6MWD (n=6), QoL (n=5)

Resistance vs. Usual Care

Chien (2008) Jul 2006 RCTs =10 648 HFrEF Home-based Exercise vs. VOjpeak (N=7), MWD (n=5), QoL (n=3), Hospitalisations (n=2)
Usual Care or FES (n=1)

Cipriano (2014) Feb 2013 RCTs=9 408 HFrEF Aerobic vs. Usual Care V/VCO, (n=4), NT-proBNP (n=5)
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Cornelis (2016) Oct 2015 RCTs =20 811 HFrEF Interval vs. Interval/Strength  VO,pea, LVEF, LVEDD, MLHFQ, V¢/VCO,
Continuous vs. Interval vs. Interval/Strength: VOypeax (n=5), LVEF (n=1),
Continuous/Strength LVEDD (n=1)
Continuous vs. Interval Continuous vs. Continuous/Strength: VO, e (N=3),
Continuous vs. Strength Ve/VCO, (n=3), LVEF (n=3), LVEDD (n=2), MLHFQ (n=2)
Continuous vs. Interval: VOjpeqs (N=11), V¢/VCO, (n=7),
LVEF (n=6), LVEDD (n=4), MLHFQ,(n=4)
Continuous vs. Strength: VO, pea¢ (n=1)
Davies (2010)(1) Apr 2008 RCTs =19 3,647 HFrEF Exercise or Exercise as a All-cause Mortality <12 months FU (n=13), All-cause Mortality
component of Cardiac >12 months FU (n=4), Hospitalisation <12 months FU (n=8),
Rehabilitation vs. Usual Care  Hospitalisation > 12 months FU (n=4), Hospitalisations HF <12
or Placebo months FU (n=7)
MLHFQ (n=6), QoL (all scales n=10)
Descriptive review of cost effectiveness
Dieberg (2015) Oct 2014 RCTs=7 258 HFpEF Exercise vs. Usual Care VOypeak (N=4), Ve/VCO; (n=3), HRpax (n=4), MWD (n=5),
Diastolic Function: E/A (n=3), E/E’ (n=4), DT (n=3), MLHFQ
(n=6), SF-36 (n=2)
Descriptive review of adverse events
Haykowsky (2007) 2006 RCTs =14 812 HFrEF Aerobic and/or Resistance LVEF, EDV, ESV, VOypeak
vs. Usual Care Aerobic and/or Resistance: LVEF (n=14), EDV (n=7), ESV (n=7)
Aerobic: LVEF (n=9), EDV (n=5), ESV (n=5), VOypeak (n=9)
Resistance: LVEF (n=1)
Combined: LVEF (n=4), EDV (n=2), ESV (n=2)
Haykowsky (2013) 2012 RCTs=7 168 HFrEF Aerobic Interval vs. VOjpeak (N=7), LVEF (n=5)
Moderate Continuous
Hwang (2009) 2008 RCTs =19 1069  HFrEF Home-based Exercise vs. VOjpeak (N=16), BMWD (n=6), Exercise Time (n=7)
Usual Care
Hwang (2010) Sep 2009 RCTs =8 241 HFrEF Resistance vs. Usual LVEF, VOypeak, 6MWD, MLHFQ

Care/Sham
Combined Aerobic/
Resistance vs. Aerobic

Combined vs. Aerobic: LVEF (n=3), VO,peak (n=3),
Resistance vs. Usual: LVEF (n=1), VOypeax (N=4), 6MWD (n=2)
Combined vs. Resistance: MLHFQ (n=2)

31



Ismail (2014)(2) 2012 RCTs =47 4,383  HFrEF Aerobic vs. Usual Care VO,eak analysis by training characteristics (energy, frequency,
duration, intensity)
VOjpeak High (n=3), VO,peak Vigorous (n=26), VO,,e.c Moderate
(n=18), VOypeak Low (n=2)
Ismail (2013)a(2) 2012 RCTs =74 5,877 HFrEF Aerobic vs. Usual Care VO3peak High (n=3), VO, pea Vigorous (n=26), VO,,e.c Moderate
(High Intensity, Vigorous (n=18), VOypeak Low (n=2)
intensity, Moderate Descriptive and statistical analysis of adverse events,
Intensity and Low intensity)  withdrawals based on intensity of training
Ismail (2013)b 2011 RCTs =8 236 HFrEF Aerobic and/or Resistance VOspeak, MLHFQ, Ve/VCO,
(with and without B- Exercises vs. Usual (both groups using BB): VOjpea (N=6),
Blockers) vs. Usual Care Ve/VCO, (n=2), MLHFQ (n=2)
and/or Placebo & Exercise Exercise vs. BB Exercise: VOjpeak (N=2),
Exercise/Selective. BB vs. Exercise/Non-Sel. BB: VO;pea (N=2)
Descriptive review of adverse events
Jewiss (2016) May 2016 RCTs =27 2,321 HFrEF Resistance vs. Usual Care Mortality, Hospitalisation, VO;peak, LVEF, MLHFQ, SBP, 6MWD,
Combined Aerobic/ HR(est, HRpeak
Resistance vs. Usual Care Combined vs. Usual: Mortality (n=9), Hospitalisation (n=8),
Combined Aerobic/ VOjpeak (n=10), MWD (n=7), MLHFQ (n=10), LVEF (n=5), HReak
Resistance vs. Aerobic (n=4), SBP (n=3), HR s (n=3)
Resistance vs. Usual: VO,peak (N=4), MWD (n=2), HReak (n=3)
Combined vs. Aerobic: VO;pe, (N=6)
Lewinter (2015) Jan 2013 RCTs = 46 ? HF Aerobic and/or Resistance All-cause Mortality (n=21), Hospitalisation (n=12), Exercise

Training vs. Usual Care

Capacity (n=26)
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Montemezzo Aug 2013 RCTs =9 239 HF IMT vs. Sham/IMT or Usual MIP, Sustained MIP, VO;peak, Ve, 6MWD
(2014) Care Overall MIP (n=9)
Subgroup analysis: MIP (inspiratory muscle weakness n=4), MIP
(normal inspiratory muscle strength n=5), Sustained MIP (n=3),
6MWD (n=4)
Subgroup analysis: 6MWD (inspiratory muscle weakness n=1),
6MWD (normal inspiratory muscle strength n=3), VOypeax (n=4)
Subgroup analysis: VO, (inspiratory muscle weakness n=1),
VOpeak (normal inspiratory muscle strength n=3), V¢ (n=4)
Subgroup analysis: Vg (inspiratory muscle weakness n=1), V¢
(normal inspiratory muscle strength n=3)
Neto (2014)a Dec 2013 RCTs =2 59 HF Yoga vs. Usual Care VOjpeak (N=2), MLHFQ (n=2)
Neto (2014)b Aug 2013 RCTs=2 183 HF Dance vs. Usual Care VOypeak, QoL
Exercise vs. Dance Dance vs. Usual: VO,peac (N=2), QoL (n=2)
Dance vs. Exercise: VOpeq (N=2), QoL (n=2)
Neto (2015) May 2014 RCTs=6 129 HF Hydrotherapy vs. Usual Care  VOjpea, 6MWD, Muscle Strength, MLHFQ
Hydrotherapy vs. Aerobic Hydrotherapy vs. Usual: VO,,eak (n=2), MWD (n=2), Muscle
Strength (n=2), MLHFQ (n=2)
Hydrotherapy vs. Aerobic: VO,peqx (N=2)
Neto (2016)a Jul 2014 RCTs =13 406 HF NMES vs. Aerobic VOapeak, QoL, 6MWD, Muscle Strength, FMD, Depressive
NMES vs. Usual Care Symptoms
NMES vs. Aerobic: VO,peq (n=6), 6MWD (n=5), QoL (n=2)
NMES vs. Usual Care: VOjpeq (n=3), EBMWD (n=6), QoL (n=5),
Muscle strength (n=2), FMD (n=2), Depressive Symptoms (n=2)
Neto (2016)b Apr 2015 RCTs =3 89 HF IMT/Endurance vs. MLHFQ (n=3), Plyax (n=3), VO peak (n=3), Exercise Time (n=2)
Endurance
Neves (2014) Mar 2014 RCTs=9 347 HFrEF NMES vs. Usual Care VO3peaks VO241, HRpeak, Peak Workload

NMES vs. Exercise

NMES vs. Exercise: VOpeak (N=7), VO2a7 (N=4,) HRyeak(n=4), PW
(n=2)

NMES vs. Usual Care: VOjpeak (N=9), HRpeak (N=5) VO,a1 (n=5),
PW (n=3)
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Pan (2013) May 2012 RCTs =4 242 HFrEF Tai Chi & Tai Chi/Endurance  6MWD (n=3), MLHFQ (n=13) , NT-proBNP (n=2), SBP (n=2), DBP
vs. Usual Care or Endurance  (n=2), VOjpeqk (N=2)
Pandey (2014) NR RCTs=6 276 HFpEF Exercise Training vs. Usual VOapeak (n=4), MLHFQ (n=5), Diastolic Function: E/A (n=4), DT
Care (n=3), LVEF (n=5)
Plentz (2012) Jul 2011 RCTs =6 150 HF IMT vs. Placebo-IMT VOypeak (n=3), BMWD (n=3), MIP (n=6)
or Education
Rees (2004)(1) Mar 2001 RCTs =29 1126  HFrEF Exercise or Exercise as a 6MWD (n=8), VOypeak (n=24), Exercise Duration (n=15), Work
component of Cardiac Capacity (n=6), Mortality (n=1), Ml (n=1), Hospitalisation (n=1)
Rehabilitation vs. Usual Care  Descriptive/tabulated review of QoL
or Placebo
Sbruzzi (2010) Jan 2009 RCTs=7 224 HF FES vs. Aerobic or Usual VOypeak, Muscle Strength , 6MWD
Care, or Sham FES FES vs. Aerobic: VO,peak, (N=2), Muscle Strength (n=2), 6MWD
(n=5)
FES vs. Usual: VO,peak (n=2)
Smart (2004) Aug 2003 RCTs =30 2387  HFrEF RCTs- Exercise Training vs. Adverse Events (n=14), Mortality (n=11), Composite of Adverse
Non-RCTs =5 Non-exercising Controls Events and Deaths (n=17)
Crossover =9 Change in VO a4 via linear analysis (n=57)
Cohort =37
Smart (2010) Feb 2009 RCTs=9 463 HFrEF Aerobic and/or Resistance BNP (n=5), NT-pro-BNP (n=6)
Training vs. Usual Care
Smart (2013)a Oct 2011 RCTs =10 301 HF FES vs. Usual Care/Sham FES  VOjpeak , 6MWD, QoL
FES vs. Cycling FES vs. Usual: VOypeak (nN=3), BMWD (n=2), QoL (n=3),
Cycling vs. FES: VOypeak (N=5), 6MWD (n=5), QoL (n=2)
Descriptive review of adverse events/withdrawals
Smart (2013)b Feb 2012 RCTs=11 287 HF IMT vs. Usual Care or Sham-  VOjpeax (N=8), BMWD (n=7), V¢/VCO, (n=6), Plyax (N=9), MLHFQ

IMT

(n=4)
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Smart (2013)c Sep 2013 RCTs =13 446 HF Intermittent vs. Continuous  VOjpear, Ve/VCO,
Exercise, Combined Intermittent vs. Usual: VOypeak (1=7), Ve/VCO; (n=3)
Training, or Usual Care Intermittent vs. Combined: VOypeqk (N=4)
Intermittent vs. Continuous: VOypeak (n=5), V¢/VCO, (n=3)
Descriptive review of adverse events/withdrawals
Taylor (2012) Nov 2011 RCTs=3 228 HFpEF Aerobic and/or Resistance VOjpeak (N=4), MLHFQ (n=4), Diastolic Function: E/A (n=3), E/E’
Controlled =1 vs. Usual Care or Pre-Post (n=3), EDV (n=2), LVEF (n=3)
Pre-Post =1 Test Descriptive review of mortality, hospital admission, adverse
events and other QoL measures
Taylor (2014)(1) Jan 2013 RCTs =33 4,740 HF Exercise or Exercise as a All-cause Mortality <12 months FU (n=24), All-cause Mortality
[Sagar (2015)] component of Cardiac >12 months FU (n=6), Hospitalisation <12 months FU (n=15),
Rehabilitation vs. Usual care  Hospitalisation >12 months FU (n=5),
or intervention such as Hospitalisation HF only (n=12), MLHFQ <12 months FU [n=13),
education MLHFQ >12 months FU (n=3), MLHFQ + other QoL (n=21)
Descriptive review of cost and cost-effectiveness
Tu (2014) Aug 2013 RCTs =19 3,447 HF Exercise vs. Usual Care or Depression (various instruments combined n=16)
Placebo Educational Group Subgroup analyses for numerous characteristics with varying
no. of associated studies depending on characteristic.
Van der Meer Mar 2010 RCTs =22 3,826  HFrEF Aerobic and/or Resistance VOjmax (n=14), 6MWD (n=10), Workload,,,, (n=7), Duration
(2012) vs. Usual Care Maximal Cycle Test (n=8), MLHFQ (n=9)
Van Tol (2006) Oct 2004 RCTs =35 1,486 HFrEF Aerobic and/or Resistance VOypeak (n1=31), BMWD (n=15), AT (n=13), Watt (n=19), MLHFQ
vs. Usual Care (n=9)
Rest: DBP (n=7), SBP (n=11), EDV (n=9), ESV (n=7), LVEF (n=14),
HR (n=14), CO (n=4)
During maximum exercise: HR (n=18), SBP (n=10), DBP (n=4),
CO (n=3)
Vromen (2016) Apr 2015 RCTS =17 2935 HF Aerobic Training vs. Usual VOjpeak (N=17)
Care Meta-regression of training characteristics (n=17 for frequency,
duration, length, intensity, energy expenditure)
Zhang (2016) 2014 RCTs = 28 2533 HF Short-term Exercise (8-24 VO,max (N=16), SBP (n=5), CO (n=3) LVEF (n=5), HR (n=6), HRV

weeks) vs. Usual Care

(n=3), MLHFQ (n=4)
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Zwisler (2016) Dec 2015 RCTS =19 1290 HF Home-based Exercise vs. VOypeak, Combined Exercise Capacity, MLHFQ, All-cause

Usual Care Mortality, Hospitalisations, HF Hospitalisation
Home-based Exercise vs. Home vs. Usual: VO,peq, (N=10), Combined Exercise Capacity
Centre-based Exercise (n=18), MLHFQ (n=7), Mortality (n=12), Hospitalisation (n=4),

HF Hospitalisation (n=4), Study Completers (n=14)

Home vs. Centre: VOjpea, (N=3), Combined Exercise Capacity
(n=4), Mortality (n=3), HF Hospitalisation (n=1), Study
Completers (n=4)

Descriptive review of adherence and costs

AT: anaerobic threshold, BB: beta-blockers, BNP: B-type natriuretic peptide, CO: cardiac output, DBP: diastolic blood pressure, DT: deceleration time, E/A: ratio of early to late ventricular filing velocity, E/E’: mitral peak
velocity of early filling to early diastolic mitral annular velocity, EDV: end diastolic volume, ESV: end systolic volume, FES: functional electrical stimulation, FU: follow-up, HF: heart failure, HFpEF: heart failure preserved
ejection fraction, HFrEF: heart failure reduced ejection fraction, HR: heart rate, HRV: heart rate variability, IMT: inspiratory muscle training, LVEDD: left ventricular end diastolic diameter, LVEF: left ventricular ejection
fraction, MIP: maximal inspiratory pressure, MLHFQ: Minnesota living with heart failure questionnaire, NMES: neuromuscular electrical stimulation, NT-proBNP: N terminal portion of BNP, Pl.,: maximal inspiratory pressure,
PW: peak workload, QoL: quality of life, RCT: randomised controlled trial, SBP: systolic blood pressure, SF-36: short form health survey, SV: stroke volume, SVR: systemic vascular resistance, Vg: minute ventilation, Ve/VCO,:
ventilatory equivalent for carbon dioxide, VOy,eax: peak oxygen uptake, 6MWD: six minute walk distance, (1) Cochrane reviews, (2) Publications pooled same data, second publication is different analysis, * HF Phenotype — if
inclusion criteria of studies were specifically identified as HFpEF or HFrEF, if not then HF noted. Appendix Table 5 provides an update to the above with details of meta-analyses published between 1°* January 2017 and 30"
April 2018

Table 2 — Characteristics of Individual Patient Data Analysis included in Evidence Map - as at 31 December 2016

Author (year) Last study  Study Designs Total HF Intervention(s)/ Comparator  Outcome analysed by Data Pooling (statistical
date in Review n= phenotype analysis)
ExTraMATCH (2004) 2002 RCTs=9 801 HFrEF Exercise vs. Usual Care Mortality, Death/ Hospitalisation
Smart (2012) 2009 RCTs =10 565 HFrEF Aerobic Training BNP, NT-pro-BNP, VO,pe.x & Correlations
vs. Usual Care
Smart (2011)a 2008 RCTs=1 106 HFrEF Exercise TNF-a, IL-6

Pre-Post-test =3

BNP: B-type natriuretic peptide, HFrEF: heart failure reduced ejection fraction, IL-6: interleukin 6, NT-proBNP: N terminal portion of BNP, RCTs: randomised controlled trials, TNF-a: tumor necrosis factor alpha, VOpear: peak
oxygen uptake
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Table 3 — Summary of Systematic Reviews with no Meta-analysis (not included in Evidence Map) - as at 31* December 2016

Author (year) Last search Study Designs Total HF Intervention(s)/ Comparator Outcomes Reviewed
date in Review n= phenotype(*)
Hsu (2015) Mar 2015 RCTs =8 280 HFrEF Exercise vs. No Training or Heart Rate Recovery and Heart Rate Variability
Usual Care

Lloyd-Williams Dec 2000 RCTs =14 1010 HF Exercise vs. Usual Care Improvements in Peak Performance (VO;peak, CO,
(2002) Crossover trials Exercise vs. No Control AT), QoL, Mortality, Cost Effectiveness and

=8, Non-RCTs= 2, Healthcare Service Utilisation

Pre-Post =7
Palau (2016) Apr 2014 RCTs 279 HFpEF Exercise vs. Usual Care Exercise Capacity (VO;peak, 6MWD, METs), QoL

(MLHFQ, SF-36), Diastolic Function, Biomarkers

Reiter (2014) Mar 2011 RCTs = 15 ? HFrEF Exercise vs. Usual Care Physiological Function, Functional Capacity, QoL and
Health Status

Smart (2011)b Oct 2011 RCTs=9 352 HF Exercise vs. Usual Care or Other  Pro-inflammatory Cytokines (TNF-a, IL-6)
Cohort study =2 Exercise Modality
Spruit (2009) Aug 2008 RCTs=7 251 HF Resistance Training and/or Cardiovascular Function, Skeletal Muscle Function,
Controlled =3 Endurance Training vs. Usual Body Composition, Exercise Capacity, QoL, Adverse
Care or Endurance Training Events
Tai (2008) Oct 2006 RCTs = 69 ? HF Exercise vs. Usual Care or Other  Central Hemodynamic, Blood Flow, Endothelial
Modality Function, Neurohormones, Cytokines, Skeletal
Muscle, QoL

AT: anaerobic threshold, CO: cardiac output, FES: functional electrical stimulation, HF: heart failure, HFpEF: heart failure preserved ejection fraction, HFrEF: heart failure reduced ejection fraction, IL-6: interleukin 6, METs:
metabolic equivalent, MLHFQ: Minnesota living with heart failure questionnaire, RCT: randomised controlled trial, QoL: quality of life, SF-36: short form health survey, TNF-a: tumor necrosis factor alpha, VO,pes: peak oxygen
uptake, 6MWD: six minute walk distance, * HF Phenotype — if inclusion criteria of studies were specifically identified as HFpEF or HFrEF, if not then HF noted. Appendix Table 6 provides an update to the above with details of
systematic reviews published between 1° January 2017 and 30" April 2018.
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Outcomes

Of the 48 publications to pool data, 40 analysed one or more measures of exercise
capacity. The most frequently analysed exercise capacity measure was VOjpeak. One
or more measures of quality of life was analysed in 25 publications, with Minnesota
Living with Heart Failure Questionnaire (MLHFQ) the most common outcome
analysed. Figure 3 provides a summary of the number of meta-analyses to have
assessed outcomes, based on outcome category. Individual results for each outcome

category are detailed in Table 4.

Figure 3 — Evidence Map 1 - Outcomes analysed by Meta-analyses, by category
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Table 4 — Evidence Map 2 - Outcomes analysed by Meta-analyses

Outcome Number of Meta-analyses that analysed
outcome
Exercise Capacity
° VOZpeak 36
e 6MWD 20
e Other measures (AT, VO,ar) and/or 9

combined exercise capacity

Quality of Life and Depression

e MLHFQ 19
e Other Qol/ Depression/Combined 8
measure
Mortality, Hospitalisation
e Mortality 9
e Hospitalisation/Adverse Events 10
Cardiac Function
e Diastolic Function (E/E’, E/A or DT) 4
e |VEF, LVEDD, EDV or ESV 10
®  HRpeak OF HRrest 5
e Blood Pressure 4
e (O 2
e HRV 1

Muscle Function
e Skeletal Muscle

e Inspiratory Muscle 4
Cardiac Biomarkers

e BNP and/or NT-proBNP 4
Endothelial Function

e FMD 1
Inflammation

o TNF-qa, IL-6 1
Other CPX outcomes

e V/VCO, 6

e V¢ 1

AT: anaerobic threshold, BNP: B-type natriuretic peptide, CO: cardiac output, CPX: cardiopulmonary exercise test, DT: deceleration
time, E/A: ratio of early to late ventricular filing velocity, EDV: end diastolic volume, E/E’: mitral peak velocity of early filling to early
diastolic mitral annular velocity, ESV: end systolic volume, FMD: flow-mediated dilation, HRV: heart rate variability, HR: heart rate,
IL-6: interleukin 6, LVEDD: left ventricular end diastolic diameter, LVEF: left ventricular ejection fraction, QoL: quality of life, MLHFQ:
Minnesota living with heart failure questionnaire, NT-proBNP: N- terminal portion of B-type natriuretic peptide, TNF-a: tumor
necrosis factor alpha, Ve: minute ventilation, Ve/VCO;:ventilatory equivalent for carbon dioxide, VOypes: peak oxygen uptake, VO2ar:
peak oxygen uptake at anaerobic threshold, 6MWD: six-minute walk distance.
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Key Findings:- Evidence Map of
Systematic Reviews & Meta-Analyses

55 systematic reviews and/or meta-analyses were identified
o 45 were systematic reviews with meta-analysis
o 3 were IPD analyses
o 7 were systematic reviews with no meta-analysis

Included reviews were published between 2002 and 2016
The latest search date of any of the included meta-analyses was May 2016
Three reviews were Cochrane Reviews

Most common outcomes measured were exercise capacity and QoL
o Peak VOjpeak Was the most common measure of exercise capacity

Meta-analyses included a range of training modalities, both traditional and non-
traditional training or therapies

Identified gaps in research synthesis:

o Endothelial Function
= Only one meta-analysis was identified that has conducted an
analysis of this outcome, and this was limited to two studies using
NMES/FES
+ Importance: Endothelial dysfunction is involved in
development and progression of heart failure

o Autonomic Function
= No obvious evidence of any meta-analysis analysing heart rate
recovery (HRR)
= No obvious evidence of any meta-analysis analysing muscle
sympathetic nerve activity (MSNA)
= Only one analysis considered HRV
+ Importance: Autonomic function is impaired in heart failure
patients, with increased SNS activity and decreased PNS;
and several parameters of autonomic function have
prognostic significance

o Diastolic Function
= Diastolic Function has only been analysed in HFpEF
+ Importance: While generally considered in the context of
HFpEF patients diastolic dysfunction often coexists in HFrEF
patients and is associated with reduced exercise capacity
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o Inflammatory Markers
=  Only one review has pooled any data on inflammatory markers,
and this only included individual patient data from 4 studies with
no comparator data
* Importance: Inflammation is likely both a cause and

consequence of heart failure; elevated levels are associated
with severity and adverse outcomes. Exercise training is
considered to exert anti-inflammatory effects in healthy
and diseased population.

o Biomarkers
= (Cardiac Biomarkers - Four meta-analyses (1 of which was an IPD)
have analysed BNP and/or NT-proBNP, with the last meta-analysis
published in 2014 with the last search date of February 2013 (>5
years)
= QOther Biomarkers - To date no meta-analysis or systematic review
has considered how exercise may impact emerging heart failure
biomarkers
+ Importance: Biomarkers are a current area of interest in
heart failure research given their association with the
pathophysiological pathways in heart failure and may be
beneficial in guiding treatment strategies including exercise

2.5 Summary

Systematic reviews and meta-analyses are an important research method; collecting,
analysing and critically appraising studies in order to answer a focused research question. As
a result of the evidence mapping exercise a number of areas were identified as lacking in
research synthesis and considered a valuable addition to the current evidence-base given
their role in the development and progression of heart failure, association with disease
severity, prognosis and symptomology such as reduced exercise capacity. The following
chapters are a synthesis of research in the identified areas, using systematic review and
meta-analysis as the research methodology. Each chapter comprises a separate systematic
review and meta-analysis. Chapters 3-8 address the identified areas above, while chapter 9
is a systematic review of methods reported and utilised when the change standard deviation
(SD), required for meta-analysis of change scores, is missing; a common problem

encountered when conducting the meta-analyses in this thesis.
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Objective: Endothelial dysfunction contributes to the development and progression of cardiovascular disease and
heart failure (HF) and is associated with an increased risk of mortality. Flow-mediated dilation (FMD) is widely
utilised to assess endothelial function and is improved with exercise training in heart failure patients. The aim of
this meta-analysis is to quantify the effect of exercise training in patients with heart failure.

Background: A large number of studies now exist that have examined endothelial function in patients with heart
failure. We sought to add to the current literature by quantifying the effect of exercise training on endothelial

Keywords: ¢
Heart failure function. . .
Exercise Methods: We conducted database searches (PubMed, EMBASE, PROQUEST and Cochrane Trials Register to June

2016) for exercise based rehabilitation trials in heart failure, using search terms exercise training, endothelial
function, flow-mediated dilation (FMD) and endothelial progenitor cells (EPCs).

Results: The 16 included studies provided a total of 529 participants, 293 in an intervention and 236 in controls
groups. FMD was improved with exercise training in exercise vs. control, SMD of 1.08 (95%CI 0.70 to 1.46,
p <0.00001).

Conclusion: Overall exercise training improved endothelial function, assessed via FMD, and endothelial progeni-
tor cells in heart failure patients.

Endothelial function
Flow-mediated dilation
Endothelial progenitor cells

© 2017 Elsevier Ireland Ltd. All rights reserved.

1. Introduction Endothelial dysfunction is associated with the pathogenesis and pro-
gression of HF [14], and predicts mortality risk [15]. The vascular endo-
thelium, a monolayer of cells representing a barrier between the blood

and vascular wall is critical in maintaining vascular homeostasis [14].

Heart failure (HF) is a complex syndrome caused by structural and/
or functional cardiac abnormalities [1], a leading cause of morbidity and

mortality and a significant financial and social burden. Exercise intoler-
ance is a hallmark characteristic of HF, interfering with activities of daily
living and consequently having a negative effect on a patient's quality of
life [2]. Exercise training is now considered an effective adjunct treat-
ment in heart failure and the consistent benefits of exercise training
on a range of outcomes [3-8] have led to a class IA level recommenda-
tion in stable HF patients [1]. While the mechanisms underlying exer-
cise intolerance are complex [2,9,10], they are generally considered
multifactorial, of which endothelial dysfunction (ED) is one factor [9].
In patients with HF, improved endothelial-dependant dilation as a result
exercise training has been shown to be associated with improved exer-
cise capacity [11-13].
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Not only forming a physical barrier, endothelial cells synthesize vasodi-
lators and vasoconstrictors, regulating vascular tone [14,16], with Nitric
Oxide (NO) considered to be the most important mediator of vascular
function [16] .

Flow-mediated dilation (FMD) is currently the most common and
widely utilised method in the assessment of endothelial function [17],
and in HF, FMD has been shown to be predictive of deterioration and
death [18]. FMD is a non-invasive assessment that measures the arterial
response to shear stress, induced by reactive hyperemia as a result of
temporary arterial occlusion [19,20]. Most commonly measured in the
brachial artery, it is also assessed in the radial artery and arteries of
the lower limbs [19] and correlates with endothelial function of the cor-
onary arteries [21].

Analyses [22-24] of studies across diverse populations indicate exer-
cise training improves FMD. Primarily shear stress mediates endothelial
adaptation to exercise by increasing NO bioavailaibility [25]; a result of
the upregulation of endothelial NO synthase (eNOS) expression and
phosphorylation [26] and an increase in antioxidant enzymes [27]. More
recently, evidence indicates that exercise also promotes endothelial repair
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mechanisms in HF patients; specifically the mobilisation of bone-marrow
derived endothelial progenitor cells (EPCs) [28], further making the endo-
thelium a valid target for exercise therapy [29].

A 2013 review paper [30] included studies up until December 2011
that measured endothelial function via ultrasound or plethysmography.
However, data was not pooled for analysis. Two [22,24] recent analyses
investigating vascular function in diverse populations, including HF pa-
tients, reported the favourable effects of exercise on FMD. The primary
aim of our paper was to conduct a systematic review and meta-
analysis to quantify the effect of exercise training on endothelial func-
tion, assessed by FMD, in heart failure patients. A secondary aim was
to examine the possible effects of exercise training on EPCs in this
population.

2. Methods
2.1. Search strategy

Potential studies were identified by conducting systematic searches of PubMed,
EMBASE, PROQUEST and the Cochrane Library of Controlled Trials up until 30th June
2016. Searches included a mix of MeSH and free text terms related to the key concepts
of heart failure, exercise training, endothelial function, flow-mediated dilation and endo-
thelial progenitor cells. Additionally, systematic reviews, meta-analyses and reference
lists of papers were hand searched for additional studies. One reviewer (MJP) conducted
the search and full articles were assessed for eligibility by two reviewers (MJP and NAS).
Two authors were contacted to provide additional information; one author did not re-
spond and the second responded but was unable to provide any further information.

2.2. Study selection

Randomised controlled trials and clinically controlled trials of exercise training in
heart failure patients with reduced ejection fractions (HFrEF) were included. Exercise
training was defined to allow for inclusion of a broad range of physical activities, and in-
cluded aerobic, resistance, combined training (aerobic and resistance), Yoga, Pilates, Tai
Chi, and hydrotherapy. Additionally, the physical therapies of Functional Electrical Stimu-
lation (FES) and Inspiratory Muscle Training (IMT) were included in the definition of ex-
ercise training for the purpose of this review. Studies included in the review compare an
exercise intervention to a no exercise or usual care control group. Only studies that mea-
sured endothelial function by FMD, measured via ultrasound, as a result of reactive
hyperaemia (RH), reported as FMD?% or absolute FMD (mm or um) in either the Brachial
or Radial Artery were included.

2.3. Data extraction and outcome measures

Data were extracted by one reviewer (MJP). The primary outcome measure was flow-
mediated dilation (FMD % or FMD absolute (mm)). Where FMD was reported as both
FMD% and FMD (mm), FMD% was utilised in the analysis. Where the unit of measurement
of FMD absolute was reported in micrometres (um), data were converted to millimetres
(mm), using 1 um equals 0.001 mm.

2.4. Data synthesis

Statistical analyses were performed using Revman 5.3 (The Nordic Cochrane Centre,
Copenhagen, Denmark). The individual meta-analyses were completed for continuous
data by using the change in the mean and standard deviation. The primary outcome mea-
sure was FMD (FMD% or FMD mm). Where the change in mean and SD were not reported,
the change in mean was calculated by subtracting the pre-intervention mean from the
post-intervention mean, and Revman 5.3 enabled calculations of SD using number of par-
ticipants in each group, within or between group p values or 95% CL. In cases were exact p
values were not provided, we used default values e.g., P < 0.05 becomes P = 0.049, p<0.01
becomes p = 0.0099 and p = not significant becomes p = 0.051. Data not provided in
main text or tables were extracted from figs. A random effects inverse variance was
used with the effects measure of standardised mean difference (SMD). We utilised the
widely accepted guideline for SMD interpretation [31], with 0.2 defined as small, 0.5 me-
dium and 0.8 as large. Where a study included multiple intervention groups and a control
group, the sample size of the control group was divided by the number of intervention
groups to eliminate over inflation of the sample size. We used a 5% level of significance
and a 95% CI to report change in outcome measures.

2.5. Heterogeneity and publication bias

Heterogeneity was quantified using the I test [32]. Values range from 0% (homogene-
ity) to 100% (highly heterogeneity) [32]. Funnel plots [33] assessed risk of publication bias.
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2.6. Study quality

Study quality was assessed by using the TESTEX; the Tool for assessment of study
quality and reporting, designed specifically for use in exercise training studies [34]. This
is a 15-point scale that assesses study quality (maximum 5 points) and reporting (maxi-
mum 10 points). Two reviewers (MJP and NAS) conducted quality assessment.

3. Results

The initial search identified 485 manuscripts. After removal of dupli-
cates and exclusion of articles based on abstract and title, 48 full-text ar-
ticles remained for screening. Full screening resulted in 16 articles
meeting the stated inclusion criteria (fig. 1 PRISMA statement). The
characteristics of the studies in the meta-analysis are included in
Table 1. Details of full-text articles reviewed but excluded are provided,
with reasons, in Supplementary Table S1.

3.1. Study characteristics

Sixteen studies [12,35-49] provided a total of 529 participants diag-
nosed with HF; 293 exercising participants and 236 control subjects.
Thirteen studies [12,36-42,44-47,49] randomised participants, two
were non-randomised controlled trials [43,48] and one [35] study
randomised participants between two exercise interventions but the
control group was non-randomised. The average age of participants
ranged between 49 + 5 yrs. and 75.5 4 13 yrs. Sex distribution was pre-
dominantly male. Baseline Brachial FMD% ranged from approximately
3% to >8% and reported baseline Radial FMD% ranged from approxi-
mately 6% to >12% (Supplementary Table S2). Additional participant
characteristics are detailed in Supplementary Table S2.

3.2. Intervention details

Of the 16 [12,35-49] included studies, 13 [12,35-41,43,45,47-49]
predominantly involved aerobic training, one [42] investigated resis-
tance training and two studies [44,46] examined FES. Intervention dura-
tion ranged from 4 weeks to 6 months, the weekly frequency of sessions
from 2 to 7 sessions per week and the duration of exercise sessions
ranged from 10 to 60 min. The intensity of aerobic training ranged
from moderate to high. Seven [35,36,38,39,43,47,49] studies reported
specific session attendance percentages and 13 [35-39,41-47,49] stud-
ies reported on occurrence of any adverse events (Supplementary
Table S3).

3.3. FMD assessment

Detailed specifics of the method of FMD assessment were not pro-
vided by all studies, with some studies simply referencing a particular
FMD guideline (Supplementary table S4). In studies that provided spe-
cific details of assessment, variation existed between studies in regard
to cuff position, cuff pressure and occlusion duration. Eleven [35-38,
41,43-46,48,49] studies assessed FMD in the Brachial Artery (BA),
with the Radial Artery (RA) utilised in five [12,39,40,42,47] studies.
Ten [35-38,41,43,45,47-49] studies reported FMD as FMD%, while
three [40,42,46] studies reported absolute FMD (mm or pm) and three
[12,39,44] studies reported both FMD% and absolute FMD. Only one
study [35] reported on shear rate (SRauc)-

3.4. Endothelial-independent dilation assessment

This measure is usually evaluated in conjunction with FMD as a
measure of the responsiveness of vascular smooth muscle cells.
Commonly also referred to as nitrate mediated dilation (NMD), it is
measured via the administration of an exogenous source of NO
(e.g., Nitroglycerine - NTG). The evaluation of the vasodilator re-
sponses to NTG may explain changes in smooth muscle function or
arterial compliance that might be playing a role in any observed



236

M. Pearson, N.A. Smart / International Journal of Cardiology 231 (2017) 234-243

Records identified t hrough database
search
(n =485)

Additio nal records identified

through other sources
(n=3)

A4

A4

(n=382)

Records after duplicates removed

A 4

Records excluded after reading

Records screened
(n=382)

Titles and Abstracts
(n=334)
Exclusions due to: reviews and
analysis, Abstracts only, not an

A\ 4

A4

exercise intervention

for eligibility
(n =48)

Full-text articles assessed

Full-text articles excluded, with
> reasons

(n=32)
Exclusions due to: outcome

measure not meeting specified

criteria, comparator studies with
no “non -intervention” control,
no HF patients, not HFrEF

Studies included in
meta-analysis
(n=16)

Fig. 1. PRISMA Statement

changes in FMD. Only nine [12,35-37,40-44] studies noted the as-
sessment of endothelial-independent vasodilation. Seven studies
[35-37,40,41,43,44] assessed NMD via sublingual administration of
NTG and two studies [12,42] utilised intra-arterial infusion of NTG.

3.5. EPC assessment

Four studies [38,39,47,48] measured EPCs by flow cytometry before
and after an exercise intervention. Several different EPCs were mea-
sured and three studies [39,47,48] measured the same EPC phenotype
(CD347/KDR™), with two [39,47] studies reporting data as cells/ml
blood and one study [48] reporting units as cells per 10° events. The
fourth study [38] measured a different EPC (CD*9™CD34*/KDR*
Cells) and hence this study's data was not pooled.

4. Outcome measures
4.1. Flow-mediated dilation (FMD)
4.1.1. Exercise vs. control
Pooled data from 16 [12,35-49] studies showed a significant improve-

ment in FMD as a result of exercise training, SMD 1.08 (95% C10.70 to 1.46,
P <0.00001) (fig. 2). Sensitivity analysis to remove three non-RCTs [35,43,

48] did not significantly alter the result; SMD 1.30 (95%CI 0.88 to 1.71,
p < 0.00001). Individually, both FMD% and FMD (mm) were significant;
FMD?% SMD 1.11 (95%CI 0.65 to 1.56, p < 0.00001) and FMD (mm) SMD
0.98 (95%C1 0.48 to 1.48, p = 0.0001) (fig. 2). Sensitivity analysis to exam-
ine the effects of brachial artery FMD from 11 studies [35-38,41,43-46,48,
49] and radial artery FMD from five studies [12,39,40,42,47] indicated sig-
nificant improvement in both, SMD 0.80 (95% CI 0.36 to 1.23, p = 0.0003)
(Supplementary Fig. S1) and SMD 1.65 (95% CI 1.06 to 2.23 P < 0.00001)
in brachial and radial artery respectively (Supplementary Fig. S2).

4.2. Endothelial-independent dilation

In each of the studies that administered NTG, a similar degree of va-
sodilation occurred in exercise and controls and pooled data of nine
studies [12,35-37,40-44] indicated that exercise training did not have
a significant effect on the endothelial-independent response, SMD
-0.15 (95%CI -0.79 to 0.49, p = 0.64) (Supplementary Fig. S3).

4.3. EPCs
Pooled data from three studies [39,47,48] showed a significant im-
provement in CD34"/KDR™ as a result of exercise training, SMD 0.91

(95% C1 0.30 to 1.52, p = 0.003) (fig. 3). When sensitivity analysis was

60



M,J. Pearson, N.A. Smart / International Journal of Cardiology 231 (2017) 234-243

performed to remove the non-RCT [48] the effect size and significance of
the result increased; SMD 1.20 (95%CI 0.76 to 1.65, p < 0.00001).

4.4. Study quality assessment

The median TESTEX score was 9 (maximum 15) (Supplementary
Table S5). While studies noted participant randomisation, details of
the specific procedure were only provided in four studies. The majority
of studies lost points in the areas of allocation concealment, activity
monitoring in the control group, review of relative exercise intensity
and energy expenditure characteristics.

4.5. Heterogeneity and publication bias

The main analysis showed moderate heterogeneity (<75%), with
only the analysis of endothelial-independent dilation demonstrating
high heterogeneity (>75%). Funnel plots demonstrated some evidence
of publication bias.

5. Discussion

This work analysed the effects of exercise training on FMD in pa-
tients with chronic heart failure. Our primary finding shows that exer-
cise training significantly improves endothelial function, assessed via
FMD, in patients with HF. Our findings in HF patients are consistent
with those of improved FMD from exercise training demonstrated in
CAD patients [50,51] and type II diabetics [23].

Our pooled data demonstrated that exercise training did not have a
significant effect on endothelial-independent vasodilation, indicating
that the FMD improvement occurred primarily at the level of the endo-
thelium [52]. This finding is consistent with studies in patients with CAD
[50], post MI [51] and in Type Il diabetics [23]. In the HF population vas-
cular smooth muscle (VSM) responsiveness may not be severely im-
paired [11,13,40] or where VSM cell impairment exists, training
interventions may need to be greater in duration and/or more intense
to elicit adaptations [12,23,50].

Several mechanisms may explain the beneficial effects of exercise
training on endothelial function. Exercise increases blood flow resulting
in repetitive shear stress, the main stimulus for NO synthesis [25]. It in-
creases antioxidant status and decreases the production of pro-
inflammatory molecules [53]. We did not conduct an analysis of change
in antioxidant or inflammatory status that may be associated with im-
proved endothelial function. However, reduced levels of TNF-at [39,
44],1L-10* and trends for a reduction in IL-6 [ 38,44] observed in studies
included in the review provides support for the antioxidant and anti-
inflammatory effects of exercise. Additionally, Wisloff and colleagues
(2007) [49] demonstrated a significant 15% increase in antioxidant sta-
tus from high intensity aerobic training, which correlated with FMD.
The improved antioxidant status and reduction of pro-inflammatory cy-
tokines as a result of exercise training is consistent with analyses of HF
exercise studies [6,54] and studies [55] across diverse populations.

The final mechanism via which exercise may improve endothelial
function is its ability to mobilise and recruit EPCs, an important player
in endothelial repair [9,28]. HF patients demonstrate a reduced ability
to recruit EPCs [28] and our analysis indicated that exercise training
enhances EPCs, promoting endothelial repair and therefore likely im-
proves endothelial function, as evidenced by the accompanied improve-
ment in FMD [39,47,48]. Our pooled results support those from one of
the first HF and exercise studies [56] to examine EPCs, which found a
251% increase in EPCs after an 8 week aerobic exercise program [56].
Both acute and chronic exercise have the potential to mobilise EPCs
from the bone marrow of both healthy and diseased individuals [57]
and our findings of enhanced EPCs from exercise training in HF patients
are in agreement with those reported in other clinical conditions [58,
59].
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In the early 1990’s endothelial dysfunction was noted in patients
with reduced ejection fractions and in the period since the early exer-
cise training studies of Horning et al. (1996) [13] and Hambrecht et al.
(1998) [11] indicated improved endothelial function, a growing body
of studies have now utilised FMD to assess endothelial function in
HFrEF patients. Our analysis of HFrEF patients now quantifies the posi-
tive effect of exercise training on endothelial function, as assessed via
FMD. All but two of the studies [35,45] in our analysis reported im-
proved brachial or radial artery FMD in their exercise training groups.
Higher baseline FMD values, a factor differentiating FMD responders
from non-responders [60] and the possibility that the intervention pro-
tocol delivered a sub-optimal shear rate stimulus in one study [35] are
noted as possible explanations. Importantly, however, improvements
in FMD were demonstrated to occur in advanced (NYHA Class IlIb) HF
patients as shown by Erbs et al. (2010) [39] as well as being equally ev-
ident in younger and older HFrEF patients, as demonstrated in the age
stratified LEICA study [47], with improvements evident in as little as
4 weeks.

While approximately half of all patients have a preserved ejection
fraction our analysis only included patients with reduced ejection
fractions and therefore our findings cannot be generalised to patients
with preserved ejection fractions (HFpEF). Only two [61,62] exercise
training studies to date have reported on FMD in HFpEF patients, re-
flective of the minimal number of exercise studies addressing this
phenotype. The two studies [61,62] utilised different exercise modali-
ties, differed in duration and reported contrasting results. Kitzman
and colleagues (2013) [62] reported no change in endothelial function
after 16 weeks of endurance training, suggesting improved functional
capacity in this population is not related to large artery function, and
that impaired microvascular function may limit exercise performance
in these patients. While HFpEF patients experience reduced exercise
tolerance, the degree to which impaired endothelial function contrib-
utes is uncertain [63], with both normal [64] and impaired [65] FMD
reported in these patients when compared to age-matched non-HF
patients.

Exercise intolerance and reduced quality of life are primary symp-
toms in HF and exercise training has demonstrated improvements in
both parameters [3,4,8]. Endothelial dysfunction is one of several under-
lying mechanisms that may contribute to these improvements and a
large number of studies now exist that have utilised FMD to measure
the effect of exercise interventions on endothelial function in the HF
population. This current analysis adds to the literature by quantifying
the effects of exercise training on endothelial function.

5.1. Strengths and Limitations in the systematic review and meta-analysis

To our knowledge this is the first systematic review and meta-
analysis that examines endothelial function in heart failure patients.
The major limitation of the review is the moderate to high level of
heterogeneity among studies. Differences in the methodological as-
sessment of FMD may have contributed to the level of heterogene-
ity. Despite the presence of general guidelines on FMD assessment
[19,20], we found variation among studies in the application of
these guidelines. A number of methodological issues, such as cuff
position [66], time of measurement of peak diameter after cuff re-
lease and user experience [17] can all increase measurement error
and reproductibility [17], and these differences may impact be-
tween study comparisons [20]. Future studies should aim to strong-
ly adhere to FMD assessment guidelines. The severity of heart
failure and medication use may have also contributed to the high
heterogeneity.

In regard to data pooling, we measured the difference between
pre-intervention and post-intervention means, however, in cases
where exact p values within or between groups, or 95% CI were
not available, default values for p were utilised and this may intro-
duce errors. Additionally, data from some studies was extracted
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Table 1
Characteristics of included studies
Study Study Design Participant Characteristics Exercise Intervention Major Findings
Duration Type Frequency Session Duration Intensity FMD & EPCs
(per wk.)
Benda (2015) 12 Non-RCT n = 33 randomised, n = 29 completed A (C) 2 35 min (HIIT) HIIT: 10 x 1 min @ 90%max. WL (RPE 15- «FMD%
M ExT1: HIIT n = 10, 63 4 8 yrs, 90% male 30 min (CT) 17) separated by 2.5 min @ 30%max. WL

LVEF 37 + 6% (410 min warm-up, CT: @60-75%max. WL (RPE 12-14)
ExT2: CTn = 10, 64 & 8 yrs, 100% male, 5 min cool-down each Warm-up @ 40% max. WL & cool-down @
LVEF 38 + 6% group) 30% max WL
Con: n = 9,67 £ 7 yrs, 56%male,
LVEF40 + 11%
All participants NYHA Class I & III
HF Aetiology: Ischemic and non-Ischemic

Belardinelli (2006) 8 RCT n = 52 randomised, n = 52 completed A(C) 3 40 min 60% VOapear 1 FMD% trained group
EXT: n = 30, 55 + 14 yrs, 100%male, (+ 15 min warm-up Good correlation between Apeak
LVEF 30.2 &+ 7% stretch, 5 min cool- VO, & AFMD response in trained group
Con: n = 22,53 £ 15 yrs, 100% male, down)
LVEF 33.6 + 8%
All participants NYHA Class I & Il
HF Aetiology: previous MI, previous
stenting, previous CABG

Belardinelli (2005) 8 RCT n = 59 randomised, n = 59 completed A(C) 3 40 min 60% VOapeak 1FMD% trained group
ExT: n = 30, 56 & 15 yrs, 100% male, (+ 15 min warm-up
LVEF 29.3 + 6% stretch, 5 min cool-
Con: n = 29, 58 + 12 yrs, 100% male, down)
LVEF 28.1 & 5%
All participants NYHA Class Il & IIl
HF Aetiology: IHD and Idiopathic

Eleuteri (2013) 12 RCT n = 21randomised, n = 21 completed A (C) 5 30 min HR & power @ VAT 1FMD% Training group
ExT: n = 11, 66 & 2 yrs, 100% male, (45 min warm-up, (cycle @ 60RPM) 1EPC (CD®M™CD34+/KDR, p = 0.025 )
LVEF 28 + 2.1% 5 min cool-down)
Con: n = 10, 63 + 2 yrs, 100% male,
LVEF 30 + 1.8%
All participants NYHA Class 11
HF Aetiology: IHD and Idiopathic CM

Erbs (2010) 12 RCT n = 37 randomised, n = 34 completed A(C) + Daily 20-30 min 60%VO02max 1FMD% training group
ExT: n = 17,60 & 11 yrs, 100% male, 1xGS™ + 1GSwk. (+60 min GS) 1EPCs (CD34*/KDR™ cells/ml,
LVEF 24 + 5% p = 0.014 vs.
Con: n = 17,62 =+ 10 yrs, 100% male, control), tNo. CD34" (p = 0.032 vs.
LVEF 25 + 4% control)
NB: age, LVEF based onn =37
All participants NYHA Class IlI(b)
HF Aetiology: IHD and DCM

Giannattasio (2001) 8 RCT n = 22 randomised, n = 22 completed A(C) 3 30 min NR tFMD(mm) (ADiameter) in training

EXT: n = 11,61 + 5 yrs, 82% male,
LVEF 32.9 + 3.4%

Con: n = 11, 61 £ 5 yrs, 82% male,
LVEF 32.2 4+ 0.7

NB: age, % male based onn = 44

All participants NYHA Class I, Il & I1I

HF Aetiology: Ischemic and non-ischemic
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Guazzi (2004)

Hambrecht (2000)

Isaksen (2015)

Karavidas (2006)

Kobayashi (2003)

Linke (2001)

Parissis (2015)

Sandri (2015)

8

4

12

6

12

6

4

RCT

RCT

Non-RCT

RCT

RCT

RCT

RCT

RCT

n = 38 randomised, n = 31 completed
EXT: n = 16, 52 & 5 yrs, 100% male,
LVEF 34.3 + 3.3%

Con: n = 15, 54 + 4 yrs, 100% male,
LVEF 35.5 £ 3.7%

All participants NYHA Class I & Il

HF Aetiology: IHD and DCM

n = 20 randomised, n = 18 completed
ExT: n = 10, 55 & 4 yrs, 100% male,
LVEF 18 + 3%

C:n = 8,56 + 3 yrs, 100% male, LVEF
19 + 3%

All participants NYHA Class I & Il

HF Aetiology: DCM & ischemic CM

n = 38 started, n = 35 completed
EXT: n = 24, 65 £ 9 yrs, 88% male,
LVEF 37.6 &+ 10.9%

Con:n = 11,69 + 9 yrs, 100% male,
LVEF 30.0 £ 8.1%

All participants NYHA Class [, Il & Il

HF Aetiology: IHD and DCM

n = 24 randomised, n = 24 completed
EXT: n = 16, 57.4 + 15.3 yrs, 88% male,
LVEF 22.7 + 6.5%

Con: n = 8,63.8 & 8.1 yrs, 88% male,
LVEF 27.2 + 4.5%

All participants NYHA Class II & II

HF Aetiology: Ischemic and IDCM

n = 28 randomised, n = 28 completed
EXT: n = 14, 55 £ 2 yrs, 86% male,
LVEF 29 + 2%

Con: n = 14, 62 £ 2 yrs, 57% male,
LVEF 33 + 2%

All participants NYHA Class II & III

HF Aetiology: IHD and DCM

n = 22 randomised, n = 22 completed
ExT:n = 11, 58 £ 2 yrs, 100% male,
LVEF 26 + 3%

Con: n = 11,59 + 3 yrs, 100% male,
LVEF 24 + 2 yrs

All participants NYHA Class II & III

HF Aetiology: IHD and DCM

n = 30 randomised, n = 30 completed
EXT: n = 15, 75.2 & 3.69 yrs, 63% male,
LVEF 27.3 £ 3.2%

Con: n = 15, 75.2 4 3.32%, 60% male,
LVEF 28 £ 2.5%

All participants NYHA Class Il & III

HF Aetiology: NR

n = 60 randomised, n = 60 completed
ExT1:n = 15,50 4 5 yrs, 80% male,
LVEF 27 + 6%

Conl:n = 15,49 + 5 yrs, 87% male,
LVEF 28 + 5%

ExT2:n = 15,72 4 4 yrs, 80% male,
LVEF 29 + 6%

Con2: n = 15,72 4+ 3 yrs, 80% male, LVEF
28 + 6%. All participants NYHA Class Il & III
HF Aetiology: IHD and DCM

R (DHG)

A(C/T)

FES
(lower limb)

FES
(lower limb)

A(O)+
1xGS*

Daily
(6 x day)

(2 x day)

daily
(6 x per
day)

5
(4 x per
weekday)

30 min
(45 min warm-up,
5 min cool-down)

Time determined in Ex.
test

30 min
(415 min warm-up,
15 min strength/stretch)

30 min

2 x15 min session/day
(30 min/day total)

10 min/session
(60 min/day total)

30 min

15-20 min/session
(~60 min/day total)
(4 1 x 60 min GS per/
wk.)

60% HRR wk.1-2,1 80% HRR @ wk. 3

70% (60 N) of maximal capacity

4x4 HIIT @ 85% HRpmax (~RPE 15-17)
separated by 3 min recovery @60-70%
HRmax,

warm-up @60-70%HRax

Intensity for visible muscle contraction -
25 Hz for 5 s than 5 s rest

HR @ Ventilatory threshold (~60-70%
VOZmax)

70% VO3pear

Intensity for visible muscle contraction -
25 Hz for 5 s than 5 s rest

70% of symptom limited VOy,x.

1FMD% in training group

1FMD(um) (ADiameter) in training
group

1 FMD% Training Groups

1FMD% in FES group

«FMD% Brachial Artery

(1 FMD% posterior tibial artery)

1 FMD% training group

1FMD(mm) in FES group

1 FMD¥% in both HF training groups
1EPCs (CD34"/KDR™ & CD 133" /KDR™
cells/ml)
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Table 1 (continued)

Study Study Design Participant Characteristics Exercise Intervention Major Findings
Duration Type Frequency Session Duration Intensity FMD & EPCs
(per wk.)
Van Craenenbroeck 26 Non-RCT n = 38 started, n = 38 completed A 3 60 min 90% HR @ respiratory compensation 1+ FMD% Exercise group
(2010) EXT:n = 21, 61.3 £ 2.2 yrs, 86% male, point Trend for 1EPCs (CD34*/KDR™ cells per

LVEF 27.0 + 1.9% 105events)
Con: n = 17,63.4 & 3 yrs, 71% male, but not significant compared to control
LVEF31.3 4+ 1.7% group.
All participants NYHA Class Il < CD34" cells compared to control.
HF Aetiology: Ischemic and DCM

Wisloff (2007) 12 RCT n = 27 randomised, n = 26 completed A (W) 3 HIIT: 38 min (includes HIIT: 4 min X 4 @90-95% HRyax, 1FMD% AIT & MCT, but greater in AIT
EXT1: AITn = 9, 76.5 4+ 9ys, 78% male, 10 min warm-up) separated by 3 min @ 50-70%HR yax Relationship between improved aerobic
LVEF 28.0 & 7.3% MICT: 47 min MICT: @ 70-75%HRmax capacity and FMD

ExT2: MICT n = 8,74.4 4+ 12 yrs, 78%
male, LVEF 32.8 + 4.8%

Con:n = 9,75.5 4+ 13 yrs, 67% male,
LVEF 26.2 4+ 8%

HF Aetiology: Ischemic post infarct on
{>-Blockers

A: aerobic, AERG: arm ergometer, AIT: aerobic interval training, CABG: coronary artery bypass surgery, Con: control, C: cycle, CM: cardiomyopathy, CT: continuous, DCM: dilated cardiomyopathy, DHG: dynamic handgrip, EPC: endothelial progenitor
cell, EXT: exercise training , GS: group session, , FES: functional electrical stimulation , FMD: flow-mediated dilation, HIIT: high intensity interval training, HR: heart rate, HRynax: maximum heart rate, HRpeai: peak heart rate , HRR: heart rate reserve ,
[HD: Ischemic heart disease, LVEF: left ventricular ejection fraction, MIACT: moderate intensity aerobic training, MICT: moderate continuous training, NYHA: New York Heart Association, non-RCT: non-randomised controlled trial, RCT: Randomised
controlled trial, R: resistance, RPE: rating of perceived exertion, RPM: revolutions per minute, T: treadmill, VAT: ventilatory anaerobic threshold, VO.peak: peak oxygen uptake, VO, may: maximal oxygen uptake, W: walking, WL: workload. (MW EXT1 and
ExT2 randomised, but control group not randomised,  n = 53 for FMD, n = 24 analysed for other outcomes.
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Exercise Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 FMD%
Belardinelli et al,, 2005 275 3.34n 30 -0.0172 11825 28  B.7% 1.08[0.53,1.63]
Belardinelli et al., 2006 235 35137 30 -0.05 0.1133 22 6.6% 0.88[0.31, 1.46) S
Benda (HIIT) 2015 -0.6 08433 10 0.1 0.9759 5 47% -0.74 [-1.86, 0.37] T
Benda (MCT) 2015 -0.4 05622 10 0.1 0.8545 4 44% -0.72[-1.92,0.48) —T=
Eleuteri etal,, 2013 1.9 2.4932 1 0.5 1.4064 10 55% 0.66 [-0.23, 1.54] [
Erbs etal., 2010 743 228 17 0.09 218 17 4.9% 3.21 [2.16, 4.27) =
Guazzi 2004 34 46076 16 -051 08255 15 58% 1.13[0.36, 1.89] =
Isaksen etal., 2015 35 4.2 24 -0.2 36 11 6.0% 0.90[0.15, 1.65] [
Karavidas et al., 2006 1.79 1.758 16 0.04 07817 8 54% 1.11[0.20, 2.03] =
Kobayashi et al., 2003 022 0.383 14 0.32 0557 14 6.0% -0.20 [-0.95, 0.54) =T
Linke et al., 2001 6 43384 1 0.2 02993 11 5.0% 1.81[0.79, 2.84] S
Sandri (+ 65yrs) 2015 4.4 41158 15 -0.2 0363 15 57% 1.53 [0.70, 2.36) —
Sandri (- 55yrs) 2015 44 41158 15 0.3 05444 15  58% 1.36 [0.55, 2.16] =
Van Craenenbroeck etal., 2010 1.4 2.0877 21 -0.7 21137 17 6.3% 0.98 [0.30, 1.66] b= ]
Wisloff (AIT) 2007 8.09 1.73 9 -0.3 0.2433 5 1.6% 553(2.88,8.19]
Wisloff (MCT) 2007 461 206 8 -03 0191 4 29% 2.62[0.87, 4.38] e
Subtotal (95% CI) 257 202 83.5% 1.11 [0.65, 1.56] L
Heterogeneity Tau®= 0.61; Chi®= 64.59, df= 15 (P < 0.00001); F=77%
Test for overall effect: Z= 4.78 (P < 0.00001)
1.1.2 FMD (mm)
Giannattasio 2001 011 01629 1 -0.03 0.0443 11 5.4% 1.13[0.21, 2.04) =
Hambrecht et al,, 2000 011 0046 10 0.06 0.046 8 51% 1.04 [0.03, 2.04] [
Parissis etal., 2015 018 03234 15  -0.02 0.0363 15 6.0% 0.85 [0.09, 1.60] e
Subtotal (95% CI) 36 34 16.5% 0.98 [0.48, 1.48] *
Heterogeneity: Tau®= 0.00; Chi*=0.23, df= 2 (P = 0.89), F= 0%
Test for overall effect: Z= 3.82 (P = 0.0001)
Total (95% Cl) 293 236 100.0% 1.08 [0.70, 1.46) ¢
Heterogeneity: Tau?= 0.48; Chi*= 64.84, df= 18 (P < 0.00001); F=72% k + t |

Testfor overall effect: Z=5.53 (P < 0.00001)
Testfor subaroun differences: Chi*= 014, df=1 (P=0.71).F=0%

10 0 10

-5 5
Favours [control] Favours [exercise]

Fig. 2. Change in Flow-mediated dilation in HF patients - exercise vs. control

from figures. This in itself has the potential to introduce errors.
Meta-analyses have a key role in evidenced based medicine and in
order to provide evidence of the highest quality, data reporting by
researchers needs to be consistent across studies to aid in elimina-
tion of potential errors.

6. Conclusion

This meta-analysis found that exercise training improves endothelial
function, assessed by FMD, in heart failure patients with reduced ejec-
tion fractions. This result is consistent with findings of analyses in a

range of populations. However, whether or not the same effects occur
in both HF phenotypes is unclear given the small number of trials to
date assessing FMD in HFpEF patients. Future exercise studies should
look to examine endothelial function in HFpEF patients and also consid-
er inclusion of HFmrEF, the latest classification for HF patients as noted
in the updated ESC guidelines [1].

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijcard.2016.12.145.

Exercise Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 cells/ml blood
Erbs etal, 2010 83 60 17 -6 109 17 256% 0.99(0.27,1.70] =
Sandri (+ 65yrs) 2015 97 907333 15 12 217773 15 237% 1.25[0.46, 2.05) -
Sandri - 55yrs) 2015 103  96.34B3 15 3 5.4443 15 23.2% 1.43[0.61,2.24) -
Subtotal (95% CI) 47 47 72.5% 1.20 [0.76, 1.65) *
Heterogeneity: Tau®= 0.00; Chi*= 0.65, df= 2 (P=0.72), F=0%
Testfor overall effect: Z=5.30 (P < 0.00001)
2.1.2 cells/10° events
Van Craenenbroecketal, 2010 76 139.0224 21 54 2574953 17 275% 0.11[-0.53,0.75)
Subtotal (95% CI) 21 17 27.5% 0.11 [-0.53,0.75]
Heterogeneity: Not applicable
Test far overall effect Z=0.33 (P=0.74)
Total (95% CI) 68 64 100.0% 0.91[0.30, 1.52] L 2
Heterogeneity: Tau®= 0.25; Chi*= 8.23, df= 3 (P = 0.04); F= 64% Ho t 5 : e

Test for overall efiect Z= 292 (P =0.003)
Test for subdgroup differences: Chi*= 7.58, df= 1 (P = 0.006), F= 86.8%

Favours [control] Favours [exercise]

Fig. 3. Change in EPCs in HF patients - exercise vs. control.
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Supplementary Data File — Figures and Tables

Exercise Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean 5D Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 FMD®%
Belardinelli et al., 2005 275 33431 30 -0.0172 1.1825 29 101% 1.08[0.53,1.63] -
Eelardinelli et al., 2006 238 38137 30 -0.08 01133 22 10.0% 0.881[0.31,1.46] -
Eenda (HIT) 2014 -0.6 0.8432 10 01 09753 5 B7% -0.74 [-1.86,0.37] T
Benda (MCT) 2015 -0.4 05622 10 01 0.8545 4 B3% -0.72 [1.92,0.48] b
Eleuteri etal., 2013 1.9 24932 11 05 1.4064 10 8.0% 0.66 [0.23,1.54] I
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Testfor subgroup differences: Chi*= 001, df=1 (P =

092, F=0%
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Supplementary Fig. S1 Change in Flow-mediated dilation in Brachial Artery - exercise vs. control
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Supplementary Fig S2. Change in Flow-mediated dilation in Radial Artery - exercise vs. control

69



Exercise Control Std. Mean Difference Std. Mean Difference
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Supplementary Fig S3. Change in Endothelial Independent Dilation - exercise vs. control
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Supplementary Table 1

Studies reviewed but excluded with reason

Study

Reason for Exclusion

Aksoy (2015)

Anagnostakou (2011)

Angadi (2015)
Bank (1998)
Belardinelli (2008)
Braith (2008)
Dean (2011)
Deftereos (2010)
Katz (1997)

Gatta (2012)
Green (2003)

Hambrecht (1998)
Haykowsky (2009)
Hornig (1996)
Karavidas (2013)
Kitzman (2013)
Laoutaris (2008)
Legallois (2016)

Ozasa (2011)

Parnell (2002)
Laurent (2009)
Maiorana (2011)
Maiorana (2000)
Mezzani (2013)
Miche (2006)

Sabelis (2004)
Sarto (2007)
Smart (2012)
Suchy (2014)
Tsarouhas (2011)

Vona (2009)
Vona (2004)

No ultrasound FMD measurement, endothelial damage assessed via endothelial biomarkers (e.g.,
VCAM)

Comparison of Combined trained to interval training, no non-exercise control group

No non-exercise control group

Healthy control group, no CHF control group.

Possible data crossover from already included studies. Unable to confirm with Author.

Heart Transplant patients only

Single group study only, no control group

Comparison of FES to conventional cycling, no control group.

Single group study, and endothelial dilation assessed via venous occlusion Plethysmography

No HF control group, single group study

Pooled analysis of diverse population including CHF from Maiorana et al. 2000 study, and CHF
endothelial function assessed by Plethysmography

Assessment of Femoral Artery and via Intra-arterial infusion to assess endothelial dilation

Post Heart Transplant Patients only

Healthy Controls, no CHF control group

Participants had Preserved ejection fraction

Participants had Preserved ejection fraction

No Ultrasound FMD, endothelial assessment via venous occlusion plethysmography

Single group study, no Control group, no ultrasound FMD assessment. Coronary Endothelial Function
assessed via (15)-O water positron emission tomography at rest and during a cold pressor test
Comparison of two modes or cycling, no non-exercise control group and endothelial function
assessed via RH-PAT (Plethysmography technique)

No measure of Ultrasound FMD to RH, only FBF to ACh

No Ultrasound FMD measurement, assessment of NO metabolites only in Land vs. Water exercise.
No measure of FMD noted in study, only BA diameter

No Ultrasound FMD measure, strain-gauge Plethysmography for FBF measure

Same Study as Eleuteri (already include)

Two CHF groups performing same intervention (diabetic vs. non diabetic group), no non-exercise
control group.

No Ultrasound FMD assessment, measurement of endothelial markers

Single group study, participants acted as their own control

Comparison of Intermittent and Continuous, No non-exercise control group

Study Protocol only

Only assessed serum markers of endothelial function as a result of exercise training, no FMD
assessment

All recent post Myocardial Infarction Patients, no CHF

All recent post Myocardial Infarction Patients, no CHF
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Supplementary Table 2

Additional participant characteristics

Author Baseline BMI SBP DBP Baseline FMD
VO, max (% or mm)
Benda (2015) ExT 1: HIT 19.1+4.1 28.1+7.5 132118 79110 5.312.6%
ExT 2: CT 21.0+£3.4 28.9+4.7 132123 83111 5.2+2.5%
Con 17.4+5.8 25.4+2.7 130+25 78+14 5.3+2%
Belardinelli (2006) ExT 14.8+£2.5 NR NR NR ~4%
Con 14.7£2.5 ~4%
Belardinelli (2005) ExT 16.8+3.7 NR NR NR 2.29+1.13%
Con 15.9+1.5 ~3%
Eleuteri (2013) ExT 14.8+0.7 NR NR NR 5.1+0.7%
Con 16.7t0.4 7.7+£1.4%
Erbs (2010) ExT 15.3+3.3 26.5%£2.3 11115 73113 6.1+2.5% (RA)
Con 15.4+3.8 25.843.2 117+16 7711 5.9+2.5% (RA)
Giannattasio (2001) ExT NR NR 12746.5 77+2.8 NR (RA)
Con 118+5.4 7612.3
Guazzi (2004) ExT ~17 2613 133413 8319 4.8+0.4%
Con ~16.3 2512 136116 81+11 ~4.5%
Hambrecht (2000) ExT NR NR 116x6 7613 NR (RA)
Con 118+4 7412
Isaksen (2015) ExT 17.4+4.6 27.814.0 NR NR 6.41+3.44%
Con 16.9+2.8 27.314.2 7.1524.5%
Karavidas (2006) ExT 19.52+6.58 26.5714.80 NR NR 5.77+2.58%
Con 18.36+4.98 28.071£3.68 5.73+2.18%
Kobayashi (2013) ExT 18.0+1.3 NR NR NR 4.34+0.45%
Con 13.7+0.9 4.19+0.45%
Linke (2001) ExT NR NR 128+3 83+2 11.3+2% (RA)
Con 12345 7842 11.7+1% (RA)
Parissis (2015) EXT NR >25 (n=5) NR NR NR
Con >25 (n=7)
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Sandri (2015) ExT 1 13.3t1.6 29+2 11843 6612 11.3£2.5% (RA)

Conl 13.6+1.3 30+3 116+3 71+3 11.7+2.0% (RA)
EXT 2 12.9t1.4 28+3 113+3 6512 10.5+1.5% (RA)
Con 2 13.1+1.5 28+2 11343 6612 11.2+1.4% (RA)

Van Craenenbroeck (2010) EXT 18.3+1.4 27.5+0.9 10714 6912 5.1+0.3%
Con 21.3+2.1 27.8+1.1 11815 6912 5.9+0.6%

Wisloff (2007) ExT: AIT 13.0t1.6 24.513 11949 72110 ~3.5%
ExT: MICT 13.0+1.1 24.7+3 124111 7318 ~3.7%
Con 13.2+1.9 25.5+2 12147 76111 ~3.8%

(n=26) (n=27) (n=27) (n=27)

* Initial randomised not the analysed, AIT: aerobic interval training, BMI=body mass index, DBP=diastolic blood pressure, EXT: exercise training, Con: control, CT: continuous training, FMD: low-mediated dilation,
HIIT: high intensity interval training, MICT: moderate intensity continuous training, NR= not reported, RA= radial artery, SBP=systolic blood pressure.
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Supplementary Table 3
Intervention Adherence and Adverse Events

Study Intervention Attendance

Adverse Events

Benda (2015)

100% (missed sessions rescheduled)

1 dropout each training group due to Progression HF
1 dropout each group due to musculoskeletal complaints
Nil other training related events

Belardinelli (2005) 88%

Nil Adverse Events

Belardinelli (2006)

Nil Adverse Events

Eleuteri (2013) Non-adherence <1%

Nil Adverse Events

Erbs (2010) ~90%

1 Sudden Cardiac Death (Control)

Giannattasio (2001)

Guazzi (2004)

Nil Adverse Events

Hambrecht (2000)

1 Death - sudden arrhythmogenic complication (Control)

Isaksen (2015) 98% (average) (n=20 100%)

No patient completed <75%

No symptomatic arrhythmias during AIT

1 patient in control and 1 in training group experienced
one episode of anti-tachycardia pacing (ATP), but not
during or after the session

| patient complained of dizziness during two AIT sessions
due to hypotension

1 patient in AIT group has a non-sustained
supraventricular tachycardia during initial ergospirometry
test

No other adverse events during intervention period

Karavidas (2006) Nil Adverse Events
Kobayashi (2003) Nil Adverse Events
Linke (2001)

Parissis (2015)

Nil Adverse Events

Sandri (2015) 100% Nil Adverse Events
Van Craenenbroeck (2010)
Wisloff (2007) AlT =92+2% Nil Adverse Events related to training

MCT =95+3%

1 cardiac death in MCT group - unrelated to training

* Reported in Sandri M, Kozarez I, Adams V, et al. Age-related effects of exercise training on diastolic function in heart failure with reduced ejection fraction:

The Leipzig Exercise Intervention in Chronic Heart Failure and Aging (LEICA) diastolic dysfunction study. Eur Heart J 2012, 33: 1758-176
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Supplementary Table 4

Summary of Flow-mediated dilation (FMD) assessment via Reactive Hyperaemia (RH)

Author Instrument Artery Cuff Position Cuff Pressure Occlusion Notes on Guidelines,
(upper limb) (mmHg) duration measurements
(minutes)
Benda (2015) Ultrasound (Terason T3000, Burlington, MA, BA According to Guidelines Thijssen at
USA) 10 MHz linear array probe al. 2011
Belardinelli (2006) Ultrasound (ESAOTE, Challenge, Florence, Italy) BA Wrist 240 4.5 According to Guidelines - Corretti
7.5 MHz probe etal.
Belardinelli (2005) Ultrasound (ESAOTE, Challenge, Florence, Italy) BA Wrist 240 45 Guidelines - Corretti et al.
7.5 MHz probe
Erbs (2010) Ultrasound (NIUS 02 Asulab Research RA 50 above systolic 5
laboratory, Neuchatel, Switzerland)
Eleuteri (2013) Ultrasound BA Forearm 5 Guidelines - Corretti et al.
Giannattasio (2001) B-M mode Ultrasound (WTS, Pie Medical) 7.5 RA Wrist Suprasystolic 4
MHz
Guazzi (2004) Ultrasound 11 MHz linear array transducer BA Forearm 50 above systolic 5 Guidelines - BARTF (Corretti et al.)
Hambrecht (2000) Ultrasound (NIUS 02 Asulab Research RA 50 above systolic 5
laboratory, Neuchatel, Switzerland)
Isaksen (2015) Ultrasound (Vivid 7 System, GE Vingmed BA Guidelines BARTF (Corretti et al.)
Ultrasound, Horten, Norway) 12 MHz Doppler
probe
Karavidas (2006) Ultrasound (Philips HDI 5000 Sonos CT) 8 MHz BA Guidelines Corretti et al.
linear array transducer
Kobayashi (2003) Ultrasound (SONOS 5500, Philips Medical BA Forearm 200 5
Systems, Best, The Netherlands) 15 MHz
Linke (2001) A-mode Ultrasound (NIUS-02, Asulan Research RA 50 above systolic 5
laboratories, Switzerland) 10 MHz transducer
Parissis (2015) Ultrasound (Philips HDI 5000 Sonos CT) 8 MHz BA FMD determined as described by
linear array transducer Arnold et al. (1991) & Corretti et al.
Sandri (2015) Ultrasound (NIUS-02, Asulan Research RA 50 above systolic 5 As described in Linke et al.
laboratories, Switzerland) 10 MHz transducer
Van Craenenbroeck Ultrasound (AU5 Ultrasound System, Esaote, BA Forearm 200 (or 50 above 4 Guidelines - Corretti et al.
(2010) Biomedia, Genova, Italy) 10 MHz systolic)
Wisloff (2007) Ultrasound (Vivid 7 System, GE Vingmed BA Upper Arm 250 5 Guidelines - Corretti et al.

Ultrasound, Horten, Norway) 14 MHz Doppler
probe
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Supplementary Table S5

Assessment of study quality and reporting using TESTEX

Study Eligibility Randomisat  Allocation Groups Assessors  Outcomes Intention  Reporting Point Activity Relative Exercise Overall
Criteria ion concealed similarat  blinded measures to treat between measures & monitoring exercise volume & TESTEX
specified baseline assessed analysis group measures of in control intensity Energy (/15)

>85% statistical variability group constant expenditure
participants comparison
# *

RCTs

Belardinelli (2006) 1 0 0 1 0 2 1 2 1 0 0 0 8

Belardinelli (2005) 1 0 0 1 0 3 1 2 1 0 0 0 9

Eleuteri (2013) 1 0 0 1 1 3 1 0 1 0 1 1 10

Erbs (2010) 1 1 1 1 1 3 0 2 1 0 0 0 11

Giannattasio (2001) 1 0 0 1 1 1 1 0 1 0 0 0 6

Guazzi (2004) 1 1 0 1 1 1 0 2 1 1 0 0 9

Hambrecht (2000) 1 0 0 1 0 2 0 2 1 0 1 0 8

Karavidas (2006) 1 0 0 1 1 2 1 2 1 0 1 0 10

Kobayashi (2003) 1 0 0 1 1 2 1 1 1 0 0 0 8

Linke (2001) 1 0 0 1 0 1 1 2 1 0 0 0 7

Parissis (2015) 1 0 0 1 0 2 1 2 1 0 1 0 9

Sandri (2015) 1 1 1 1 1 3 1 2 1 0 0 0 12

Wisloff (2007 1 1 0 1 1 3 0 2 1 0 1 0 12

Non- Randomised

Benda (2015) 1 0 0 1 0 2 0 1 1 0 1 1 8

Isaksen (2015) 1 0 0 1 1 3 0 2 1 0 0 0 9

Van Craenenbroeck 1 0 0 1 1 1 1 2 1 0 0 0 8

(2011)

Key: total out of 15 points. Legend: #three points possible—one point if adherence >85%, one point if adverse events reported, one point if exercise attendance is reported. *Two points possible—one point if
primary outcome is reported, one point if all other outcomes reported. TESTEX, Tool for the assEssment of Study qualiTy and reporting in Exercise. 0 awarded if no mention was made of this criteria or if it was

unclear
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Funnel Plots

FMD — Exercise vs. Control
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EPCs — Exercise vs. Control
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Objective. Flow-mediated dilation (FMD) is widely utilised to assess endothelial function and aerobic exercise improves FMD in
heart failure patients. The aim of this meta-analysis is to quantify the effect of aerobic training intensity on FMD in patients with
heart failure. Background. A large number of studies now exist that examine endothelial function in patients with heart failure. We
sought to add to the current literature by quantifying the effect of the aerobic training intensity on endothelial function. Methods.
We conducted database searches (PubMed, Embase, ProQuest, and Cochrane Trials Register to June 30, 2016) for exercise based
rehabilitation trials in heart failure, using search terms exercise training, endothelial function, and flow-mediated dilation (FMD).
Results. The 13 included studies provided a total of 458 participants, 264 in intervention groups, and 194 in nonexercising control
groups. Both vigorous and moderate intensity aerobic training significantly improved FMD. Conclusion. Overall both vigorous and

moderate aerobic exercise training improved FMD in patients with heart failure.

1. Introduction

Results of numerous studies and meta-analyses have now
shown that exercise training is not only safe but is associ-
ated with a range of physiological, functional, and clinical
benefits in patients with heart failure (HF) [1-3]. While
exercise interventions in HF patients have utilised a range
of training modalities, aerobic or endurance training is the
most investigated and has been shown to improve a range
of parameters in HF patients [1, 4], including endothelial
function [5]. Endothelial dysfunction is associated with the
pathogenesis and progression of HF [6] and flow-mediated
dilation (FMD), a noninvasive assessment of endothelial
function, has been shown to be predictive of deterioration
and death [7] in HF patients. Aerobic exercise training
improves endothelial dependent vasodilation primarily by
improving nitic oxide (NO) bioavailability [8].

Despite a large number of exercise training studies it was
not until 2011 that a consensus document by the Heart Failure
Association (HFA) and European Association for Cardio-
vascular Prevention and Rehabilitation (EACPR) provided a
detailed and comprehensive guideline for exercise training
in HF patients [9]. However, while aerobic exercise is now a
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feature of cardiac rehabilitation guidelines around the world,
training program characteristics still vary considerably and
the focus of current and emerging research is on identifying
the exercise modality, dose, and intensity that will deliver
optimal benefits [10-13]. While all training characteristics
will likely influence results to some degree, the role of exercise
intensity in cardiac rehabilitation is considered a key issue
[14]. As the pattern of blood flow and amount of shear
stress [8] that occur during exercise may be related to the
specific training characteristics, including training intensity,
ascertaining an optimal training protocol is important.

A meta-analysis in HF patients by Ismail and colleagues
(2013) [12] demonstrated that as exercise intensity increases
the magnitude of change in VO, ., also increases. In
addition, a considerable body of evidence is mounting in
relation to aerobic intermittent or interval training in clinical
populations including HF patients [15, 16], and more specifi-
cally in relation to high-intensity interval training (HIIT) [15]
for improving a range of physiological, functional and clinical
parameters, including vascular function [5].

While exercise intensity is associated with the magnitude
of change in VO, ., in HF patients [12], the relationship
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between aerobic intensity and endothelial function is not
clear. In healthy men, high-intensity exercise has been shown
to increase oxidative stress reducing the bioavailability of NO
and possibly negating the positive effect of exercise induced
shear stress on endothelial function [17]. However, increases
in antioxidant levels and greater improvements in FMD from
HIIT compared to moderate intensity continuous training
(MICT) in heart failure patients [5] suggest that intensity may
have a role in the endothelial response to exercise in this
population.

In a range of clinical populations both moderate [18]
and high-intensity [19, 20] aerobic training have significantly
improved FMD. A recent meta-analysis [21] across a diverse
population reported a significant improvement in FMD from
aerobic exercise and a significant dose-response relationship
between intensity and FMD. In addition, Ramos and col-
leagues (2015) [22] examined the effects of high-intensity
training, specifically HIIT compared to MICT across a
diverse population, demonstrating HIIT to be more effective
for improving FMD [22].

A number of aerobic exercise training studies have now
investigated FMD in HF patients and therefore the primary
aim of our paper was to conduct a systematic review and
meta-analysis to investigate if training intensity reflects the
magnitude of change in FMD.

2. Methods

2.1. Search Strategy. Potential studies were identified by con-
ducting systematic searches of PubMed, Embase, CINAHL,
SPORTDiscus, and the Cochrane Library of Controlled Trials
up until 30 June 30, 2016. Searches included a mix of MeSH
and free text terms related to the key concepts of heart failure,
exercise training, endothelial function, and flow-mediated
dilation. Additionally, systematic reviews, meta-analyses, and
reference lists of papers were hand searched for additional
studies. One reviewer (MJP) conducted the search; and full
articles were assessed for eligibility by two reviewers (MJP
and NAS). Two authors were contacted to provide additional
information; one author did not respond and the second
responded but was unable to provide any further details.

2.2. Study Selection. Randomised controlled trials and con-
trolled trials of aerobic exercise training in heart fail-
ure patients with reduced ejection fractions (HFrEF) were
included. Studies included in the review compare an aerobic
training intervention to a no exercise or usual care control
group or compared continuous aerobic training with interval
or intermittent aerobic training. Only studies that measured
endothelial function by flow-mediated dilation (FMD) mea-
sured via ultrasound reported as relative FMD% or absolute
FMD (mm or ym) in either the brachial or radial artery were
included.

2.3. Data Extraction and Outcome Measures. Data were
extracted by one reviewer (M]JP). The primary outcome mea-
sure was flow-mediated dilation (FMD% or FMD absolute
(mm)). Where FMD was reported as FMD% and FMD (mm),
FMD% was utilised in the analysis.
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2.4. Data Synthesis. Statistical analyses were performed using
Revman 5.3 (The Nordic Cochrane Centre, Copenhagen,
Denmark). The individual meta-analyses were completed
for continuous data by using the change in the mean and
standard deviation (SD). The primary outcome measure
was FMD%. Where the change in mean and SD were not
reported, the change in mean was calculated by subtracting
the preintervention mean form the postintervention mean,
and Revman 5.3 enabled calculations of SD using number
of participants in each group, within or between group p
values or 95% CI. In cases where exact p values were not
provided, we used default values; for example, p < 0.05
becomes p = 0.049, p < 0.01 becomes p = 0.0099, and p =
not significant becomes p = 0.051. Data not provided in
main text or tables were extracted from figures. A random
effects inverse variance was used with the effects measure of
standardised mean difference (SMD). We utilised the widely
accepted guideline for SMD interpretation [23], with 0.2
defined as small, 0.5 medium, and 0.8 as large. Where a
study included multiple intervention groups and a control
group, the sample size of the control group was divided by the
number of intervention groups to eliminate over inflation of
the sample size. We used a 5% level of significance and a 95%
CI to report change in outcome measures. Aerobic intensity
was defined and classified according to the ACSM (2011)
[24]. Where prescribed intensity overlapped between two
intensity classifications an additional analysis was conducted
by reallocation of the studies to the alternative classification.

2.5. Heterogeneity and Publication Bias. Heterogeneity was
quantified using the I* test [25]. Values range from 0%
(homogeneity) to 100% (highly heterogeneity) [25]. Egger
tests and funnel plots [26] were provided to assess risk of
publication bias.

2.6. Study Quality. Study quality was assessed by using
the TESTEX, the tool for assessment of study quality and
reporting, designed specifically for use in exercise training
studies [27]. This is a 15-point scale that assesses study quality
(maximum 5 points) and reporting (maximum 10 points).
Two reviewers (MJP and NAS) conducted quality assessment.

3. Results

The initial search identified 485 manuscripts. After removal
of duplicates and exclusion of articles based on abstract
and title, 26 full-text articles remained for screening. Full
screening resulted in 13 articles meeting the stated inclusion
criteria (Figure 1 PRISMA statement). The aerobic exercise
intervention characteristics of the 13 studies in the meta-
analysis are included in Table 1. Details of full-text arti-
cles reviewed but excluded are provided in Supplemen-
tary Table S1 in Supplementary Material available online at
https://doi.org/10.1155/2017/2450202. Full participant details
are provided in Supplementary Table S2.

3.1. Study Characteristics. Thirteen [5, 28-39] studies pro-
vided a total of 458 participants diagnosed with HFrEF,
264 exercising participants, and 194 nonexercising control
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Records excluded after reading

Exclusions due to reviews and

analysis, abstracts only, not an
exercise intervention, not an RCT

Full-text articles excluded, with

Exclusions due to not HFrEF,

specific FMD outcome measure
not present, prescribed intensity

)
'g Records identified tl}llrough database Additional records identified
s ( sezazcs 5) through other sources
= " -3
= (n=23)
L
=
Records after duplicates removed
(n = 382)
Records screened t1tleis ;gg abstracts
— (n = 382) (n = 356)
&
B
o0
m
Full-text articles assessed
for eligibility reasons
— (H = 26) (n =1 3)
not reported
g
S
= Studies included in
k= meta-analysis
(n=13)

FIGURE 1: PRISMA flow diagram.

subjects. Twelve studies [5, 28-37, 39] included a usual care
control group, of these, two studies [5, 28] included two
different aerobic intervention groups. One study [38] did
not include a control group and only compared interven-
tion groups undertaking different aerobic exercise protocols.
Ten studies [5, 29-33, 35-38] randomised participants, two
studies were nonrandomised controlled trials [34, 39], and
one study randomised participants between two exercise
interventions but the control group was nonrandomised [28].
The average age of participants ranged between 49 + 5yrs
and 76 + 13yrs and sex distribution was predominantly
male. Brachial baseline FMD% ranged from ~3% to >7% and
reported that baseline radial FMD% ranged from ~6% to
>12% (Supplementary Table S2).

3.2. Intervention Details. Intervention duration ranged from
4 weeks to 6 months, the frequency of sessions ranged
from 2 days per week to daily, and the duration of exercise
sessions ranged from 10 to 60 minutes. All studies performed
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an exercise test from which training intensity was prescribed
and cycling was the most common mode of aerobic exercise.
For pooled analysis, aerobic training intensity was classified
according to ACSM (2011) [24]. The training protocol of
four studies [5, 28, 34, 38] utilised interval/intermittent
training and of these, three [5, 28, 34] utilised a training
intensity deemed as high-intensity interval training (HIIT).
Two [28, 38] studies employed short to moderate length
intervals [40] and two [5, 34] utilised long length [40]
intervals classified as a 4 x 4 HIIT protocol, but with different
intensities. Seven [5, 28, 31, 34, 35, 37, 38] studies reported
on how intensity was monitored, but only four [5, 28, 31, 34]
studies reported actual or perceived (RPE) training intensity
of participants and only one [32] reported actual energy
expenditure (Supplementary Table S3). Seven [5, 28, 30-32,
34, 37] studies reported session attendance percentages and
11 studies [5, 28-35, 37, 38] reported on the occurrence of any
adverse events (Supplementary Table S4). The assessment of
FMD varied between studies (Supplementary Table S5) and
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d b Exercise Control o Std. mean difference Std. mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95% CI 1V, random, 95% CI
Belardinelli et al., 2005 2.75 3.3431 30 -0.0172 1.1825 29 16.6% 1.08 [0.53, 1.63] -
Belardinelli et al., 2006 2.35 3.,5137 30 -0.05 0.1133 22 16.5% 0.88 [0.31, 1.46] -
Benda et al. (MCT), 2015 -0.4 0.5622 10 0.1 0.8545 4 129% —0.72 [-1.92,0.48] -t
Eleuteri et al., 2013 1.9 24932 11 0.5 1.4064 10 14.8% 0.66 [-0.23,1.54] -
Erbs et al., 2010 7.43 2.28 17 0.09 218 17 13.8% 3.21 [2.16,4.27] -
Kobayashi et al., 2003 0.22 0383 14 0.32 0.557 14 15.6% —0.20 [-0.95,0.54] -
Wisleff et al. (MCT), 2007 4.61 2.06 8 -0.3 0.1901 4 9.7% 2.62[0.87,4.38] —
Total (95% CI) 120 100 100.0% 1.00 [0.19, 1.80] &
Heterogeneity: 7% = 0.94; y* = 38.37, df = 6 (p < 0.00001); I* = 84% - - - -
Test for overall effect: Z = 2.42 (p = 0.02) -20 -10 0 10 20
Favours [control] Favours [moderate]
()

d b Moderate Control oh Std. mean difference Std. mean difference
Study or subgroup Mean SD Total Mean SD  Total Weight 1V, random, 95% CI 1V, random, 95% CI
Belardinelli et al., 2005 2.75 3.3431 30 -0.0172 1.1825 29 19.9% 1.08 [0.53,1.63] -
Belardinelli et al., 2006 2.35 3.5137 30 -0.05 0.1133 22 19.7% 0.88 [0.31, 1.46] -
Benda et al. (MCT), 2015 -0.4 0.5622 10 0.1 0.8545 4 152% —0.72[-1.92,0.48] —_
Eleuteri et al., 2013 1.9 24932 11 0.5 140646 10 17.6% 0.66 [-0.23, 1.54] —
Erbs et al,, 2010 7.43 228 17 0.09 2.18 17 16.3% 3.21 [2.16,4.27] —
Wisleff et al. (MCT), 2007 4.61  2.06 8 -0.3 0.1901 4 11.3% 2.62[0.87,4.38] _
Total (95% CI) 106 86 100.0% 1.22[0.36, 2.07] <o
Heterogeneity: 7° = 0.87; y* = 28.67, df = 5 (p < 0.0001); I* = 83% - - - -

-10 -5 0 5 10

Test for overall effect: Z = 2.80 (p = 0.005)

Favours [control] Favours [moderate]

(®)

FIGURE 2: (a) FMD: moderate aerobic training versus control. (b) FMD: moderate aerobic training versus control (removal of Kobayashi

study from moderate intensity).

10 studies [5, 28-31, 33-35, 38, 39] assessed FMD in the
Brachial Artery (BA), with the Radial Artery utilised in three
studies [32, 36, 37].

4. Outcome Measures

4.1. Flow-Mediated Dilation (FMD)

4.1.1. Moderate Aerobic Intensity versus Control. Pooled data
from seven studies [5, 28-32, 35] that utilised moderate
intensity demonstrated a significant improvement in FMD,
exercise versus control, SMD of 1.00 (95% CI 0.19 to 1.80,
p = 0.02) (Figure 2(a)). The significance level increased with
removal of the one non-RCT [28], SMD of 1.24 (95% CI 0.42
to 2.06, p = 0.003). One [35] study prescribed an intensity
range that incorporates both the moderate and vigorous
intensity definition, and removal of the study resulted in an
increased SMD of 1.22 (95% CI 0.36 to 2.07, p = 0.005)
(Figure 2(b)), which increased further with removal of the
one non-RCT [28] [SMD of 1.53 (95% CI 0.72 to 2.35, p =
0.0002)].

4.1.2. Vigorous Aerobic Intensity versus Control. Pooled data
from seven studies [5, 28, 33, 34, 36, 37, 39] utilising vigorous
intensity demonstrated a significant improvement in FMD,
SMD of 1.21 (95% CI 0.60 to 1.82, p = 0.0001) (Figure 3(a)).
Removal of the three non-RCTs [28, 34, 39] increased the
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significance, SMD of 1.69 (95% CI 0.97 to 2.40, p < 0.00001).
Reclassification of the one [35] study that straddled both
moderate and vigorous intensity decreased SMD to 1.05 (95%
CI 0.43 to 1.68, p = 0.001) (Figure 3(b)); however with
removal of the three non-RCTs [28, 34, 39] SMD increased
to 1.43 (95% CI 0.56 to 2.30, p = 0.001).

4.1.3. Aerobic Interval/Intermittent versus Continuous. Pooled
data from three studies [5, 28, 38] demonstrated a nonsig-
nificant change in FMD with interval training versus control;
SMD of 0.56 (95% CI —0.49 to 161, p = 0.30) (Supple-
mentary Figure S1). With removal of the one non-RCT
[28] the change in FMD increased but remained non-
significant [SMD of 100 (95% CI -0.33 to 233, p =
0.14)]. One [38] study utilised a moderate intensity, with the
remaining two studies [5, 28] utilising a high intensity. With
removal of the one [38] moderate intensity study the result
remained nonsignificant for HIIT versus continuous [SMD
of 0.70 (95% CI —1.27 to 2.69, p = 0.49)].

4.1.4. HIIT versus Control. Pooled data from three studies [5,
28, 34] that included a HIIT and control group, indicated a
trend toward improvement with HIIT in FMD; however this
was not significant, SMD of 1.80 (95% CI —0.69 to 4.29, p =
0.16) (Supplementary Figure S2). Two [28, 34] of the three
studies were however non-RCTs.
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d b Vigorous Control oh Std. mean difference Std. mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95% CI IV, random, 95% CI
Benda et al. (HIIT), 2015 -0.6 0.8433 10 0.1 09759 5 11.5% -0.74[-1.86,0.37] —
Guazzi et al., 2004 34 4.6076 16 -0.51 09255 15 14.4% 1.13 [0.36, 1.89] —_
Isaksen et al., 2015 35 42 24 -02 36 11  14.6% 0.90 [0.15, 1.65] ——
Linke et al., 2001 6 4.3384 11 0.2 0.2993 11 12.2% 1.81 [0.79, 2.84] —
Sandri et al. (+65yrs), 2015 44 41158 15 -0.2 0363 15 13.9% 1.53[0.70, 2.36] —
Sandri et al. (—55yrs), 2015 44 41158 15 03 05444 15 14.1%  1.36[0.55,2.16] —
Van Craenenbroeck et al., 2010 1.4 2.0877 21  -0.7 2.1137 17 152%  0.98[0.30, 1.66] J—
Wisleff et al. (AIT), 2007 8.09 1.73 9 -0.3 0.2433 5 4.1% 5.53[2.88,8.19]
Total (95% CI) 121 94 100.0% 1.21 [0.60,1.82] 'S
Heterogeneity: 2 = 0.52; x> = 24.87, df = 7 (p = 0.0008); I* = 72% - - - -
Test for overall effect: Z = 3.89 (p = 0.0001) -10 - 0 > 10
Favours [control] Favours [vigorous]
(a)
d b Vigorous Control o Std. mean difference Std. mean difference
Study or subgroup Mean SD Total Mean SD  Total Weight 1V, random, 95% CI 1V, random, 95% CI
Benda et al. (HIIT), 2015 -0.6 0.8433 10 0.1 09759 5 10.3% -0.74[-1.86,0.37] —
Guazzi et al., 2004 34 46076 16 -0.51 0.9255 15 12.4% 1.13 [0.36, 1.89] —
Isaksen et al., 2015 3.5 4.2 24 -0.2 3.6 11 12.6% 0.90 [0.15, 1.65] —
Kobayashi et al., 2003 022 0383 14 0.32 0557 14 12.6% —0.20[-0.95,0.54] —e—
Linke et al., 2001 6 43384 11 0.2 02993 11 10.8% 1.81 [0.79, 2.84] —_—
Sandri et al. (+65yrs), 2015 44 41158 15 -0.2 0363 15 12.1% 1.53[0.70, 2.36] —
Sandri et al. (=55yrs), 2015 44 41158 15 03 0.5444 15 12.2% 1.36 [0.55,2.16] —_
Van Craenenbroeck et al., 2010 1.4 20877 21 -0.7 2.1137 17 13.0% 0.98 [0.30, 1.66] —_
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FIGURE 3: (a) FMD: vigorous aerobic training versus control. (b) FMD: vigorous aerobic training versus control (reallocation of Kobayashi

from moderate to vigorous intensity).

4.2. Endothelial-Independent Dilation. Six [28-30, 33, 34, 36]
of the included studies noted the assessment of endothelial-
independent vasodilation. Five studies [28-30, 33, 34] pro-
vided relative% change in arterial diameter, while one study
[36] provided both absolute and relative% change. The
endothelial-independent response did not differ significantly
between exercise and control, SMD of —0.02 (95% CI —0.85
to 0.82, p = 0.97) (Supplementary Figure S3).

4.3. Study Quality Assessment. The median TESTEX score
was 9 (Supplementary Table S6). While RCTs noted partic-
ipant randomisation, specific details were lacking from the
majority of studies. The majority of studies lost points in the
areas of allocation concealment and activity monitoring in
the control group.

4.4. Heterogeneity and Publication Bias. All analyses demon-
strated moderate to high heterogeneity. Funnel plots demon-
strated some evidence of publication bias.

5. Discussion

This work analysed the effects of aerobic training intensity
on FMD in patients with chronic heart failure. Our primary
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finding shows that aerobic exercise training significantly
improves endothelial function, assessed via FMD, in patients
with heart failure. Our pooled data failed to find a significant
change in endothelial-independent vasodilation, indicating
that the improvement occurred at the level of the endothe-
lium [41]. All but two [28, 35] of the studies included in
our analysis found improvements in brachial or radial artery
FMD. Interestingly, while Kobayashi et al. (2003) [35] failed
to find any improvement in upper limb FMD they did reporta
significant improvement in lower limb artery FMD (posterior
tibial artery).

Training intensity is considered a key component in
determining optimal outcomes in cardiac rehabilitation [14]
and our analysis demonstrated that both moderate and
vigorous intensity, defined according to ACSM (2011) [24],
significantly improved FMD of the brachial or radial artery.
However, whether or not the magnitude of improvement
increased with intensity remains unclear. As only four studies
reported actual training intensities, our analysis of intensity
was based on the prescribed training intensity for the exercise
intervention. Whether or not vigorous or moderate intensity
provided greater improvements in FMD was dependent upon
the allocation of one [35] study, which prescribed a training
intensity range that fell within both moderate and vigorous
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categories. Two analyses were therefore conducted to ascer-
tain the effect of this study, and due to the nonsignificant
finding of the study, reallocation demonstrated contrasting
results. Based on the analysis we therefore cannot conclude
that the magnitude of the improvement in FMD increases
with intensity as was recently reported in the case of VO, ¢,
by Ismail and colleagues [12]. Additionally, it is likely that the
result would also vary depending on the actual definition or
range of a particular intensity adopted, which varies between
organization [24, 42], and whether or not the actual training
intensities were as prescribed.

Since the impressive findings of Wisleft et al. (2007) [5]
there has been an increased interest in aerobic intermit-
tent/interval training and some guidelines [9] now advocate
for this as a form of aerobic training in stable HF patients,
although the actual prescribed intensity of the intervals still
vary. We therefore conducted an analysis of HIIT compared
to MICT. Our analysis of FMD indicated a trend toward
interval or HIIT providing a greater improvement than
MICT; however, the pooled results were not significant.
Only the study of Wisleft et al. [5] demonstrated HIIT as
significantly superior to MICT. However, only two [5, 38]
of the three studies included in our analysis were RCTs and
while the RCT of Smart and Steele (2012) [38] utilised interval
training, the intensity of the intervals did not fall within
the definition of HIIT [40]. Interval or intermittent training
can be performed at any intensity; however, HIIT has been
shown to invoke more significant improvements in VO, ;.
compared to MICT in HF patients [15, 16].

The broad definition of HIIT also means that a range of
protocols are employed in both research and practice and a
large number of variables can be manipulated in prescribing
HIIT [43]. All three studies in our analysis of HIIT versus
MICT utilised different protocols, with only Wisleft et al.
(2007) [5] employing a long interval (4 x 4) protocol, which
may account for some of the contrasting results between
studies. Different interval/HIIT protocols may have different
physiological responses and may impact the amount of shear
stress [5, 22, 28]. For this reason a long HIIT protocol
may be more effective [22]. Interestingly the participants in
the Wisloft et al. [5] study also had lower baseline FMD%
(<4%) than participants in the other two studies [28, 38]
and therefore could provide a further explanation of the
contrasting results, as lower baseline FMD% is one factor
suggested as differentiating FMD responders from nonre-
sponders [44]. Our nonsignificant finding is in contrast to
the significant and superior improvement in FMD after HIIT
compared to MICT in studies across a diverse population
[22], although in CAD patients the recent SAINTEX-CAD
study [45] reported significant improvements in FMD from
HIIT and MICT with no difference between groups. Recently
it was demonstrated in obese adults that HIIT and MICT may
result in different vascular adaptations with HIIT improving
FMD and MICT improving resting brachial diameter [46].
However, no studies in our review reported a significant
change in resting arterial diameter after MICT. Interestingly,
a recent meta-analysis that compared HIIT to MICT to
investigate other clinical parameters in heart failure patients
(not FMD) revealed mixed findings [13], while data from
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previous meta-analyses have shown HIIT more effective than
MICT in improving VO, e [12,15].

In our pooled analysis of HIIT compared to no training,
despite a trend toward HIIT, we failed to find a significant
change in FMD. However, two of the three studies were non-
RCTs [28, 34]. Of the three included studies, the non-RCT
of Isaksen et al. (2015) [34] and RCT of Wisloff et al. (2007)
[5] both reported a significant change in FMD in training
groups after intervention with no change in controls, and
interestingly both studies utilised a 4x4 HIIT protocol, which
may be a more optimal protocol to improve vascular function
[22]. Interestingly, a short duration HIIT interval (30 seconds
work; 60 seconds rest) utilised by Anagnostakou et al. [47]
in a comparison of HIIT to combined HIIT and resistance
training failed to elicit a significant improvement in FMD in
a HIIT only training group. However, FMD improved in a
combined HIIT and resistance training group. Of particular
interest is that, in the Isaksen et al. [34] study, while HR data
was not stored for intensity analysis on any variables, they do
note that, in a separate analysis on VO, ,,, the improvement
in VO, ., Was almost doubled in patients who reported an
average RPE > 16, and while no details are provided on FMD,
one can question whether this may have occurred with FMD,
indicating the role of intensity.

As there are still unanswered questions in relation to
the role of endothelial dysfunction in the development and
symptoms of HF patients with preserved ejection fractions
[48] our analysis only included patients with reduced ejection
fractions. Therefore our analysis cannot be generalised to
HEFpEF patients. Additionally, only minimal studies to date
exist that have utilised aerobic training and investigated
FMD. Kitzman and colleagues (2013) [49] failed to find
any significant change in FMD following 16 weeks of high-
intensity aerobic training (70% VO, ... ), while more recently
Angadi et al. (2015) [50] in a relatively small, short duration
(4 weeks) study compared HIIT and MICT and failed to find
a significant change in FMD in either group.

Strengths and Limitations in the Systematic Review and Meta-
Analysis. To the best of our knowledge this is the first meta-
analysis that provides analysis on aerobic training intensity
and endothelial function in heart failure patients. The major
limitation of the review is the high level of heterogeneity
among studies. Differences in the methodological assessment
of FMD and medication use may have contributed to the
level of heterogeneity. Another limitation of the review is
the classification of exercise intensity. We classified aerobic
intensity according to the ACSM (2011) guidelines [24], which
provides intensity ranges based on % HRR or VO, reserve
(VO,R), VO, a0 HR.x» RPE, or Metabolic Equivalent of
Task (METS). Over the years these ranges have changed
which would change the classification of studies. Addition-
ally, intensity ranges defined by other organizations [42] differ
from the ACSM [24]. As the majority of studies did not report
on the actual training intensities of the sessions, whether
or not the mean training intensity was firstly within the
prescribed intensity range for the duration of the intervention
and secondly whether the mean training intensity was closer
to the upper or lower end of the prescribed ranges could



not be ascertained. We were unable to conduct an analysis
according to different intensity domains and thresholds, as
opposed to ranges, as suggested by Mezzani et al. (2012)
[14], as the relevant information could not be extracted
from all studies. In regard to data pooling, we measured
the difference between preintervention and postintervention
means; however, in cases where exact p values, within groups
or between groups, or 95% CI were not available, default
values for p were utilised and this may introduce errors.
Additionally, data from some studies was extracted from
figures; this in itself has the potential to introduce errors.

6. Conclusion

This meta-analysis found that both vigorous and moder-
ate aerobic exercise training improves endothelial function,
assessed by FMD, in heart failure patients with reduced ejec-
tion fractions. Future studies investigating FMD responses to
different training intensities including high-intensity training
protocols will further assist in providing more evidence as
to optimal aerobic training intensity prescription to elicit
superior improvements in endothelial function as well as
other physiological and clinically relevant endpoints.
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Online supplementary material contains supplementary figures S1, S2 and S3 as referred to
in section 4.1.3, 4.1.4 and 4.2 of the review. Supplementary material also contains details of
excluded studies, additional participant and intervention characteristics and a table of
assessment of study quality.

93



Supplementary Data File — Figures and Tables

Supplementary Fig. S1 FMD Interval vs. continuous

Interval Continuous Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% Cl
Benda et al, 20145 -0.6 0.8433 10 -04 05622 10 348% -0.27 115, 0.61]
Smartetal, 2011 1.8 345168 10 0.3 397149 13 357% 0.38[-0.45,1.27]
Wisloffet al,, 2007 8.08 1.73 9 461 2.06 8 204% 1.75[0.58, 2.91] ——
Total (95% CI) 29 31 100.0% 0.56 [-0.49, 1.61]
Heterogeneity: Tau®= 0.62; Chi*=7.33, df= 2 (P = 0.03); F=73% 5_1 D 55 1 % 1III=
Testfor overall efiect Z=1.04 (P = 0.30) Favours [continuous] Favours [interval]
Supplementary Fig. S2 FMD HIIT vs. control
HIT Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
EBenda (HIIT; 2014 -06 08433 10 01 0.9759 9 36.0% -0.74 [-1.67, 0.20]
lzaksenetal, 2015 KR 4.2 24 -02 1.6 11 367% 0.90[0.145, 1.64]
Wisloff (AT 2007 8.049 1.73 9 -03 03924 9 IT 3% 6.37 [3.84 8.90] -
Total (95% CI) 43 29 100.0% 1.80 [-0.69, 4.29]
Heterogeneity, Tau®=4.25, Chi®= 2839, df= 2 (P = 0.00001); F= 93% en _255 b 255 SEII

Testfor overall effect: Z=1.42 (P=0.18)

Favours [control] Fawours [HIT]

Supplementary Fig. S3 NMD Aerobic vs. Control

Exercise Control Std. Mean Difference 5td. Mean Difference
Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Belardinelli et al., 2005 01 0.269 30 -D.4 1.0565 29 16.2% 065[0.12,1.17] -
Eelardinelli et al., 2006 -0.2 05381 30 0.1 02268 22 161% -0.68 [1.25,-0.11] —
Benda (HIT) 2015 -1.6 2.2487 10 4.3 38151 5 120% -1.94 [[3.28,-0.59] I
Benda (MCT) 2015 -1.3 1.8271 10 43 3113 4 10.9% -2.36 [F3.91,-0.81] —
Guazi 2004 1 1.8859 16 -0.5 09074 15 152% 0.981[0.23,1.73] -
Isaksen etal, 2015 03 07138 24 11 1646 11 151% 1.26 [0.48, 2.04] —
Linke etal., 2001 0.2 06717 11 -3.8 56862 1M1 145% 0.95 [0.08, 1.84] =
Total (95% CI) 131 97 100.0% -0.02 [-0.85, 0.82] ?

0

Heterogeneity: Tau®= 1.0%; Chi®= 46.00, df= 6 (P = 0.00001); F=87%

Test for overall effect: Z=0.04 (P =0.897)

94

:
Favours [control]

-10 g

10

Favours [exercise]



Supplementary Table S1. Studies reviewed but excluded with reason

Study

Reason for Exclusion

Aksoy (2015)

Anagnostakou (2011)
Angadi (2015)
Belardinelli (2008)
Deftereos (2010)
Giannattasio (2001)

Hambrecht (1998)

Kitzman (2013)
Ozasa (2011)
Parnell (2002)
Laurent (2009)
Maiorana (2011)
Mezzani (2013)

No ultrasound FMD measurement, endothelial damage assessed via endothelial
biomarkers (e.g., VCAM)

Comparison of Combined trained to interval training, no non-exercise control group
Heart Failure preserved ejection fraction patients

Possible data crossover from already included studies. Unable to confirm with Author.
Comparison of FES to conventional cycling, no control group.

No details of prescribed exercise intensity

Assessment of Femoral Artery and via Intra-arterial infusion to assess endothelial
dilation

Heart Failure preserved ejection fraction patients

Endothelial function assessed via RH-PAT (Plethysmography technique)

No measure of Ultrasound FMD to RH, only FBF to ACh

No FMD measurement, assessment of NO metabolites only in Land vs. Water exercise.
No measure of FMD noted in study, only BA diameter

Same Study as Eleuteri (already include)
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Supplementary Table S2. Additional participant characteristics

Author Group n= Age (yrs.) % Male LVEF% Baseline Baseline FMD% Aetiology NYHA Class
VoZmax

Benda (2015) Ex 1: HIT 10 63+8 90% 376 19.1#4.1 5.3+2.6% Ischemic & non- &l
Ex 2: MICT 10 6418 100% 386 21.0+£3.4 5.2+2.5% ischemic
C 9 6717 56% 40+11 17.4+5.8 5.3+2%

Belardinelli (2006) Ex 30 55+14 100% 307 14.842.5 ~4% Previous M, stenting &l
C 22 53+15 100% 3418 14.74£2.5 ~4% & CABG

Belardinelli (2005) Ex 30 56+15 100% 39+6 16.8+3.7 2.29+1.13% Ischemic & idiopathic &l
C 29 58+15 100% 28+5 15.9+1.5 ~3%

Eleuteri (2013) Ex 11 6612 100% 2842 14.8+0.7 5.1+0.7% Ischemic & idiopathic Il
C 10 6312 100% 30+2 16.7+0.4 7.7+£1.4% CcM

Erbs (2010) Ex 17 60+11 100% 24+5 15.343.3 6.1+2.5% (RA) Ischemic & DCM 1(b)
C 17 62110 100% 2514 15.4+3.8 5.9+2.5% (RA)

Guazzi (2004) Ex 16 5245 100% 34+3 ~17.0 4.8+0.4% Ischemic & DCM &l
C 15 54+4 100% 3614 ~16.3 ~4.5%

Isaksen (2015) Ex 24 6519 88% 38+11 17.4+4.6 6.41+3.44% Ischemic & DCM I, 1 &1
C 11 6919 100% 3018 16.9+2.8 7.15+4.5%

Kobayashi (2013) Ex 14 55+2 86% 29+2 18.0£1.3 4.34+0.45% Ischemic & DCM &l
C 14 6212 57% 3312 13.7+0.9 4.19+0.45%

Linke (2001) Ex 11 58+2 100% 263 NR 11.3+2% (RA) Ischemic & DCM &
C 11 59+3 100% 24+2 11.7+1% (RA)

Sandri (2015) Ex 1 (<55yrs) 15 5015 80% 2716 13.3t1.6 11.3+2.5% (RA) Ischemic & DCM &1l
C 1 (<55yrs) 15 4945 87% 28+5 13.6%+1.3 11.742.0% (RA)
Ex2 (>65yrs) 15 7244 80% 2916 12.9+1.4 10.5+1.5% (RA)
C 2 (>65yrs) 15 7243 80% 2846 13.1+1.5 11.2+1.4% (RA)

Smart (2012) Ex 1: INT 10 59+11 80% 27+8 12.616.5 7.415.5% &l
Ex 2: MICT 13 639 100% 30+8 12.4+2.5 8.0+5.2%

Van Craenenbroeck Ex 21 61+2 86% 2742 18.3+1.4 5.1+0.3% Ischemic & DCM Il

(2010) C 17 63+3 71% 31+2 21.3+2.1 5.910.6%

Wisloff (2007) Ex: AIT 9 7719 78% 2817 13.0£1.6 ~3.5% Ischemic post infarct
Ex: MICT 8 74112 78% 3345 13.0+1.1 ~3.7% on B-blockers
C 9 76%13 67% 2618 13.2+1.9 ~3.8%

AIT: aerobic interval training, DCM: dilated cardiomyopathy, CABG: coronary artery bypass graft, Ex: exercise training, C: control, CT: continuous training, FMD: flow-mediated dilation, HIIT: high intensity interval training, INT:
intermittent training, LVEF: left ventricular ejection fraction, MI: myocardial infarction, MICT: moderate intensity continuous training, NR: not reported, NYHA: New York Heart Association, RA: radial artery
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Supplementary Table S3. Intensity Characteristics of Included Studies

Study

Intensity Prescribed

Monitoring of Intensity

Actual Training Intensity Reported

Energy Expenditure
recorded or calculated

Belardinelli (2005)

60% VOspear

Not Reported

Not Reported

Not Reported

Belardinelli (2005)

60% VO, pear

Not Reported

Not Reported

Not Reported

Benda (2015)

MICT — 60-75% max workload

(RPE 12-14)

HIIT — 90% max workload
(RPE 15-17)

Intensity monitored using RPE
-12-14 for MICT
-15-17 for HIIT

MICT:

- Actual WL 6615% of max WL
- Actual HR 81+7% HR nax

- Reported RPE 13+1

HIT:

- Actual WL 102+7% of max WL
- Actual HR 831£9% HR .«

- Reported RPE 14+1

Not Reported

Eleuteri (2013)

HR @ VT

(mean VT~60% VO5pea)'

Intensity monitored using portable
electrocardiograph

CPET repeated after
6 weeks to adjust training
intensity.

Actual Heart rate achieved = 102+4% of
prescribed

Not Reported

Erbs (2010)

HR @ 60% VOyya

Not Reported

Not Reported

650kCal/week

Guazzi (2004)

60-80% HRR

Not Reported

Not Reported

Not Reported

Isaksen (2015)

85% HR, .,
(RPE 15-17)

Intensity monitored using HR monitors

HR data not stored for intensity analysis

Mean RPE 15.3+1.4
(50% patients RPE >16)

Not Reported

Kobayashi (2003)

HR @ VT (60-70% VO jmay)

(mean VT~67%VO0,my)’

Intensity monitored using telemetry to
monitor HR.

Exercise speed was adjusted in each to
maintain the HR equivalent to the VT.

RPE used when difficult to assess HR- exercise
speed regulated within the rating of 13 RPE

Not Reported

Not Reported

Linke (2001)

70% VO3pea

Not Reported

Not Reported

Not Reported

Sandri (2015)

70% VOZmax (Symptom limited)

Workloads were adjusted to a HR so that 70%
of the symptom-limited VO,,,.x Was reached
No adjustment to intensity as was a 4 week

training period.

Not Reported

Not Reported

Smart (2012)

60-70% VO5pear

Exercise intensity was uptitrated by 2 to5 W/

week.

In patients in paced rhythm or experiencing

Not Reported

Not Reported
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frequent ectopy RPE was used with a target
RPE of 3 to 5 (moderate to hard) on the
modified Borg scale.

Van Craenenbroeck (2010) 90% HR @ RCP Not Reported Not Reported Not Reported
Wisloff (2007) AIT - 90-95% HR,.x Intensity monitored using HR monitor and RPE Intensity recorded as km/hr on treadmill,  Not Reported
during and after sessions. inclination and RPE:
MICT - 70-85% HR,ax Speed and incline of the treadmill adjusted to - AlT=RPE 17+1 & MICT =RPE 1241

ensure training carried out at the assigned HR.

1. VO, @ VT/VOjpeax = 8.8/14.8 =59.5% 0f VOypea, 2. VO; @ VT/VOzpeak = 12.0/18.0 = 66.7% 0f VOapeak, AlT: Aerobic interval training CPET: cardiopulmonary exercise test, HIIT: high intensity interval training, HR: heart rate,
HRR: heart rate reserve, HRnax: maximum heart rate, INT: intermittent training, MICT: moderate-intensity continuous training, RCP: respiratory compensation threshold, RPE: ratings of perceived exertion, VOapeak: peak
oxygen uptake, VT: ventilatory threshold, WL: workload
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Supplementary Table S4. Intervention Adherence and Adverse Events

Study

Intervention Attendance

Adverse Events

Benda (2015)

100% (missed sessions rescheduled)

1 dropout each training group due to Progression HF
1 dropout each group due to musculoskeletal complaints
Nil other training related events

Belardinelli (2005)

88%

Nil Adverse Events

Belardinelli (2006)

Nil Adverse Events

Eleuteri (2013)

Non-adherence <1%

Nil Adverse Events

Erbs (2010)

~90% compliance

1 Sudden Cardiac Death (Control)

Guazzi (2004)

Nil Adverse Events

Isaksen (2015)

98% (average) (n=20 100%)
No patient completed <75%

No symptomatic arrhythmias during AIT

1 patient in control and 1 in training group experienced
one episode of anti-tachycardia pacing (ATP), but not
during or after the session

| patient complained of dizziness during two AIT sessions
due to hypotension

1 patient in AIT group has a non-sustained
supraventricular tachycardia during initial ergospirometry
test

No other adverse events during intervention period

Kobayashi (2003)

Nil Adverse Events

Linke (2001)
Sandri (2015) 100% Nil Adverse Events
Smart (2012) NR — Good adherence noted Nil Adverse Event

Van Craenenbroeck (2010)

Wisloff (2007)

AlT =92+2%
MCT =95+3%

Nil Adverse Events related to training
1 cardiac death in MCT group - unrelated to training

* Reported in Sandri M, Kozarez I, Adams V, et al. Age-related effects of exercise training on diastolic function in heart failure with reduced ejection fraction:

The Leipzig Exercise Intervention in Chronic Heart Failure and Aging (LEICA) diastolic dysfunction study. Eur Heart J 2012, 33: 1758-176
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Supplementary Table S5.

Summary of Flow-mediated dilation (FMD) assessment via Reactive Hyperaemia (RH)

Author Artery  Cuff Position Cuff Pressure Occlusion Notes on Guidelines, measurements
(upper limb) (mmHg) duration
(minutes)
Belardinelli (2006) BA Wrist 240 4.5 According to Guidelines (Corretti 2002)
Belardinelli (2005) BA Wrist 240 4.5 According to Guidelines (Corretti 2002)
Benda (2015) BA According to Guidelines (Thijssen 2011)
Erbs (2010) RA 50 above systolic 5
Eleuteri (2013) BA Forearm 5 According to Guidelines (Corretti 2002)
Guazzi (2004) BA Forearm 50 above systolic 5 Guidelines - BARTF (Corretti 2002)
Isaksen (2015) BA Guidelines BARTF (Corretti 2002)
Kobayashi (2003) BA Forearm 200 5
Linke (2001) RA 50 above systolic 5
Sandri (2015) RA 50 above systolic 5 As described in Linke (2001)
Smart (2012) BA Forearm 250 4.5
Van Craenenbroeck (2010) BA Forearm 200 (or 50 above 4 According to Guidelines (Corretti 2002)
systolic)
Wisloff (2007) BA Upper Arm 250 5 According to Guidelines (Corretti 2002)
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Supplementary Table S6. Assessment of study quality and reporting using TESTEX

Study Eligibility Randomisation Allocation Groups Assessors  Outcomes Intention  Reporting Point Activity Relative Exercise Overall
Criteria Details concealed similarat  blinded measures to treat between measures & monitoring exercise volume & TESTEX
specified Specified baseline assessed analysis group measures of in control intensity Energy (/15)

>85% statistical variability group constant expenditure
participants comparison
# *

RCTs

Belardinelli (2006) 1 0 0 1 0 2 1 2 1 0 0 0 8

Belardinelli (2005) 1 0 0 1 0 3 1 2 1 0 0 0 9

Eleuteri (2013) 1 0 0 1 1 3 1 0 1 0 1 1 10

Erbs (2010) 1 1 1 1 1 3 0 2 1 0 0 0 11

Guazzi (2004) 1 1 0 1 1 1 0 2 1 1 0 0 9

Kobayashi (2003) 1 0 0 1 1 2 1 1 1 0 0 0 8

Linke (2001) 1 0 0 1 0 1 1 2 1 0 0 0 7

Sandri (2015) 1 1 1 1 1 3 1 2 1 0 0 0 12

Smart (2012) 1 0 0 1 0 2 1 2 1 0 1 0 9

Wisloff (2007 1 1 0 1 1 3 0 2 1 0 1 0 12

Non- Randomised

Benda (2015) 1 0 0 1 0 2 0 1 1 0 1 1 8

Isaksen (2015) 1 0 0 1 1 3 0 2 1 0 0 0 9

Van Craenenbroeck 1 0 0 1 1 1 1 2 1 0 0 0 8

(2010)

Key: total out of 15 points. Legend: #three points possible—one point if adherence >85%, one point if adverse events reported, one point if exercise attendance is reported. *Two points possible—one point if
primary outcome is reported, one point if all other outcomes reported. TESTEX, Tool for the assessment of Study quality and reporting in Exercise. 0 awarded if no mention was made of this criteria or if it was

unclear
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Exercise therapy and autonomic function in heart failure patients:
a systematic review and meta-analysis

M. J. Pearson’ - N. A. Smart’

Published online: 29 November 2017
© Springer Science+Business Media, LLC, part of Springer Nature 2017

Abstract

A large body of evidence exists indicating that autonomic imbalance is characteristic of heart failure, with several parameters of
autonomic function associated with adverse clinical outcomes. The aim of this systematic review and meta-analysis was to
investigate the effects of exercise training on parameters of autonomic function in patients with heart failure and where possible
quantify the size of the effect. We conducted database searches (PubMed, EMBASE and Cochrane Trials Register to 31
March 2017) for exercise-based rehabilitation trials in heart failure; using search terms, exercise training, autonomic function,
heart rate recovery, heart rate variability and muscle sympathetic nerve activity. Pooled data indicated a statistically significant
increase in heart rate recovery at 1 min (HRR) in exercise compared to control groups mean difference 5.90 bpm (95%CI 5.12,
6.69; p<0.00001). Pooled data also indicated that exercise training improved the short-term heart rate variability (HRV)
parameters of root mean square of successive differences between normal heart beats (RMSSD (ms)) [mean difference 10.44
(95%CI 0.60, 20.28, p=0.04)] and high-frequency normalised units (HF,,) [mean difference 7.72 (95%CI 3.32, 12.12, p=
0.0006), which are predominantly reflective of parasympathetic activity. Analyses also indicated a statistically significant
decrease in muscle sympathetic nerve activity (MSNA) bursts/minute (mean difference —11.09 (95%CI —16.18, —6.00;
p<0.0001) and MSNA bursts/100 heart beats (mean difference — 15.44 (95%CI —20.95,-9.92; p < 0.00001) in exercise groups
compared to controls. With improvements in HRR, HRV and MSNA, exercise training appears to facilitate an improvement in
parasympathetic tone and reduction in sympathetic activity.

Keywords Heart failure - Exercise - Autonomic function - Heart rate variability - Heart rate recovery - Muscle sympathetic nerve
activity

Introduction (SNS) activity and withdrawal of parasympathetic nervous sys-

tem (PNS) (vagal) activity and is associated with adverse out-
Heart failure is a complex syndrome associated with arange of ~ comes [1]. Therefore therapies, pharmacological or otherwise,
cardiac and non-cardiac abnormalities and remains a leading  which improve autonomic balance, are of interest in heart failure
cause of morbidity and mortality. Autonomic imbalance is a  management. Exercise training is an adjunct therapy in heart

characteristic of cardiovascular disease, including heart fail-  failure with consistent benefits for a range of outcomes [5—8]
ure, irrespective of heart failure phenotype [1-4]. This imbal-  including improved autonomic function [9-11].
ance is reflected by increased sympathetic nervous system Several methods are utilised to assess autonomic function
in both research and clinical settings [1], each with advantages
The authors take responsibility for all aspects of the reliability and and limitations [3]. In heart failure patients accumulating ev-
freedom from bias of the data presented and their discussed interpretation. idence suggests that several parameters of autonomic function
Electronic supplementary material The online version of this article have prognostic significance [12—16]. Heart rate recovery
(https://doi.org/10.1007/s10741-017-9662-z) contains supplementary (HRR) is simple and is commonly utilised to assess autonomic

material, which is available to authorized users. . T . . .
function. In individuals referred for exercise testing, irrespec-

tive of cardiovascular history [17], HRR has been identified as
having prognostic value, and in heart failure patients, a lower
HRR is associated with adverse cardiovascular events and
mortality [12, 18-20]. Exercise capacity and physical activity
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[21] have been linked to HRR with a faster HRR observed in
trained and athletic populations [22, 23] and an abnormal
HRR associated with reduced exercise capacity [24, 25].
Simply, HRR is assessed as the difference between peak heart
rate and heart rate at a particular time post-exercise.
Depending on the post-exercise time frame measured, HRR
is taken to be reflective of parasympathetic reactivation [24,
26] or a combination of parasympathetic reactivation and
sympathetic withdrawal [24].

Heart rate variability (HRV), also commonly utilised in the
assessment of autonomic function, is the degree of variability
in the length of intervals between heart beats, i.e. variation in
successive RR intervals [27]. A depressed HRV suggests de-
regulation of cardiac autonomic control [28] and predicts
death in heart failure patients [ 16, 29]. Exercise training results
in improvements in HRV in healthy subjects [30], and in heart
failure patients [31], including a relationship to survival [32].
HRYV can be assessed in the time domain, frequency domain
from spectral analysis [27], or using non-linear methods [33],
providing parameters that reflect the action of the PNS and
SNS at the sinus node [24]. Specific components of HRV are
considered to indirectly denote the relative input of different
branches of the autonomic nervous system (ANS) [27], with
the high-frequency band (HF) and the root mean square of
successive differences between intervals (RMSSD) both con-
sidered to be primarily reflective of vagal activity [24, 34].
However, the exact contributions of the PNS and SNS to dif-
ferent HRV parameters remain debatable [34, 35].

While HRR and HRV are both simple non-invasive tools,
they do not directly measure autonomic activity. However, the
invasive technique of microneurography directly assesses sym-
pathetic nerve activity to muscle and peripheral nerves (MSNA)
and is considered the gold standard assessment of sympathetic
nerve activity [36]. While microneurography cannot be applied
to internal organs [37] such as the heart, studies have shown it a
reliable marker of sympathetic response in some internal organs
[36]. Compared to healthy individuals, MSNA is increased in
heart failure patients [38] and associated with reduced exercise
capacity in this population [39] predicting mortality [15]. A
growing number of published human studies of varying design
have examined exercise training effects on MSNA across
healthy and clinical populations [36], and accumulating evidence
suggests unaltered MSNA in healthy populations and a reduc-
tion in certain at risk populations [36].

A systematic review [40] of studies up until March 2015
reported HRR and HRV parameters in heart failure patients;
however, MSNA was not an included outcome and there was
limited data pooling. The primary aim of our paper was to
conduct a systematic review and meta-analysis to update the
previous review and quantify where possible the effect of
exercise training on autonomic function, assessed by both
indirect (HRR and HRV) and direct (MSNA) methods, in
heart failure patients.

@ Springer
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Methods
Search strategy

Potential studies were identified by conducting systematic
searches of PubMed, EMBASE and the Cochrane Library of
Controlled Trials up until 31 March 2017. Searches included a
mix of MeSH and free text terms related to the key concepts of
heart failure, exercise training, autonomic function, heart rate
recovery, heart rate variability and muscle sympathetic nerve
activity. Additionally, systematic reviews, meta-analyses and
reference lists of papers were hand searched for additional
studies. One reviewer (MJP) conducted the search, and full
articles were assessed for eligibility by two reviewers (MJP
and NAS). One author was contacted and provided clarifica-
tion of study information.

Study selection

Study type and participants Randomised controlled trials,
quasi-randomised controlled trials and controlled trials of ex-
ercise training in adult heart failure patients were included.
Only studies in which the authors’ note a diagnosis of heart
failure were considered for inclusion. Heart failure type (i.e.
preserved, moderately reduced and reduced ejection fraction)
or comorbidities were not considered as inclusion or exclusion
criteria.

Intervention Exercise training was defined to allow for inclu-
sion of a broad range of physical activities and included aer-
obic, resistance training, combined training (aerobic and resis-
tance), Yoga, Pilates, Tai Chi and hydrotherapy. Additionally,
the physical therapies of Functional Electrical Stimulation and
Inspiratory Muscle Training were included in the definition of
exercise training for the purpose of this review. To be included
in the review, studies must have compared an exercise inter-
vention to a no exercise or usual care control group and the
duration of the exercise training must have been for a mini-
mum of 4 weeks.

Outcomes Studies were included if they reported one or more
of the following parameters of HRR, HRV or MSNA criteria:
1. HRR: Studies must have reported on HRR at 1 min
(HRR;) or HRR at 2 min (HRR,) post-exercise. Post-
recovery protocol was not considered as an inclusion or
exclusion criterion.

HRV: Studies must have reported on one more of the
following: time domain parameters: standard deviation
between normal-normal intervals (SDNN) or the root
mean square of successive differences between normal
heart beats (RMSSD) and/or frequency domain

2.
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parameters: high-frequency normalised units (HF,,) or
absolute units [HF(ms?)], low-frequency normalised units
(LF,,) or absolute units [LE(ms®)] or ratio of LF to HF
(LF/HF). Methodology for HRV assessment was not con-
sidered for inclusion or exclusion criterion. While abso-
lute units reflect the raw data, normalised units (nu) reflect
the relative portion of the selected frequency in the total
power of the power spectral density.

MSNA: Studies must have measured and reported resting
sympathetic nerve activity as burst incidence (bursts/100
heart beats) and/or burst frequency (bursts/min). Limb
nerves utilised (i.e. upper or lower) were not considered
for inclusion or exclusion criterion.

Exclusions Abstracts and non-English studies were excluded.
Data extraction

One reviewer (MJP) extracted the data. For each study, the
following information was extracted: (1) author, year of publi-
cation and study design; (2) demographic and clinical charac-
teristics (e.g., age, gender, NYHA class, ejection fraction); (3)
exercise intervention characteristics (e.g., duration, modality,
frequency, intensity); (4) mean, SD, SE, p value, main results
and findings of HRR, HRV and MSNA; (5) characteristics of
assessment methodology for HRR, HRV and MSNA and (6)
reporting of adverse events and intervention compliance.

Data synthesis

Statistical analyses were performed using Revman 5.3 (The
Nordic Cochrane Centre, Copenhagen, Denmark). Individual
meta-analyses were completed for continuous data by using
the change in the mean and standard deviation. Where the
change in mean and SD were not reported, the change in mean
was calculated by subtracting the pre-intervention mean form the
post-intervention mean, and Revman 5.3 enabled calculations of
SD using number of participants in each group, within- or
between-group p values or 95% CIL. In cases were exact p values
were not provided, we used default values, e.g. p < 0.05 becomes
p=0.049, p<0.01 becomes p=0.0099 and p =not significant
becomes p =0.051. Mean difference (MD) was used for all out-
come measures. A random-effects inverse variance was utilised
as this is a more conservative method that takes into account that
study heterogeneity can vary beyond chance. We used a 5%
level of significance and a 95% CI to report change in outcome
measures. Where a study included multiple intervention groups
and a control group, each intervention group was considered
separately, and the sample size of the control group was divided
by the number of intervention groups to eliminate over inflation
of the sample size. If data were reported for multiple time points
during the intervention, only the data at the end of the
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intervention were extracted as long as data were available for
both the intervention and control group. Additionally, where an
intervention was divided into two phases, with a supervised
training phase immediately followed by a home-based phase,
and data were only provided for the intervention and control
group at the completion of the supervised phase, then the
home-based phase was not included in the pooled data analysis.
Where it was evident that a study may have contained a cross-
over of a number of patients with another included study, but the
exact number of crossover participants could not be ascertained,
we conducted two analyses to determine the effect of each of
these studies on the results. Sensitivity analyses were also con-
ducted to assess the impact of non-RCTs and also to gauge the
impact of individual studies on the result where weighting and
standard deviations were unusual between groups. Where two
articles referred to the same study, the article with the highest
number of participants was utilised in the review.

As HRV measurements from short-term recordings are ob-
tained under resting controlled conditions in contrast to long-
term recordings where patient activity cannot be controlled,
the physiological information provided differs. Therefore, we
conducted separate analyses of short- and long-term record-
ings. Where data for long-term HRV parameters were not
reported for similar time periods, data were not pooled, instead
a descriptive analysis is provided.

Heterogeneity and publication bias

Heterogeneity was quantified using the I? test [41]. Values
range from 0% (homogeneity) to 100% (high heterogeneity)
[41]. Visual inspection of funnel plots [42] assessed risk of
publication bias.

Study quality

Study quality was assessed by using the TESTEX, the tool for
assessment of study quality and reporting, designed specifi-
cally for use in exercise training studies [43]. This is a 15-
point scale that assesses study quality (maximum 5 points)
and reporting (maximum 10 points). Two reviewers (MJP
and NAS) conducted quality assessment.

Results

The initial search generated a total of 2989 articles. After
removal of duplicates and exclusion of articles based on ab-
stract and title, 44 full-text articles remained for screening.
Full screening resulted in 20 articles meeting the stated inclu-
sion criteria (Fig. | PRISMA statement). The characteristics of
the studies in the systematic review and meta-analysis are
included in Table 1. Details of full-text articles reviewed but
excluded are provided, with reasons, in Supplementary File 1.
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Fig. 1 PRISMA statement
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Study and participant characteristics

Of the 20 studies, 17 [44-46, 48-51, 54—63] were RCTs and
three [47, 52, 53] were controlled trials but not randomised.
All studies contained an exercise intervention group and a
non-exercise control group, with one study [48] containing
two exercise intervention groups. Trial sample size varied
from 16 to 92 participants. The majority of participants were
men, with > 50% of male participants in all but one study [54].
The mean age of participants ranged from 49 to 70 years. In all
studies except two [50, 54], participants had reduced ejection
fractions. The aetiology of participants varied and NYHA
class ranged from NYHA Class [-1II.

Intervention details
Exercise intervention duration ranged from 8 weeks to

9 months, with the duration of two [52, 61] studies including
a supervised phase followed by a home-based phase. Training
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frequency ranged from 2 to 7 days per week, training duration
from 30 to 60 min per session and intensity ranged from light
to high. Fifteen studies [44—48, 51, 52, 54-57, 60—63] pre-
dominantly utilised endurance/aerobic training; two studies
[49, 58] utilised resistance training, one yoga [50], one tai
chi [59] and one inspiratory muscle training [53]. The majority
of training was supervised, with exercise training predomi-
nantly home-based in only three studies [47, 53, 55], with
two [52, 61] additional studies including a home-based train-
ing phase in a number of participants after a supervised phase.

Autonomic function assessment

Heart Rate Recovery Five [44—48] studies measured HRR.
Assessment methodology is presented in Supplementary
File 1, Table S2. All five measured and reported HRR;; two
[46, 48] of the studies also reported HRR; and one [46] mea-
sured HRR; through to HRR¢. Three [44, 46, 48] studies
conducted exercise testing on a braked cycle ergometers,
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Table 1 Studies included in systematic review of heart rate recovery (HRR), heart rate variability (HRV) and muscle sympathetic nerve activity
(MSNA)
Study Design Participant characteristics Intervention characteristics Main findings HRR, HRV
and MSNA
HRR
Fraga et al. [44] RCT n =27 randomised and analysed 4 months, endurance training HRR; tin E
E: n=15 (53% men), 57 +3 yrs., 60 min (40 min aerobic, 10 min
LVEF 27+2% strengthening), 3x week,
C:n=12 (75% men), 53 +3 yrs., @ HR at ANT up to 10%
LVEF 26+2% <RCP (~60-72% VOypear)
All NYHA II-III, 100% Carvedilol,
81% ACEI, 19% ARBs, aetiology:
Chagas, hypertension, idiopathic, CAD
Keyhani et al. [45] RCT n =70 randomised, n = 65 analysed 8 weeks, aerobic training HRR; 1E
E: n=33 (67% men), 62 + 6 years, 3 times per week, 45-60 min
LVEF <35% starting @ 60—70%HR .«
C: n=32 (53% men), 61 +5 years, and increasing to 70-80%
LVEF <35% HR,,. after
All NYHA 11, No specific details on week 4
medications. Aetiology: NR
Myers et al. [46] RCT n =24 randomised and analysed 8 weeks, aerobic training HRR,; < E, HRR; 1 E
E: n=12 (100% men), 56 £ 5 years, Two outdoor walking sessions HRR, 4 T E
LVEF 32+7% ~ 60 min per day @
C: n=12 (100% men), 55 + 7 years, individualised heart rates,
LVEF 35+4% plus 4 x 45 min cycling
No details on 3-Blocker usage, 96% session per week @
ACEI(E:n=12,C:n=11), 60—-80% heart rate reserve
actiology: MI
Tsarouhas et al. [47]  Controlled 7 =28 completed and analysed 12 weeks, aerobic training HRR; 1 E
E: n=18 (72% men), 64 + 12 years, Home-based unsupervised
LVEF 31+£3% walking, 5 days per week
C: n=10 (80% men), 65+9 years, for 10 min @ 40% HR .«
LVEF 32+3% progressing to 40 min @
All NYHA 1I-11, 71% f3-blockers 60% HR .
(E:n=13,C:n=17), 75% ACEI
(E: n=12, C:n=9) aetiology 80%
ischemic
Yaylali et al. [48] RCT n =49 randomised, n =41 analysed 12 weeks, aerobic training HRR; <> in E1 or E2.
El: n=17 (77% men), 64 £9 years, Three sessions per week, Subanalysis of HRR;
LVEF 35-45% El—interval training based on abnormal HRR
E2: n=13 (100% men), 60+ 7 years, 30 min, 30s @ 50-75% @ baseline, indicated 1 in
LVEF 35-45% HRR followed by 30-s rest. these patients post-training.
C:n=11 (82% men), 61 £ 10 years, E2——continuous training HRR, 1 El, «E2,
LVEF 35-45% for 30 min @ 50-75% Subanalysis indicated that
51% f-blockers (E1: n=6, E2: n=10, heart rate reserve after training, HRR, 1 in
C:n=5),34% ACE, 22% ARBs, those with abnormal
aetiology: ischemic or non-ischemic baseline HRR,
cardiomyopathy,
HRV
Cider et al. [49] RCT n =24 randomised, n =23 analysed 5 months, circuit weight Long HRV recordings: <>
E: n=12 (75% men), 62+ 10 years training time or frequency domain
C: n=12 (58% men), 65+ 5 years 2x week, 60 min @ (no data provided)
All NYHA II-1I, 50% {3-blockers, 46% 60%1RM
ACEI
Aetiology 95% IHD (E: n=10,C: n=11)
Krishna et al. [50] RCT n =130 randomised, n = 92 analysed 12 weeks, Yoga, 3% week, Short HRV recordings: |LF,,,

E: n=44 (73% men), 49 + 6 years,
LVEF 30-50% (n = 16PEF)

C: n=48 (67% men), 50+ 5 years,
LVEF 30-50% (n = 18PEF)

110

60 min

HF,, |LF/HF, TP in E
and C, BUT % change in
LF, HF and LF/HF in E
significantly different to %
change in C
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Table 1 (continued)

Study Design Participant characteristics Intervention characteristics Main findings HRR, HRV
and MSNA
ANl NYHA I-11, 78% {3-blockers
(E:n=34,C: n=38), 13%
ACE/ARBsS, actiology: 49% CAD
Kiilavuori et al. [51]  RCT n =18 randomised and analysed 3 months, aerobic training Long HRV recordings: THF
E: n=8 (100% men), 52 + § years, (cycling), 3x week, [1HF (day), «>HF (night)]
LVEF 24+ 6% 30 min @ 50-60%VOspcax inE
C:n=12 (92% men), 52+ 1 years, 1LF in E and C
LVEF 24+ 6% —LF/HF (trend to decrease
Al NYHA II-1I, 15% f3-blockers in E)
(n=1,2in E and C), IVLF/HF in E
100% ACEI, aetiology: DCM & ICM
Malfatto et al. [52] Controlled n =45 allocated and analysed 3 months (11 patients Short HRV recordings: @
E: n=30 (87% men), 62 + 7 years, completed additional 3 months: «LF/HF (free
LVEF 29+ 7% 6 months home-based), breathing @ rest), | LF/HF
C: n=15 (80% men), 60 + 16 years, aerobic training, 3% week, (controlled breathing),
LVEF 31+8% 60 min @ 40-50%VOxpcax. TLF/HF (standing) in E
All NYHA II-1I, 50% f3-blockers @ 9 months: |LF/HF (free
(E:n=14, C: n=28), 100% ACEI, breathing and controlled
aetiology: ischemic and primitive breathing)
Mello et al. [53] Controlled 7n=27 allocated and *n =25 analysed 12 weeks, inspiratory muscle Short HRV recordings:
for HRV training (IMT) |LFy, THF . |LF/HF
E: n=15 (60% men), 54 + 2 years, 10 min, 3% per day, 7 days inE
LVEF 34+2% per week
C: n=12 (42% men), 53 + 2 years, 30% Plyax
LVEF 38 +2%
All NYHA 1I, 100% f3-blockers, 100%
ACEI/ARBs
Aetiology: non-IHD
Murad et al. [54] RCT n=101 randomised, *n = 66 analysed 16 weeks, aerobic training, Short HRV recordings:
for HRV 3x week, 60 min @ 60-70% 1SDNN and 1RMSSD in
E: n=31 (36% men), 68 + 5 years, heart rate reserve (40-50% E, significantly different to
LVEF HFrEF and HFpEF heart rate reserve weeks 1-2) change in C
(LVEF>40% n=17)
C: n=35 (37% men), 70 + 6 years,
LVEF HFrEF and HFpEF
(LVEF >40% n =20), All NYHA TI-III,
15% p-blockers (E: n=6, C: n=4),
47% ACEI (E: n=14,C: n=17),
aetiology: NR
Piotrowicz et al. [S5] RCT n =111 randomised, n = 69 analysed 8 weeks, aerobic training Long HRV recordings:
for HRV* (home-based Nordic walking), |LF/HF, |Log LF (ms*/Hz),
E: n=46 (85% men), 5+ 10 years, 5% week, 45-60 min @ 1Log HF(msz/Hz) and
LVEF 31+7% 40-70%HR 0« <—SDNN in E group
C: n=23 (96% men), 60+ 12 years,
LVEF 33+7%
All NYHA 1I-111, 100% [3-blockers,
88% ACEI, 13% ARBs
Aectiology: ischemic and non-ischemic
Ricca-Mallada et RCT n =24 randomised, n =20 analysed 24 weeks, 3% week, 60 min. Short HRV recordings:
al. [56] E: n=10 (80% men), 59 + 8 years, 10-min warm, up, 20-min TRR interval, TLF(msz),
LVEF 32+8% breathing and non-resistance 1HF (ms?),—LF/HF,
C: n=10 (80% men), 57 + 8 years, arm and leg movements, <> SDNN, |AC(ms),
LVEF 30+ 8% 20-min circuit RT using a 1DC(ms)
All NYHA I-1I, 90% {3-blockers mechanical bike, 5-min inE
(E:n=9,C:n=9), 100% ACEI, cooldown. Work load bike
95%ARBEs, aetiology 55% ischemic started @50% peak WL,
target of max WL, or
80%HR e
Ricca-Mallada et RCT n =40 randomised, n = 36 analysed 24 weeks, aerobic training, Short HRV recordings:

al. [57]
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3x week, 60 min. 10-min

tRMSSD, tHF(ms?) in E



Heart Fail Rev (2018) 23:91-108

97

Table 1 (continued)

Study Design Participant characteristics Intervention characteristics Main findings HRR, HRV
and MSNA
E: n=16 (81% men), warm, up, 20-min breathing
57+10 years, LVEF 32+ 8% and non-resistance arm and
C: n=18(78% men), 56 £9, leg movements, 20-30
LVEF 28 +8% treadmill or bike, 5-min
AllNYHA I-11, 94% [3-blockers cooldown. Work load bike
(E:n=15,C:n=17), started @50% peak WL,
97% ACEI/ARBs, aetiology target of max WL, or
52.5% ischemic 80%HR ,cai
Selig et al. [58] RCT n =39 randomised, n =27 analysed 3 months, resistance training, Short HRV recordings: <»RR,
for HRV* 3x week, moderate intensity ~—SDNN < RMSSD,
E: n=19 (*14) (79% men), 65 + 13 years, |LF,, THF,,, |LF/HF in E
LVEF 31+3%
C: n=20 (*13) (80% men), 64 +9 years,
LVEF 28 + 6%
All NYHA II-I11, 44% [3-blockers
(E:n=9,C:n=28),
87% ACEI/ARBsS, aetiology IHD and
DCM
Yeh et al. [59] RCT n =30 randomised, n = 18 analysed 12 weeks, Tai Chi, 2% week, Long HRYV recordings:
for HRV* 60 min —SDNN, «<RMSSD,
E: n=8 (50% men), 64+ 16 years, —LF, «HF, «-LF/HF,
LVEF 25+ 6% —AVNN, < PNN30 in
C: n=10 (50% men), 55+ 12 years, E group
LVEF 23+9% IpNN30 in E group HRV
ANl NYHA 11, 100% {3-blockers, 89% during sleep
ACEI
Actiology NR
MSNA
Antunes-Correa RCT n =156 randomised, n = 34 analysed 4 months, endurance training 1 MSNA pursts/miny in E
et al. [60] E: n=17 (77% men), 56 + 2 years, 3x per week for 60 min | MSNA pursts/100ns) in E
LVEF 28+2% (5-min stretching, 40-min
C: n=17 (88% men), 54 +2 years, aerobic, 10-min
LVEF 29+ 1% strengthening, 5 cooldown),
All NYHA 1111, 100% {3-blockers, HR at ANT
100% ACEI/ARBEs, up to 10% < RCP
Aetiology: idiopathic, ischemic,
hypertensive,
chagasic
de Mello Franco RCT n =29 randomised, n =25 analysed 4 months supervised, @ 4 months:
etal. [61] (@ 4 months) (12 patients completed | MSNA ursts/miny in E
E: n=17 (76% men), 56 + 3 years, additional 4 months home | MSNA pursts/ 1008y in E
LVEF 29+2% training). endurance @ 8 months: MSNA tend to
C: n=12 (75% men), 52 + 2 years, training, 3% per week for return toward baseline
LVEF 27+3% 60 min (5-min stretching,
All NYHA II-I11, 90% f3-blockers 40-min aerobic, 10-min
(E:n=15,Cn=11), 100% strengthening, 5
ACEI/ARBES, aetiology: idiopathic, cooldown), HR at ANT up
ischemic, hypertensive, Chagasic to 10% < RCP
Fraga et al. [44] RCT n =27 randomised and analysed 4 months, endurance training 1 MSNA pursts/miny in E
E: n=15 (53% men), 57 + 3 years, 3x per week for 60 min | MSNA pursts/100n8) in E
LVEF 27+2% (5-min stretching, 40-min
C: n=12 (75% men), 53 + 3 years, aerobic, 10-min
LVEF 26+2% strengthening, 5 cool
All NYHA II-111, 100% Carvedilol, 81% down), HR at ANT up
ACE inhibitor, 19% ARB:s, aetiology: to 10% <RCP
chagas, hypertension, CAD
Mello et al. [53] Controlled 7 =27 allocated and analysed 12 weeks, inspiratory | MSNA ursts/miny in E

E: n=15 (60% men), 54 + 2 years,
LVEF 34 +2%

C:n=12 (42% men), 53 £2 years,
LVEF 38+2%

112

muscle training (IMT)

10 min, 3x per day, 7 days per
week

30% Plax

| MSNA pursts/100m8) in E
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Table 1 (continued)

Study Design Participant characteristics Intervention characteristics Main findings HRR, HRV
and MSNA
AlINYHA 11, 100% -blockers, 100%
ACEI/ARBs
Nobre et al. [62] RCT n =45 randomised, n =30 analysed 4 months, endurance training | MSNA ursts/miny in E
E: n=14 (50% men), 54 + 4 years, 3x per week for 60 min | MSNA pursts/100nB) in E
LVEF 28+3% (5-min stretching, 40-min
C: n=16 (56% men), 55+2 years, aerobic, 10-min
LVEF 27+ 1% strengthening, 5
All NYHA I-111, 100% {3-blockers, 93% cool-down), HR at ANT
ACEI/ARB:s aetiology: idiopathic, up to 10% < RCP
ischemic, hypertensive, chagasic
Roveda et al. [63] RCT n =16 randomised and analysed 4 months, endurance training | MSNA ursts/miny in E

E: n=7 (71% men), 53 +£9, LVEF
35+3%

C:n=9 (67% men), 53 +9 years,
LVEF 35+3%

All NYHA 1I-1II, 0% [3-blockers,
100% ACEI

Aectiology: idiopathic, CAD, chagasic

3x per week for 60 min
(5-min stretching, 40-min
aerobic, 10-min
strengthening, 5
cool-down), HR at ANT up
to 10% <RCP

| MSNA pursts/100m8) in E

AC acceleration capacity, ACEI angiotensin converting enzyme inhibitor, ARBs angiotensin receptor blocker, ANT anaerobic threshold, AVNN average of
all normal sinus to normal sinus (NN) intervals, C control group, CAD coronary artery disease, DC deceleration capacity, DCM dilated cardiomyopathy,
E exercise group, HF high frequency, HR heart rate, HR,,,, maximum heart rate, /RR; heart rate recovery in first minute after exercise, HRR, heart rate
recovery in second minute after exercise, HRV heart rate variability, /[HD Ischemic heart disease, LF low frequency, LFnu low-frequency normalised
units, LF/HF low-frequency/high-frequency ratio, LVEF left ventricular ejection fraction, MI myocardial infarction, MSNA muscle sympathetic nerve
activity, NR not reported, NYHA New York Heart Association, PEP preserved ejection fraction, pNN30 percentage of differences between adjacent NN
intervals that are > 30 ms, RCP respiratory compensation point, RCT randomised controlled trial, RMSSD root mean square of successive differences
between adjacent NN intervals, RR RR interval, SDNN standard deviation of normal RR intervals, 7P total power, VO,,.q peak oxygen uptake, VLF
very low frequency, | statistically significant decrease, 1 statistically significant increase, < no statistically significant change

#Number of patients analysed for HRV only, analysis of non-HRV outcomes have different number or patients

while two [45, 47] studies utilised treadmill testing. Two [46,
48] studies calculated HRR during an active recovery period,
two [45, 47] studies required patients to be completely at rest
and one [44] study did not specify whether HRR was calcu-
lated during active or resting recovery.

Heart rate variability Overall, 11 studies [49-59] measured
HRV. Full assessment methodology is presented in
Supplementary File 1, Table S3. Time domain parameters were
reported in seven studies [49, 54-59], four [54, 56-58] of which
utilised short-term recordings and three studies [49, 55, 59] long-
term recordings. Frequency domain parameters were reported in
10 studies [49-53, 55-59], four [49, 51, 55, 59] of which utilised
long-term recordings while six studies [50, 52, 53, 56-58]
utilised short-term recordings. Of the four studies that utilised
long-term recordings, only one study [59] provided the full 24-h
data for both time and frequency domain parameters. One study
[49] did not report what particular time or frequency parameters
were measured or provide any HRV data and therefore could not
be pooled for analysis. Only two [50, 52] of the studies that
utilised short-term recordings noted breath rate, and one [52] of
these studies applied a controlled breath rate and a free/
spontaneous breathing rate in the assessment of HRV and only
the free breathing rate was included for data pooling.
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Muscle sympathetic nerve activity Six studies [44, 53, 60—63]
measured and reported on MSNA. All studies were conducted
by the same research group and utilised the same MSNA
assessment methodology. MSNA was recorded directly from
the peroneal nerve using microneurography in which multi-
unit postganglionic muscle sympathetic nerve recordings
were made using a tungsten microelectrode.

Outcome measures

A summary of all pooled analyses are provided in Table 2.

Heart rate recovery

HRR; Data from four studies [45-48] with five intervention
groups (93 exercising participants, 65 controls) were pooled for
analysis, One study [44] included in the systematic review, which
indicated a statistically significant improvement in HRR,, was
excluded from the pooled analysis due to insufficient data for the
control group. Pooled data of four studies [45-48] indicated a
statistically significant improvement in HRR; in favour of exer-
cise (MD 5.90 bpm (95%CI 5.12, 6.69), p <0.00001 (Fig. 2)).
Sensitivity analyses to remove the one non-RCT [47] did not
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Table 2 Summary of pooled data

analyses for HRR, HRV and ANS parameters No. of studies ~ No. of participants MD (95%CI)
MSNA -
Exercise  Control

HRR

HRR; (bpm) 4 93 65 MD 5.90 (5.12, 6.69), p < 0.00001

HRR; (bpm) 2 42 23 MD 6.45 (0.89, 12.02), p=0.02

HRV (Short-term recordings)

Frequency domain
HF,, 3 72 72 MD 7.72 (3.32, 12.12), p =0.0006
HF(ms/Hz) 2 26 28 MD 377.25 (188.62, 565.88), p <0.0001
LF., 3 72 72 MD —8.96 (—12.45, —5.47), p<0.00001
LF/HF 5 109 100 MD —0.57 (- 0.86, —0.27), p =0.0002
Time domain
RMSSD 3 61 66 MD 10.44 (0.60, 20.28), p =0.04
SDNN 3 55 58 MD 7.48 (—4.41, 19.38), p=0.22

MSNA

MSNA bursts/min ~~ 5° 68 64 MD —-11.09 (- 16.18, —6.01), p =<0.0001

5 68 66 MD - 10.44 (- 14.94, —5.95), p <0.00001
MSNA bursts/100  5* 68 64 MD —15.44 (-=20.95, —9.92), p <0.00001
heart beats s 68 66 MD — 15.02 (— 19.71, — 10.33), p < 0.00001

Both studies contain a crossover of a number of patients
*Includes de Mello Franco et al. [61] study
® Replaces de Mello Franco study with Fraga et al.’s [44] study

significantly alter the result (MD 5.79 bpm (95%CI
4.98, 6.61) p<0.0001). Results also remained statistical-
ly significant when sensitivity analyses were conducted
to remove each study one by one to assess the impact
of each study on the result.

HRR; Pooled data from two [46, 48] studies with three
intervention groups (42 exercise participants, 23 con-
trols) demonstrated a statistically significant improve-
ment in HRR, in favour of exercise (MD 6.45 bpm
(95%CI 0.89, 12.02), p=0.02) (see Supplementary
File 2).

Heart rate variability

Frequency domain parameters

High frequency Short-term recordings: Pooled data from three
studies [50, 53, 58] (72 exercise; 72 controls) indicated a sta-
tistically significant improvement (increase) in HF,,,, in favour
of exercise training (MD 7.72 (95%CI 3.32, 12.12), p=
0.0006) (Fig. 3). Pooled analysis also indicated a statistically
significant improvement in HF ms*/Hz from two studies [56,
571 MD 377.25 (95%CI 188.62, 565.88), p<0.0001) (see
Supplementary File 2).

Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Keyhani (2013) 484 00055 33 -1.04 23985 32 896% 5.88(5.05,6.71]
Myers (2007) 54 8543 12 1 1582 12 26% 4.401-052,932 —
Tsarouhas (2011) T 6.477 18 02 10316 10 6.6% 7.50(4.44,10.56] —
Yaylali (continuous) (2015) -2 10.8009 13 -2 10.2103 5 05% 000[10.70,10.70) —
Yaylali (Interval) (2015) 2 50645 17 -2 11.3504 6 07% 4.00[-540,1340] —
Total (95% CI) 93 65 100.0% 5.90 [5.12, 6.69] ¢
Heterogeneity: Tau*= 0.00; Chi*= 2.73, df= 4 (P = 0.60); F= 0% + y + y
Test for overall effect Z=14.71 (P < 0.00001) -20 -10 0 10 20

Fig. 2 Change in HRR; (bpm) exercise vs. control
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Favours [control] Favours [exercise]
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Exercise Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Krishna (2014) 3867 72561 44 19496 502419 48  29% 19.17[6.55, 44.90] m
Mello (2012) 91 97599 14 1 14964 11 720% 810[291,13.29) B
Selig (2004) 9 155083 14 37 61541 13 251% 5.30[3.49,14.09] ™
Total (95% Cl) 72 72 100.0% 7.72[3.32,12.12] L3
Heterogeneity: Tau®= 0.00; Chi*=1.07, df= 2 (P = 0.58), = 0% k + + i
-100 -50 0 50 100

Test for overall effect: Z= 3.44 (P = 0.0006)

Fig. 3 Change in HF,,, exercise vs. control

Long-term recordings: With respect to data reported in
three studies [51, 55, 59] utilising long-term recordings, which
were not pooled due to different reporting periods, two studies
[S1, 55] reported a statistically significant increase in HF (see
Supplementary File 1).

Low frequency Short-term recordings: Pooled data from three
studies [50, 53, 58] (72 exercise, 72 controls) indicated a sta-
tistically significant decrease (improvement) in LF,,, in favour
of exercise training (MD —8.96 (95%CI, —12.45, —5.47),
»<0.00001) (see Supplementary File 2).

Long-term recordings: In the three studies [51, 55, 59]
that reported data from long-term recordings, which
were not pooled, only Piotrowicz et al. (2016) [55] re-
ported a statistically significant decrease post-training
(see Supplementary File 1).

Low-frequency/high-frequency ratio Short-term recordings:
Pooled data from five studies [50, 52, 53, 56, 58] (109 exer-
cise, 100 controls) indicated a statistically significant decrease
(improvement) the LF/HF ratio; (MD —0.57 (95%CI — 0.86,
—0.27), p=0.0002) (see Supplementary File 2).

Long-term recordings: With respect to three studies [51,
55, 59] that reported data from long-term recordings which
were not pooled, only one [55] reported a statistically signif-
icant decrease in the LF/HF ratio (see Supplementary File 1).

Time domain parameters

RMSSD (ms) Short-term recordings: Pooled data from three
studies [54, 57, 58] (61 exercise; 66 controls) indicated a

Favours [control] Favours [exercise]

statistically significant improvement in favour of exercise
(MD 10.44 (95%CI 0.60, 20.28), p = 0.04) (Fig. 4).

Long-term recordings: Only one study [59] reported
RMSSD from long-term recordings, with a trend for improve-
ment in favour of exercise training, but this was not statisti-
cally significant.

SDNN (ms) Short-term recordings: Pooled data from three stud-
ies [54, 56, 58] (55 exercise, 58 control participants) indicated
an overall improvement in SDNN in favour of exercise; how-
ever, the result was not statistically significant (MD 7.48
(95%CI — 4.41, 19.38), p=0.22) (see Supplementary File 2).
Long-term recordings: Neither of the two studies [55, 59]
that utilised long-term recordings reported any statistically
significant change in SDNN (see Supplementary File 1).

Muscle sympathetic nerve activity

Six studies [44, 53, 60—63] were included in the review of
MSNA, two [44, 61] of which contained a crossover of some
participants; therefore, to avoid double counting, two separate
analyses were conducted for each of MSNA y;symin and
MSNA purst/100 heart beats.

MSNA purst/min) Pooled data from five studies [53, 60—63] (68
exercise participants and 64 controls) indicated a statistically
significant improvement in MSNA pyrsymin) 10t favour of exer-
cise; (MD — 11.09 (95%CI — 16.13, — 6.00), p < 0.0001) (Fig.
Sa). The second analysis to replace one study with another did
not significantly alter the result (MD — 10.44 (95%CI — 14.94,
—=5.95), p<0.00001) (Fig. 5b). Removal of the one inspiratory
muscle training study [53] from each of the two analyses

Exercise Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Murad (2012) 17.53 783 31 169 263 35 384% 1584[1295 1873 &+

Ricca-Mallada (2017) 1062 175691 16 -1.76 2196 18 23.0% 1238093, 25.69) T

Selig (2004) 27 46993 14 12 19959 13 38.6% 3.90[1.21,6.59) L

Total (95% CI) 61 66 100.0% 10.44 [0.60, 20.28] i

Heterogeneity. Tau*= 63.48; Chi*= 35.30, df= 2 (P < 0.00001), F=94% f f f i
-50 -25 0 25 50

Test for overall effect Z=2.08 (P = 0.04)

Fig. 4 Change in RMSSD (ms) exercise vs. control
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a Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Rand 95% CI
Antunes-Correa 2014 -7 111716 17 -1 1.8545 17 2438% -6.00[-11.39,-0.61) -
de Mello Franco 2006 11 11613 15 7 158114 10 126% -18.00[-29.43,-6.57] I
Mello (2012) -76 7.109 15 03 04746 12 29.3% -7.90 [-11.51,-4.29] -
Nobre (2016) -12 149056 14 -3 124393 16 14.9% -9.00-18.91,0.91) —
Roveda 2003 -21 10583 7 -1 3 9 18.4% -20.00(-28.08,-11.92) —
Total (95% CI) 68 64 100.0% -11.09[-16.18,-6.00] L J
Heterogeneity: Tau*= 19.63; Chi*= 10.98, df= 4 (P = 0.03); F= 64% ! t t |
Test for overall effect Z= 427 (P < 0.0001) -100 -50 0 50 100
Favours [exercise] Favours [control]
b Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight v, dom, 95% CI IV, Rand 95% CI
Antunes-Correa 2014 -7 114716 17 -1 19545 17 241%  -6.00[11.39,-0.61] -
Fraga (2007) -10 10.0698 15 3 117779 12 16.1% -13.00[-21.39,-4.61) —
Mello (2012) -76 7109 15 03 04746 12 298%  -7.90[11.51,-4.29) -
Nobre (2016) -12 149056 14 -3 124393 16 13.2% -9.00(-18.91,0.91) —
Roveda 2003 -21 10583 7 -1 3 9 16.8% -20.00[-28.08,-11.92) —
Total (95% CI) 68 66 100.0% -10.44 [-14.94,.5.95] L 2
Heterogeneity: Tau®= 14.26; Chi*= 9.50, df= 4 (P = 0.05); F= 58% F + + 1
-100 -50 0 50 100

Test for overall effect: Z= 4.56 (P < 0.00001)

Favours [exercise] Favours [control]

Fig. 5 Change in MSNAp,symin €Xercise vs. control. a Includes study of de Mello Franco et al. [61]. b de Mello Franco et al. [61] study replaced with
Fraga et al. [44] study. Both studies contain a crossover of a number of patients

indicated a statistically significant improvement in MSNA
(burstyminy 10 favour or endurance training (MD —12.73
(95%CI1 —20.23, —5.22), p=0.0009 and MD —11.72
(95%CI1 — 18.20, —5.23), p=0.004).

MSNA urst/100n8) Pooled data from five studies [53, 60-63]
(68 exercise participants and 64 controls) indicated a statisti-
cally significant improvement in MSNA pursy100us) 10 favour
of exercise (MSNA purst/1001m) MD —15.44 (95%CI — 20.95,
—9.92), p<0.00001 (Fig. 6a). The second analysis to replace
one study with another did not significantly alter the result;
(MD —15.02 (95%CI —19.71, —10.33), p<0.00001 (Fig.
6b). Removal of the one inspiratory muscle training study

[53] from each analyses indicated a statistically significant
improvement in MSNA (pursymin) 10 favour or endurance train-
ing (MD —17.77 (95%CI —23.65, — 11.90), p <0.00001 and
MD —17.55 (95%CI1 —22.36, — 12.76), p < 0.00001).

Adverse events and intervention adherence

Only eight studies reported data on exercise session atten-
dance, while 12 studies reported or noted the absence or oc-
currence of any adverse events during the intervention period
(see Supplementary File 1). However, only one study specif-
ically noted whether adverse events occurred during training

or as a result of training.

a Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Rand 95% CI
Antunes-Correa 2014 -11 212886 17 00001 00002 17 184% -11.00[(21.12,-0.88] -
de Mello Franco 2006 -18 19.3649 15 9 252982 10 75% -27.00[45.48,-8.51]
Mello (2012) -10 10.226 15 1 1.582 12 336% -11.00[-16.25,-5.75) =
Nobre (2016) -22 185024 14 -7 154498 16 135% -15.00[27.72,-2.29] I
Roveda 2003 -23 79373 7 -2 6 9 26.9% -21.00[28.07,-13.93] -
Total (95% CI) 68 64 100.0% -15.44[-20.95,-9.92] L 2
Heterogeneity: Tau®= 16.38; ChF=7.17, df= 4 (P = 0.13); F= 44% k + + 1
Testfor overall effect Z= 5.4 (P < 0.00001) -100 -50 0 50 100
Favours [exercise] Favours [control]
b Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% ClI
Antunes-Correa 2014 -11 212886 17 0.0001 00002 17 159% -11.00[21.12,-0.88) -
Fraga (2007) -14 127808 15 5 17.3205 12 127% -19.00[-30.74,-7.26) e
Mello (2012) -10 10226 15 1 1582 12 347% -11.00[16.25,-5.75) -
Nobre (2016) -22 195024 14 -7 154498 16 11.1% -15.00[27.72,-2.28) I
Roveda 2003 -23  7.9373 7 -2 6 9 256% -21.00}-28.07,-13.93] -
Total (95% CI) 68 66 100.0% -15.02[-19.71,-10.33] *
Heterogeneity: Tau*= 9.30; Chi*= 5.98, df= 4 (P = 0.20); F= 33% L + + 1
-100 -50 0 50 100

Test for overall effect: Z=6.28 (P < 0.00001)

Favours [exercise] Favours [control]

Fig.6 Change in MSNApursy/100 heart beats €Xercise vs. control. a Includes study of de Mello Franco et al. [61]. b de Mello Franco et al. [61] study replaced
with Fraga et al. [44] study. Both studies contain a crossover of a number of patients
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Study quality assessment (TESTEX)

The median TESTEX score was 7.5 (maximum 15) (see
Supplementary File 1). While all RCTs noted participant
randomisation, the majority of studies failed to provide specific
details on randomisation procedures. The majority of studies
also lost points in the areas of allocation concealment,
intention-to-treat analysis, activity monitoring in the control
group, review of relative exercise intensity and in the provision
of adequate details to calculate accurate energy expenditure.

Heterogeneity and publication bias

Only 2 of 12 analyses demonstrated high heterogeneity (° >
75%). Funnel plots demonstrated minimal evidence of publi-
cation bias.

Discussion

This work analysed the effects of exercise training on auto-
nomic function assessed by HRR, HRV and MSNA in patients
with heart failure. Our results indicated statistically significant
improvements in all three examined parameters of ANS func-
tion. Pooled data indicated a significant improvement in
HRR; and HRR,. While not a direct measure of PNS and
SNS activity, the improvements are suggestive of improved
autonomic function.

In order to meet the metabolic demands of exercise, SNS
activity increases and PNS activity decreases. Upon cessation
of exercise, the heart rate returns to pre-exercise levels in an
exponential fashion with the largest reductions within the first
few minutes [24, 64]. The improvements in HRR; predomi-
nantly reflect a reactivation of the PNS, with a suggestion that
there may be a sympathetic component to this fast phase of
recovery [24]. The improvements in HRR, reflect a combina-
tion of parasympathetic reactivation and sympathetic with-
drawal [24].

While only three of the five studies included in the review
noted statistically significant improvements in HRR; post-
training, a subanalysis by Yaylai and colleagues (2015) [48]
based on abnormal HRR, (defined as <12 bpm) at baseline
noted a significant improvement in these patients. The im-
provement in patients with an abnormal baseline HRR is in
accordance with the earlier findings of Streuber et al. [65] who
in their retrospective analysis of 46 CHF patients after
12 weeks of aerobic training found an improvement in
HRR; in patients with low exercise capacity and abnormal
HRR; (<12 bpm), with no improvement in patients with nor-
mal HRR; and higher functional capacity at baseline. The re-
analysis of the 2006 study by Dimopoulos and colleagues [66]
which compared interval to continuous training also noted that
heart failure patients with a greater HRR abnormality at
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baseline had a significant improvement after exercise training
compared to those with normal HRR; [67] It has been sug-
gested that patients with a “normal” baseline HRR and higher
exercise capacity may require a greater training stimulus [48,
65] or greater training duration [52] to achieve significant
changes in parameters of autonomic function.

While our analysis indicated a statistically significant im-
provement in HRR, we were unable to conduct any
subanalysis to examine the effect of training based on abnor-
mality of HRR at baseline. The majority of studies included in
our review had an average baseline HRR; value above the
12 bpm cut-off widely considered as abnormal, with statisti-
cally significant improvements in three [44, 45, 47] of the
studies that had a mean baseline HRR; > 12 bpm. Of particu-
lar importance, it must be noted that to date, there is no one
standard definition of abnormal HRR or accepted recovery
protocol, which makes comparison of studies more difficult.
Although HRR; <12 bpm [17, 68] is the most widely utilised
cut-off for abnormality and increased risk, a variety of thresh-
olds have been reported [64]. Additionally, post-exercise HRR
is influenced by a number of factors, including recovery pro-
tocol, i.e. active vs. passive recovery and recovery position
[69], exercise modality [70, 71] and exercise intensity [72],
and in turn, these may influence the threshold applied for
abnormality. HRR may also be affected by [3-blockers which
could influence the effect of training programs [48] on auto-
nomic function, although to what extent is unclear. However,
in our review, improvements in HRR; occurred in studies [44,
47] where a large percentage of patients were on (3-blockers. It
was recently demonstrated that in post-acute MI male patients,
the combination of 12 weeks of exercise training with (3-
blockers promoted HRR in all patients, and the combination
of both was only more effective than exercise training alone in
the subgroup of patients with baseline HRR; <12 bpm [73].

While the prognostic value of HRR; is well established in
heart failure patients, less is known about HRR,; however, it
has been suggested that HRR, may be more powerful than
HRR; [69, 74] While only from two studies (three interven-
tion groups) our review indicated HRR, improved post-train-
ing, providing evidence for the withdrawal of sympathetic
activity in conjunction with improved vagal activity [24].
Whether the result of HRR, is more prominent in those with
an abnormal baseline HRR; is unclear, given that fewer stud-
ies have measured HRR, and the clinical criterion for abnor-
mality is not as well established as HRR ;. Myers et al. (2007)
[46] also recorded HRR up to 6 min post-exercise, an indirect
marker of parasympathetic reactivation and sympathetic with-
drawal [24]. HRR was significantly faster in the exercise
group from minutes 2 to 6 [46]. Overall, while only from a
small number of studies, our results of improved HRR are in
accordance with the improved HRR found in heart disease
patients [75] including acute myocardial infarction patients
[76], after aerobic training.



Heart Fail Rev (2018) 23:91-108

103

HRR has also been linked to changes in exercise capacity.
Four [44-47] studies included in the review reported improve-
ments in various measures of exercise or functional capacity;
however, only Myers et al. [46] reported a correlation between
the increase in VO,pcqc and HRR. In CAD patients, Lazzeroni
et al. (2017) [77] suggests a possible contributing role of au-
tonomic function in aerobic capacity. They analysed CAD
patients based on the level of improvement in VO,peqi post-
training identifying responders and non-responders (re-
sponders defined as improved VOypear > 2.6mpkg/min) With on-
ly responders exhibiting a significant improvement in auto-
nomic indices. Furthermore, both groups had similar HRR
prior to training [77].

Only one [49] of the 11 HRV studies included in our review
failed to find a statistically significant improvement in any
HRV parameter. The findings of our pooled analyses of
short-term HRV indicated a statistically significant improve-
ment in all three frequency domain measures (LF, HF and LF/
HF) suggestive of improved autonomic function. Both abso-
Iute and normalised units of the HF band increased, and with
HF largely driven by the PNS, this increase is suggestive of a
positive shift in parasympathetic tone [34, 78]. The normal-
ised LF band also significantly improved (decreased) post-
training and based on the historical interpretation of the LF
band, this would be suggestive of reduced sympathetic activ-
ity [34, 35]. However, some controversy remains around the
interpretation of LF, and it is suggested that LF is likely re-
flective of a combination of sympathetic, parasympathetic and
baroreflex activities depending on the context [34, 78] and
possibly yet-to-be-identified factors [35]. We also found a
significant improvement (decrease) in the LF/HF ratio sugges-
tive of an improvement in the overall balance between sym-
pathetic and parasympathetic activity, with a lower ratio indic-
ative of a positive shift away from the predominance of the
SNS [27]. While LH/HF is still widely interpreted in research
as an indicator of sympathovagal balance, we acknowledge
that this concept has been challenged [79].

Additionally, the potential confounding factor of respira-
tion rate must be considered in the clinical interpretation of
HRYV, with controlled or paced breathing recommended for
accurate HRV interpretation [35, 79]. Few studies report
breath rate and therefore it is difficult to ascertain if all the
changes in HRV are due to changes in autonomic control or if
changes could be partially related to changes in breath rate.
Only one study [52] specifically noted utilising a paced
breathing rate. In addition to resting free breathing, which
was pooled for our analysis, Malfatto et al. (2002) [52] also
measured the effect of a controlled 20 breaths per minute,
finding a statistically significant improvement at 3 months in
LF/HF from paced breathing but not free breathing. However,
in 11 of the 30 patients to complete an additional 6 months of
home-based training, the decrease in LF/HF from free breath-
ing and controlled breathing were both statistically significant.
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Due to differences in data reporting from studies utilising
long-term HRV recordings, we felt it was inappropriate to pool
data from these studies. However, at a descriptive level, the
significant improvement in the LF/HF ratio in one study [55]
and the trend for improvement in another [51] are suggestive
of an overall improvement in autonomic function, which is in
accordance with that seen from our analysis of short-term
recordings. Two of the studies [51, 59] that utilised long-
term recordings were small, and as noted by one [59], it may
have been underpowered to detect a statistically significant
change in HRV parameters.

In the time domain, our meta-analysis indicted statistically
significant improvement in RMSSD from short-term record-
ings. Reflecting the beat-to-beat variance in heart rate,
RMSSD is strongly associated with parasympathetic tone
[34], and the improvement in RMSSD is consistent with our
finding of improved HF and not surprising given they are
closely related [57, 78]. Interestingly, only one study [57]
reported on any possible cut-offs or thresholds that may be
associated with greater improvements. Ricca-Mallada and col-
leagues (2017) [57] found that “low-risk” patients with a base-
line RMSSD <20 ms and HF < 150 ms®/Hz had greater im-
provements in HRV indices as well as functional capacity,
suggesting that patients with more impaired vagal activity will
achieve better results.

Whether or not improvements in autonomic function are
mediators of improved exercise capacity remains unclear, with
only one study [55] reporting a correlation between an im-
proved HRV index and exercise capacity. Overall, our find-
ings of improved HRV support findings from earlier heart
failure studies of differing designs [9, 10].

The exact mechanisms by which exercise training im-
proves HRR and HRV are not completely understood. Nitric
oxide and angiotensin II are potential mediators, with both
involved in cardiac vagal [54] and sympathetic activities and
both shown to improve with exercise training [31, 80]. An
attenuated HRR is related to endothelial function [81], and
exercise training improves endothelial dysfunction in heart
failure patients [6]. Exercise training also improves pro-
inflammatory cytokine levels in heart failure patients [82],
and Youn and colleagues [83] recently confirmed that an im-
paired HRR is associated with increased levels of pro-
inflammatory cytokines. Similarly, HRV has also been shown
to be inversely correlated with inflammatory markers [84, 85].

Other underlying factors may also be mediators for im-
provements in parameters of ANS function. Depression is
associated with heart failure and has prognostic value
[86-88], and evidence suggests that psychological factors
such as depression are related to alterations in ANS function
[89]. Exercise training improves depressive symptoms in heart
failure [90] and therefore changes in depressive symptoms
after exercise training may be a mediating factor in the im-
provements in ANS function. Piotrowicz et al. [55] reported
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that the greatest parasympathetic-sympathetic improvement
was observed in heart failure patients where depression was
reversed.

Of the three parameters of autonomic function in our anal-
ysis, microneurography is the only one that provides a direct
measure of activity. Resting MSNA is increased in the major-
ity of heart failure patients [38, 39, 63], and our pooled data
indicated a statistically significant reduction in both resting
MSNA burst incidence and burst frequency after exercise
training. Improvements in MSNA occur regardless of beta-
blocker usage [44], age [91], gender [92] and actiology [93],
although greater reductions have been observed in hyperten-
sive heart failure patients compared to those of idiopathic
origin [93] and greater reductions occur in patients with sleep
apnoea [94]. However, it must be noted that to date, the only
published research on the effects of exercise training and rest-
ing MSNA in heart failure patients comes from the University
of Sao Paulo. Since 2003, the research team has conducted a
number of prospective trials and retrospective analyses that
report on MSNA in heart failure patients. To date, the majority
of published studies from the research group have essentially
utilised the same endurance training protocol. However,
MSNA is also reduced after inspiratory muscle training [53]
and short-term functional electrical stimulation [95] in this
population. While all studies reported statistically significant
improvements, whether MSNA reductions are maintained or
further improved over the long term remains to be seen, given
that Franco et al. [61] reported that reduced levels of MSNA
after 4 months of supervised training were not maintained
after an additional 4-month home training, although a number
of factors could explain this result. While the evidence is
promising for the use of exercise training to improve MSNA
in heart failure patients, the mechanisms involved have not
been completely elucidated [96]. Animal studies and recent
training studies in humans with heart failure indicate there are
likely to be a number of contributors [96] including improve-
ments in arterial baroreflex control, chemoreflex sensitivity
[97] and mechanoreflex control [60, 96].

Generalisability

Heart failure category Autonomic balance is present in
heart failure irrespective of ejection fraction [1, 3, 4];
however, only two studies [50, 54] included in the re-
view included participants with preserved ejection frac-
tions. Both studies reported statistically significant im-
provements in ANS parameters, and Murad et al. [54]
specifically noted that the effect of exercise training on
HRV did not differ by heart failure category. All the
MSNA studies to date are in patients with reduced ejec-
tion fractions; therefore, we eagerly await the results
from the recently registered clinical trial to assess
MSNA and exercise training in patients with preserved
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ejection fractions [98].

Comorbidities Abnormal autonomic function is also seen
in diabetes and with the prevalence of diabetes in heart
failure patients ranging from 13 to 47% [99]; some
heart failure patients may have more impaired parame-
ters of autonomic function [54]. However, we were un-
able to conduct any analysis to ascertain if the effect of
exercise training on ANS function differed between pa-
tients with or without diabetes.

Gender The majority of studies were comprised of male
participants, and gender differences may also exist in
parasympathetic reactivation after exercise [100].
Although, again, Murad [54] noted no differences in
HRV parameters based on gender, and no gender differ-
ences were found in regard to exercise and MSNA [92].

At this point in time, given the clear imbalance in
gender, heart failure categories and comorbidities with
the studies, one should exercise caution in generalising
the findings of the review across the entire heart failure
population.

Strengths and limitations in the systematic review
and meta-analysis

To our knowledge, this is the first meta-analysis in heart
failure patients that examines and collates the results of
ANS function post-training in heart failure patients
utilising HRR, HRV and MSNA. While both HRR and
HRYV have prognostic value, they are both indirect mea-
sures of ANS activity and therefore cannot provide ac-
curate quantitative evidence of sympathetic or parasym-
pathetic activity. In addition, controversy still exists as
to whether HRV measures provide insight into sympa-
thetic cardiac activity [79, 101]. A strength of this re-
view is the inclusion of both indirect and direct assess-
ment methods of ANS function. The major limitations
of the review are the small sample sizes of many of the
studies and the minimal number of methodologically
rigorous studies examining effects of exercise training
on HRR and HRYV, and all studies investigating MSNA
to date are from one research group. Additionally, dif-
ferences in the methodological assessment of HRR and
HRV may have influenced analyses and contributed to
raised heterogeneity among studies. HRR assessment is
inexpensive and easy to administer, and therefore in
order to improve comparison between studies, particu-
larly in the future, consensus should be reached regard-
ing the assessment protocol. Abstracts were excluded as
were trials reported in languages other than English
which may lead to publication bias.
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Due to the small number of RCTs, we included both
randomised and non-randomised controlled trials in our anal-
ysis. However, with exercise now strongly recommended in
the treatment of stable heart failure patients, due to the ethical
considerations of complete randomisation of patients to a stan-
dard usual care group, future evidence gathering from studies
may need to consider this issue. In regard to data pooling, we
measured the difference between pre-intervention and post-
intervention means; however, in cases where exact p values
within or between groups or 95% CI were not available, de-
fault values for p were utilised and this may introduce errors.

Conclusion

Exercise training improves HRR, HRV and MSNA in heart
failure patients, suggestive of increased parasympathetic
(vagal) tone and decreased sympathetic activity, thereby
aiding in the restoration of autonomic function. However, a
number of questions remain in regard to exercise prescription
for optimal results in ANS function.
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Supplementary Table S1 Overview of studies excluded from the review that have investigated
HRR, HRV and MSNA pre and post exercise intervention

Study

Reason for Exclusion

Adamopoulos (1992)
Adamopoulos (1995)
Antunes-Correa (2010)
Antunes-Correa (2011)
Antunes-Correa (2016)

Coats (1992)
Dimopoulos (2006)
Dobsak (2012)

dos Santos (2016)

European Heart Failure Training

Group (1998)
Groehs (2015)
Groehs (2016)
lellamo (2013)
Jancik (2004)
Koufaki (2014)
Larsen (2004)
Laoutaris (2008)
Pietila (2002)
Piotrowicz (2009)
Piotrowicz (2015)
Radaelli (1979)
Streuber (2006)
Teffaha (2011)
Ueno (2009)

Crossover, no separate control group

Crossover, no separate control group

Retrospective Analysis of Previous RCTs — data already included
Retrospective Analysis of Previous RCTs — data already included
Retrospective Analysis of Previous RCTs — data already included
Crossover, no separate control group

Randomised Comparator, no sedentary control

Randomised Comparator, no sedentary control

RCT of Exercise & Testosterone intervention vs. exercise vs. testosterone, but
no usual care only group

Analysis of Combined Crossover Studies (Coats & Adamopoulos)

Retrospective Analysis of Previous RCTs of unit — data likely already included
RCT <4 week intervention

Randomised comparator, no usual care control group, no relevant HRV outcome
Observational Cohort, no control group

Randomised Comparator, no sedentary control

Cohort, no control group

Randomised Comparator, no sedentary control

Cohort, no control group

Cohort, Prospective, no control group

Data already included — Piotrowicz (2016)

Crossover Trial, no separate control group

Cohort, Retrospective, no control group

Randomised Comparator, no sedentary control, <4 week intervention
Prospective Interventional, no usual care group
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Supplementary Table S2. HRR Assessment methods

Study

Assessment Method

Fraga (2007)

HRR defined as the reduction in heart rate levels from the peak of exercise and the
first minute of recovery. CPET performed on cycle ergometer. No details on active or
passive recovery or body position.

Keyhani (2013)

HRR; was determined as the difference between HR at peak exercise and HR 1
minute after completion of exercise. Participants were instructed to sit after ending
the test to determine HRR. There was no cool-down until after HRR was recorded.
CPET performed on a treadmill

Myers (2007)

HRR; — HRR¢ was determined during active recovery at minutes 1 through to minute
6. CPET performed on cycle ergometer

Tsarouhas (2011)

HRR; was determined in the first minute after exercise test. CPET performed on a
treadmill. Recovery protocol - all patients remained in the supine position for the
recovery period.

Yaylali (2015)

HRR; and HRR, defined as the difference between heart rate at peak exercise and
exactly 1 and 2 minutes into recovery period. Recovery protocol — participants
underwent a 3-minute cool-down period, starting at 30 watts and decreasing by 10
watts per minute. CPET performed on cycle ergometer
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Supplementary Table S3. HRV Assessment Methods

Study

Assessment Method

Cider (1997)

24hr. Holter recording digested on a Marquette series 8000 Holter Scanner.

Killavuori (1995)

20 Hr. ambulatory ECG recorded during an ordinary non-exercise day. Starting at
12pm and ending at 8am. Fast Fourier transformation to process beta-to-beat
fluctuations. HF: 0.15-0.4 Hz, LF: 0.04-0.15 Hz, VLF: 0.003-0.04Hz. HF, LF and LF/HF
determined for each hour. In addition LF/HF, VLF/HF determined during day when
patients active and sedentary. Sedentary period determined as the stable low heart
rate below daytime average and action period was stable heart rate above daytime
average. Daytime 1200-2200hrs, night-time 2200-0800hrs.

Krishna (2014)

Short continuous ECG. Recording at 8am following 10 minutes of supine rest and ECG
acquired at rate of 200 samples/second for 10 minutes with normal breath rate of
12-18 breaths per minutes. Data transformed by Fast Fourier Transformation.

Malfatto (2002)

Short continuous ECG. HRV in time and frequency domain assessed during 1) 10 min
quiet supine resting and free breathing, 2) 10 min of regular breathing at frequency
of 10/min and 3) 10 minutes of active standing. Autoregressive power spectrum. VLF:
0.0-0.3 Hz, LF: 0.03-0.15 Hz, HF: 0.15-0.4 Hz. Converted to normalised units.

Mello (2012)

Digital Photoplethysmograph device utilised for 10 minutes, from which beat-by-beat
time series of pulse (pulse interval/R-R interval) were extracted. Power spectral
density of the R-R interval was obtained by Fast Fourier Transformation using Welch’s
method. Spectral bands: VLF: 0.0-0.04 Hz, LF: 0.04-0.15 Hz, HF: 0.15-0.4 Hz. Spectral
power calculated as absolute values and normalised values

Murad (2012)

Short continuous ECG. Patient’s supine for 15 minutes, then a supine resting 10
minute ECG recording obtained.

Piotrowicz (2016)

24 Hr. ambulatory ECG. Frequency domain indices were calculated after FFT of five
10-minute ECG segments recorded between 2am and 6am. HF: 0.15-0.4 Hz, LF: 0.04-
0.15Hz

Ricca-Mallada (2012)

Short continuous ECG. All recordings collected between 9am and 11am to avoid
circadian-related HRV differences. Patients rested in supine position for 30 minutes
@ 22-23 degrees C. Last 12 minutes from ECG taken. Continuous ECG were obtained
by means of a polysomnography instrument.

Ricca-Mallada (2017)

Short continuous ECG. All recordings collected between 9am and 11am to avoid
circadian-related HRV differences. Patients rested in supine position for 30 minutes
@ 22-23 degrees C. Continuous ECG were obtained by means of a polysomnography
instrument First 10 minutes deemed resting period and following 20 minutes a
recording period. A 12 minute window of the ECG was analysed minutes from ECG
taken. HF: 0.15-0.4 Hz, LF: 0.04-0.15 Hz.

Selig (2004) Short continuous ECG. Patients underwent a supine 20 minute ECG recording,
preceded by 10 minutes rest. HF: (15-0.4 Hz) was normalised over the spectrum
HFnu=HF/ (TP-VLF), LF: (0.05-0.15 Hz) normalised over the spectrum LFnu= LF/(TP-
VLP).

Yeh (2008) 24 Hr. ambulatory ECG. Series 8500 Holter monitor. Frequency domain spectra

calculated using Lomb periodogram for unevenly sampled data. VLF: 0.003-0.04 Hz,
LF: 0.04-0.15 Hz, HF: 0.15-0.4Hz.
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Supplementary Table S4. Summary of Main Findings Time and Frequency Domain Parameters in Long-
term HRV recordings

Author

Main Findings Time and Frequency Domain Parameters in Long-term HRV recordings

Cider (1997)

Frequency and Time Domain
No specific details of parameters measured
No statistically significant change in an parameter

Kiilavuori (1995)

Frequency Domain
HF(ms
‘MHF over entire 20-hr recording (p=0.005) in exercise group, due to:-
e  MHF during day
o  &HF during night
“MHF in 30 minute day time active and sedentary periods in exercise group
<> in any HF in control group
LF(ms
/MLF over entire recording (p=0.001) in exercise group and I LF in control group (p=0.02), due to:
e /] during day (p=0.0001) exercise group
e /] during day (p=0.005) control group
<>LF in 30 min sedentary or active periods
LF/HF
Over entire period trend for decrease (but not significant, p=0.10) in exercise group
e | LF/HF during day (p=0.05)
&SLF/HF in 30 minute active or sedentary period(although trend for decrease in sedentary period
p=0.06)
MLF/HF in control group during day (p=0.02) and during night (p=0.03), but < in active or
sedentary periods

Piotrowicz (2016)

Frequency Domain

Log HF(msngzl

“MHF in exercise group pre vs. post (5.36+1.02 -5.68+0.94, p=0.0211)
Log LF(msngzz

JLF in exercise group pre vs. post (5.93+0.87->5.6710.98, p=0.0129)
LF/HF

J LF/HF in exercise group pre vs. post (2.06+1.14->1.19+0.80, p<0.0001)
Time-Domain

<>SDNN (ms) in exercise group pre vs. post (120+28->124+27, p=ns)

Yeh (2008)

Frequency Domain

HF(msngz}

<>HF in exercise group pre vs. post (mean A 188.6+709.7, p=0.48) 24hr. HRV

<>HF in exercise group pre vs. post (mean A 878.3+2539.41, p=0.36) HRV during sleep
LF(msngzz

&>LF in exercise group pre vs. post (mean A 57.6+£308.5, p=0.61) 24hr. HRV

& LF in exercise group pre vs. post (mean A -209.5+344.6, p=0.13) HRV during sleep
LF/HF

&>LF/HF in exercise group pre vs. post (mean A -0.5%1.2, p=0.24) 24hr. HRV

&SLF/HF in exercise group pre vs. post (mean A -0.7%1.2, p=0.16) HRV during sleep
Time Domain

<>SDNN in exercise group pre vs. post (mean A 8.8+21.6, p=0.29) 24hr. HRV
<>SDNN in exercise group pre vs. post (mean A -9.7+20.7, p=0.23) HRV during sleep
&>RMSSD in exercise group pre vs. post (mean A4.2+8.8, p=0.22) 24hr. HRV
&>RMSSD in exercise group pre vs. post (mean A7.9+13.7, p=0.15) HRV during sleep
<>AVNN in exercise group pre vs. post (mean A16.3137.2, p=0.26) 24hr. HRV
<>AVNN in exercise group pre vs. post (mean A31.4+87.2, p=0.34) HRV during sleep
<>pNN30 in exercise group pre vs. post (mean A2.3+6.9, p=0.37) 24hr. HRV

L PNN30 in exercise group pre vs. post (mean A10.2+12.1, p=0.049) HRV during sleep

AVNN: average of all normal sinus to normal sinus (NN) intervals, HF: high frequency, HRV: heart rate variability, LF: low frequency, LF/HF:
low frequency, high frequency ratio, pNN30: percentage of differences between adjacent NN intervals that are >30ms RMSSD: square root
of mean of squares of differences between adjacent NN intervals, SDNN: standard deviation of all NN intervals, * Statistically significant
increase, { Statistically significant decrease, <> no significant change
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Supplementary Table S5 Intervention Adherence and Adverse Events

Study

Intervention Attendance

Adverse Events

Antunes-Correa (2014)

No details of number of sessions attended

No details of any adverse events related to training
During intervention period:

Training Group: 11 HF decompensation (n=4 Ml), 2 non-
cardiovascular events, 1 death

Control group: 11 HF decompensation (n=3 Ml), 3 non-
cardiovascular events, 1 death

Cider (1997)

Mean compliance 75% (65-100% range)

Training group: 1 patient Asthma attack requiring
hospitalisation, no details if this was related to training

De Mello Franco (2006)

No details of number sessions attended

No details of any adverse events related to training
During intervention period:

Training Group: 1 death @ 4 months

Control Group: 2 deaths

No other details of adverse events reported

Fraga (2007)

No details of number sessions attended

No details of any adverse events related to training

Keyhani (2013)

No details of number sessions attended

No details of any adverse events related to training

Krishna (2014)

No details of number sessions attended

Adverse events not reported in this publication, but
safety of Yoga sessions reported in related publicationsl,
with no cardiac symptoms, cardiac problems or
orthopaedic injuries during or in relation to yoga
sessions

Kiilavuori (1995)

Sub study of a larger study. No details of
compliance in Journal Article, however Thesis
details compliance of supervised sessions as 85-
100%

No details of any adverse events related to training.
Adverse Events detailed in the larger study data as a
whole, one patient hospitalised in control group 1.5
months after start

Malfatto (2002)

No details of number sessions attended

No details of any adverse events related to training

Mello (2012)

No details of number sessions attended

No details of any adverse events related to training

Murad (2012)

Average number of sessions 89.1%

No details of any adverse events related to training
Adverse events reported in the two studies from which
data was drawn®?

Myers (2007)

No details of number sessions attended

No details of any adverse events related to training

Nobre (2016)

> 80% of scheduled sessions attended

No details of any adverse events during training
During intervention period:

Training group: 1 orthopaedic problem, 2 arrhythmia
Control group: 1 death, 2 stroke

Piotrowicz (2016)

Details reported in main study paper4
94.7% patients completely adherent, 5.3% partly
adherent

Details reported in main study paper4
No major adverse events

Ricca-Mallada (2012)

No details of number sessions attended

No details of any adverse events related to training

Ricca-Mallada (2017)

No details of number sessions attended

No details of any adverse events related to training
During intervention period:

Training Group: 1 patient developed a transient AF
Control group: 7/18 patients suffered an adverse event:
1 patient developed permanent AF, 2 patients were
admitted for acute heart failure and

2 patients were admitted for angina. 2 Deaths

Roveda (2003)

85% to 98% of exercise sessions
attended

No adverse events

Selig (2004)

Adherence was monitored as attendance, but no
details of number sessions attended

No details of any adverse events related to training
During intervention period:
Training group: 1 sudden death at home

Tsarouhas (2011)

Exercise adherence monitored using pedometers,
mean walking steps: 15740+8800

No details of any adverse events related to training

Yaylali (2015)

No details of number sessions attended

No details of any adverse events related to training

Yeh (2008)

Sub study of Yeh 2004, details reported in Yeh
2004

83% attendance (20/24 classes) & 93% practiced
mean of 86 minutes per week at home

Sub study of Yeh 2004, details reported in Yeh 2004°,
No adverse events during tai chi session
n=1 Tai Chi, n=4 control hospitalised during study for
exacerbation of heart failure symptoms.
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Krishna BH, Pal P, Pal GK, et al. A randomized controlled trial to study the effect of yoga therapy on cardiac function and N terminal pro BNP in
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Supplementary Table S6 Assessment of study quality and reporting using TESTEX

Study Eligibility Randomisation Allocation Groups Assessors  Outcomes Intention  Reporting Point measures  Activity Relative Exercise volume &  Overall
Criteria details specified  concealed similarat  blinded measures to treat between & measures of monitoring in  exercise Energy TESTEX
specified baseline assessed analysis group variability control group  intensity expenditure (/15)

>85% statistical review
participants comparison
# *

RCTs

Antunes-Correa (2014) 1 0 0 1 1 1 0 2 1 1 1 0 9

Cider (1997) 1 0 0 1 0 3 0 2 1 0 1 0 9

De Mello Franco (2006) 1 0 0 1 0 2 0 2 1 0 0 0 7

Fraga (2007) 1 0 0 1 1 1 1 2 1 1 1 0 10

Keyhani (2013) 1 0 0 1 0 1 0 2 1 0 0 0 6

Krishna (2014)" 1 0 0 1 0 1 0 2 1 0 0 0 6

Kiilavuori (1995) 1 0 0 1 0 2 0 0 1 0 1 0 6

Murad (2012) 1 0 0 1 1 1 0 2 1 0 1 1 9

Myers (2007) 1 0 0 1 0 1 1 2 1 0 0 0 7

Nobre (2016) 1 0 0 1 1 2 0 2 1 1 0 0 9

Piotrowicz (2016)® 1 1 0 1 0 3 0 2 1 0 0 0 9

Ricca-Mallada (2012) 1 0 0 1 1 0 0 2 1 0 0 0 6

Ricca-Mallada (2017) 1 0 0 1 1 3 0 1 1 0 0 0 8

Roveda (2003) 1 0 0 1 1 3 1 2 1 1 1 0 12

Selig (2004) 1 0 0 1 0 2 0 2 1 1 0 0 8

Yaylali (2015) 1 1 1 1 0 0 0 2 1 0 0 0 7

Yeh (2008)" 1 1 1 1 1 3 1 2 1 1 0 0 13

Non- Randomised

Malfatto (2002) 1 NA NA 1 0 1 1 1 1 0 0 0 6

Mello (2012) 1 NA NA 1 1 1 1 2 1 0 1 0 7

Tsarouhas (2011) 1 NA NA 1 0 1 0 1 1 0 0 0 5

Key: total out of 15 points. Legend: #three points possible—one point if adherence >85%, one point if adverse events reported, one point if exercise attendance is reported. *Two points possible—one point if primary outcome is
reported, one point if all other outcomes reported. TESTEX, Tool for the assessment of Study quality and reporting in Exercise. 0 awarded if no mention was made of this criteria or if it was unclear. (1) (2) (3) Details from main study
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FOREST PLOTS

HEART RATE RECOVERY

Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean 5D Total Mean 5D Total Weight IV, Random, 95% Cl IV, Random, 85% CI
Myers (2007) 109 17.0657 12 1.9 3.0059 12 224%  9.00[-0.80,18.80] T
Yaylali (continuous) (2015) -1 B7AN 13 -3 3484 8 41.5% 2.00[F3.70,7.70] —Ti—
Yaylali {Interval) (2019) 7121189 17 -3 40723 6 36.1% 10.00([3.38 16.62] —
Total (95% CI) 42 23 100.0%  6.45[0.89,12.02] -~
Heterogeneity: Tau®= 10.94; Chi*= 3.66, df= 2 (P = 0.16); F= 45% _210 -1=D p 1=D 210
Testforoverall effect 2= 2.27 (F = 0.02) Favours [contral] Favours [exercise]
Fig. S1 - HRR,bpm exercise vs. control
HEART RATE VARIABILITY PARAMETERS
Frequency Domain Measures
Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total WMean SD Total VWeight IV, Random, 85% CI IV, Random, 85% CI
Ricca-Mallada (2012) 2476 2656864 10 -221.9 311.8654 10 521% 469.50[21557 72343 ——
Ricca-Mallada 2017y 177.08 2656337 16 -99.76 501.0506 18 47.9%  276.84[11.29, 542.39] ——
Total {95% CI) 26 28 100.0% 377.25[188.62, 565.88] -
Heterogeneity: Tau®=987.78; Chi*=1.06, df=1 (P =0.30), F= 5% t t } |
-1000 -500 1] a00 1000
Testfor overall effect: £=3.92 (P = 0.0001) Favours [control] Favours [exercise]
. 2 .
Fig. S2 - HF ms°/Hz exercise vs. control
Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
krishna (2014) -3867 72561 44 1941 50,0202 48 1.8% -19.26[44.85 6.473) I —
Mello (2012) -31  B.0BE9 14 -1 1.4964 11 G5.4% -B10[1242,-3.78] |
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Abstract

Elevated levels of pro-inflammatory markers are evident in patients with heart failure and are associated with disease severity and
prognosis. Exercise training has been shown to reduce circulating levels of pro-inflammatory cytokines and other pro-
inflammatory markers in healthy and clinical populations. The aim of the systematic review and meta-analysis was to investigate
the effect of acrobic (AT) and resistance training (RT) interventions on circulating concentrations of inflammatory markers;
tumour necrosis factor-alpha (TNF-«), interleukin 6 (IL-6), C-reactive protein (CRP), fibrinogen, soluble intercellular adhesion
molecule (SICAM) and soluble vascular adhesion molecule (sVCAM) in heart failure patients. We conducted database searches
(PubMed, EMBASE and Cochrane Trials Register to 30 June 2017) for exercise-based trials in heart failure, using the following
search terms: exercise training, inflammation, tumour necrosis factor-alpha, interleukin 6, C-reactive protein, fibrinogen, soluble
intercellular adhesions molecule-1, soluble vascular adhesion molecule-1. Twenty studies, representing 18 independent trials,
were included in the review. Pooled data of six studies indicated a minimally favourable effect of exercise training on circulating
TNF-o [SMD 0.42 (95% CI 0.15, 0.68), p =0.002)]. However, together the pooled and descriptive analyses failed to provide
strong evidence for a reduction in other pro-inflammatory markers. However, given the complexity of heart failure and the
pathways involved in the immune and inflammatory process, large prospective trials considering aetiology, comorbidities and
local skeletal muscle inflammation are required to elucidate on the anti-inflammatory effect of exercise in this population.

Keywords Heart failure - Inflammatory markers - TNF-« - IL-6 - CRP - Fibrinogen - sVCAM-1 - sICAM-1

Introduction characterised by increased inflammation, evidenced by el-
evated levels of pro-inflammatory markers [1-3].
Chronic heart failure remains a major global health issue ~ Furthermore, the association of inflammation with heart
and leading cause of morbidity and mortality. While itisa  failure (HF) is evident irrespective of ejection fraction [1,
complex clinical syndrome of multiple aetiologies, it is 4], and elevated levels of pro-inflammatory markers are
associated with disease severity and adverse outcomes [1,
5-7]. While the role of inflammation in the development
and progression of HF is increasingly recognised, inflam-
mation is likely both a cause and consequence, with HF
phenotype and aetiology influencing factors [3, 4].

The authors take responsibility for all aspects of the reliability and
freedom from bias of the data presented and their discussed interpretation.
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inflammatory markers, while not completely established, are
believed to be numerous [9, 11]. Since Levine and colleagues
(1990) [12] first reported increased levels of the circulating
pro-inflammatory cytokine tumour necrosis factor-alpha
(TNF-o) in HF patients compared to healthy controls, a grow-
ing number of inflammatory markers have been investigated
in this population.

Given the recognition of inflammation in the progres-
sion of HF, pharmacological approaches to modify the
inflammatory status have and continue to be investigated
[5]. However, despite some improvements in left ventric-
ular ejection fraction and symptoms, large trials have
shown limited success [5]. It is well recognised that phys-
ical activity may reduce inflammation [13] and exercise
training has demonstrated improvements in pro-
inflammatory markers thereby establishing an “anti-
inflammatory” effect in both healthy and clinical popula-
tions [14—17]. Exercise training is now an established and
recommended therapeutic intervention in stable HF pa-
tients [18], conferring a range of benefits. Evidence from
early studies to examine the effect of exercise training on
pro-inflammatory markers in HF patients demonstrated
improvements in circulating levels of numerous markers
such as TNF-« [19, 20], IL-6 [19], SICAM and sVCAM
[21]. Improvements in these markers were also associated
with improved exercise capacity [19-21]. However, find-
ings from studies since this time have been inconsistent
[7]. Furthermore, published literature has also demonstrat-
ed that exercise training can lower other markers of in-
flammation such as C-reactive protein (CRP) in clinical
populations [14, 16], including HF [22], but again the
results have been inconsistent [23].

A previous systematic review of pro-inflammatory cy-
tokines and exercise training in HF patients concluded that
exercise training likely reduces TNF-o but not IL-6 [7].
This was supported by the analysis of pooled data from
four studies [24]. However, a recent review [25] investi-
gating the effects of exercise training on anabolic and cat-
abolic markers in HF patients, which included circulating
serum TNF-o and IL-6, among other outcomes, failed to
find any statistically significant effect when data were
pooled. Recently, evidence has emerged indicating that pa-
tients with different inflammatory profiles respond differ-
ently to exercise training, with VO,,c,x improvements
blunted in patients with higher levels of inflammatory
markers [26]. An increasing number of controlled exercise
training studies have explored the response of a number of
pro-inflammatory markers to exercise training in HF pa-
tients. The aim of this review is to expand on the current
body of literature firstly by updating the previous reviews,
and where possible quantifying the effect of exercise train-
ing on TNF-o and IL-6. Secondly, we aimed to extend on
the previous reviews by incorporating results from studies
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that examined a wider range of pro-inflammatory markers
(CRP, fibrinogen, SICAM and sVCAM), that are elevated
in HF patients, and associated with HF severity and ad-
verse outcomes [27-30].

Methods
Search strategy

A systematic search of PubMed, EMBASE and the Cochrane
Library of Controlled Trials up until 30 June 2017 was per-
formed. Searches included a mix of MeSH and free text terms
related to the key concepts of heart failure, exercise training
and inflammatory makers. Additionally, systematic reviews,
meta-analyses and reference lists of papers were hand
searched for additional studies. One reviewer (MJP) conduct-
ed the search and full articles were assessed for eligibility by
two reviewers (MJP and NAS).

Study selection

Study type and participants Randomised controlled trials and
controlled trials of exercise training in adult HF patients were
included. Heart failure type (i.e. preserved, moderately re-
duced and reduced ejection fraction) was not considered as
inclusion or exclusion criteria.

Exercise intervention Exercise training interventions that
utilised aerobic training (AT), resistance training (RT) or com-
bined aerobic and resistance (CT) were included. The mini-
mum length of the exercise interventions was > 4 weeks, stud-
ies must have compared an exercise intervention to a usual
care group and patients must not have been involved in a
formal exercise intervention in the immediate 3 months prior
to the study. Studies in which control groups were prescribed a
specific amount of physical activity per day above usual cur-
rent and daily activities were excluded.

Exclusion The following were excluded (1) articles for
which abstracts only were available; (2) studies where pa-
tients were not clearly identified and reported as having
HF; (3) studies where the exercise intervention was an
adjunct intervention to another therapy, and no separate
exercise group was incorporated; (4) non-English studies;
and (5) randomised crossover trials.

Outcomes Studies were eligible to be included if they re-
ported on one or more of the following inflammatory
makers in serum or plasma: TNF-«, IL-6, CRP, fibrinogen,
VCAM-1 and ICAM-1.
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Data extraction

Data were extracted by two reviewers (MJP and SFM). We
extracted all relevant data from studies that met the eligibility
criteria: (1) author, year of publication and study design; (2)
baseline demographic and clinical characteristics; (3) inter-
vention characteristics; (4) pre- and post-intervention inflam-
matory marker concentrations or change in concentrations; (5)
inflammatory marker assay and assessment methodology; and
(6) adverse events and intervention compliance. No additional
data was provided by the three authors contacted to provide
additional information.

Data synthesis and analysis

Statistical analyses were performed using Revman 5.3 (The
Nordic Cochrane Centre, Copenhagen, Denmark). Individual
meta-analyses were completed for continuous data by using
the change in the mean and standard deviation (SD). Where
the change in mean and SD were not reported, the change in
mean was calculated by subtracting the pre-intervention mean
form the post-intervention mean, and Revman 5.3 enabled
calculations of SD using number of participants in each group,
within or between group p values or 95% CI. Where p values
were not provided, the standard deviation of the mean differ-
ence was calculated using the formula: SD = square root
[(SDpre-treatment)2 + (S]:)post—treatn*nent)2 - (ZR X SDpre-treatment x
SDpost-treatment)]> assuming a correlation coefficient (R)=0.5,
which is considered a conservative estimate [31]. Data not
provided in main text or tables were extracted from figures
where possible.

Data were pooled for meta-analysis when two or more
studies measured the same outcome and provided data in a
format suitable for pooling. Where a study included multiple
intervention groups and data were not provided for the com-
bined intervention, data was entered separately for each group
and the sample size of the control group was divided by the
number of intervention groups to eliminate over inflation of
the sample size. A random effects inverse variance was used
with the effects measure of standardised mean difference
(SMD). A decrease in pro-inflammatory markers following
exercise training is presented as a positive effect size (ES).
For interpretation of SMDs, the guideline of Cohen was ap-
plied, with an SMD of 0.2 considered a small ES, 0.5 as
medium and > 0.8 as a large ES [32]. We used a 5% level of
significance and a 95% CI to report change in outcome mea-
sures. For studies included in the pooled analyses, in order to
evaluate the influence of each study on the overall effect size,
sensitivity analysis using the leave-one-out approach was con-
ducted. For studies where the mean or SD of outcomes was
not reported, but median, interquartile range (IQR) or median
and range were reported, we performed a descriptive analysis,
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as this is usually an indication that data are skewed and hence
non-normally distributed.

Heterogeneity and publication bias

Heterogeneity was quantified using the I” test [33]. Values
range from 0% (homogeneity) to 100% (high heterogeneity)
[33]. Funnel plots [34] assessed risk of publication bias.

Study quality and reporting

Study quality was assessed by using TESTEX; the Tool for
assessment of study quality and reporting, designed specifi-
cally for use in exercise training studies [35]. This is a 15-
point scale that assesses study quality (maximum 5 points)
and reporting (maximum 10 points). Two reviewers (MJP
and SFM) independently conducted the study quality and
reporting assessment with discrepancies resolved by consen-
sus with a third reviewer (NAS).

Results

The search identified 2190 manuscripts that were screened
and evaluated for eligibility. After removal of duplicates and
exclusion of articles based on abstract and title, we examined
the remaining 45 full-text articles. A total of 20 articles met the
inclusion criteria, representing 18 independent trials, and were
therefore included in the systematic review (Fig. 1| PRISMA
statement). Excluded studies with associated reasons are
shown in Supplementary Table S1. Of the 20 included articles,
11 were suitable for meta-analyses.

Study characteristics

The main characteristics of the included studies are shown in
Table 1. Studies were published between 2002 and 2017. Of
the 18 independent trials, 15 were RCTs, 2 were controlled
studies but not randomised and 1 trial randomised participants
between three intervention groups, but the control group was
not randomised.

Participants Altogether, the 18 independent trials provided
1665 participants (902 exercising and 763 controls), of which
928 of'the participants (56%) were from a sub-study of the HF
Action Trial [23]. In all but two [36, 37] studies, males com-
prised >50% of the participants. In all trials except three
[37-39], participants had a mean ejection fraction <50%.
Additional details of baseline inflammatory concentrations
in exercise participants are shown in Supplementary Table 2.
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Fig. 1 PRISMA statement

Records identified through
database searching
(n=2190)

Identification

[

A4

)

Records after duplicates removed
(n=2018)

Eligibility Screening

Included

Intervention details

A detailed description of exercise intervention characteris-
tics is provided in Supplementary Table S3. The duration
of exercise training interventions ranged from 4 weeks to
6 months. Of the 18 trials, 5 [26, 38, 40—42] included two
separate HF exercise intervention groups and 1 [43] trial
included three exercise intervention groups. Fourteen [22,
23,26, 38-42, 44-49] trials included one or more interven-
tion groups utilising AT. One [50] trial utilised RT only, CT
was utilised in three [36, 37, 51] trials and one [43] trial
included an AT group, a RT group and a CT group.
Training frequency ranged from 2 to 7 days per week,
session duration from 10 to 90 min and exercise intensity
ranged from low to high.

Assay
Studies included in the review utilised a variety of assays.

Assay details, methods of serum/plasma collection and prep-
aration are provided in Supplementary Table S4.
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Records screened
(n=2018) Records excluded after
reading titles and abstracts
(n=1973)

A4

A

Full-text articles assessed

for eligibility
(n=45) Full-text articles excluded,
_ with reasons
g (n=25)

Studies included in
qualitative synthesis
(n=20)
(representing n=18
independent trials)

l

Studies included in
quantitative synthesis
(meta-analysis)
(n=11)

Outcomes

Pre-intervention, post-intervention and/or change data were
reported as mean = SD or mean £ SEM in 11 studies [22, 36,
38, 39, 42, 43, 46, 48-50, 52], with 6 studies [23, 26, 37, 44,
45, 51] reporting data as median (IQR) or median (range). One
study [40] reported data in graphical format and two [41, 47]
additional studies did not report pre- and post-intervention
data, simply noting no change post-intervention or compared
to control. Summary of meta-analyses are provided in Table 2
and non-pooled analyses are provided in Table 3.

Pro-inflammatory cytokines

TNF-a Overall, 11 studies representing 10 independent trials
reported on TNF-« concentration. Only six [36, 43, 46, 48,
49, 52] studies reported data suitable for pooling.
Meta-analysis: Pooled analysis of six [36, 43, 46, 48,
49, 52] studies with 244 participants (145 exercising, 99
controls) revealed a small but statistically significant im-
provement in TNF-«, exercise compared to control; SMD
0.42 (95% CI 0.15, 0.68), p=0.002 (Fig. 2). The effect
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Table 2 Summary of results of

meta-analyses Random model Effect size Heterogeneity

Marker n=studies n=exercise n=control SMD (95% CI) pvalue I squared
TNF-a 6 145 99 0.42 (0.15, 0.68) 0.002 0%

IL-6 4 110 65 0.41 (0.09, 0.72) 0.01 0%

CRP 3 56 41 1.61 (=0.01,3.23)  0.05 90%
Fibrinogen 2 45 30 040(-0.52,1.32) 039 72%

sICAM-1 2 60 45 0.33(=0.13,0.79)  0.16 25%
sVCAM-1 2 60 45 0.33(=0.07,0.73)  0.10 0%

size remained small and statistically significant when sen-
sitivity analysis using the leave-one-out approach was
conducted (Supplementary Table S5).

Non-pooled studies: Five studies did not provide data
suitable for pooling. Four [26, 37, 44, 51] studies com-
prised of 227 participants (149 exercising and 93 controls)

reported data as median (IQR) or median (range). All failed
to find a statistically significant effect of exercise on
TNF-« concentrations post training or a significant differ-
ence to the control group. Additionally, the study of Gielen
et al. (2003) [47] did not provide pre- and post-intervention
data, simply noting no change.

Table 3 Summary of findings of studies unable to be pooled for meta-analysis
Study Design Intervention n = exercise/control Result
TNF-
Byrkjeland 2011 RCT Aerobic 40/40 —
Conraads 2002 Controlled Combined 23/18 >
Fernandez-Silva 2017 RCT Aerobic 28/16 >
Trippel 2017 RCT Combined 43/19 >
Gielen 2003" RCT Aerobic 10/10 —
IL-6
Byrkjeland 2011 RCT Aerobic 40/40 —
Conraads 2002 Controlled Combined 23/18 —
Eleuteri 2013 RCT Aerobic 11/10 —
Fernandez-Silva 2017 RCT Aerobic 28/16 —
Gielen 2003 RCT Aerobic 10/10 >
Kitzman 2016 RCT Aerobic 26/25 —
Trippel 2017 RCT Combined 43/19 —
CRP
Ahmad 2014 RCT Aerobic 477/451 >
Byrkjeland 2011 RCT Aerobic 40/40 <, | Subgroup IDCM actiology
Eleuteri 2013 RCT Aerobic 11/10 >
Kitzman 2016 RCT Aerobic 26/25 —
Wisloff 2007 RCT Aerobic 17/9 —
ICAM
Byrkjeland 2011 RCT Aerobic 40/40 —
VCAM
Byrkjeland 2011 RCT Aerobic 40/40 P

| statistically significant decrease pre vs. post, <> no statistically significant change pre vs. post and/or compared to control

CRP C-reactive protein, /DCM idiopathic dilated cardiomyopathy, /L-6 interleukin 6, RCT randomised controlled trial, sICAM soluble intercellular
adhesion molecule, sVCAM soluble vascular adhesion molecule, 7NF-« tumour necrosis factor-alpha

Data from Linke et al. (2005) included in TNF-« meta-analysis
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Exercise Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand: 95% CI IV, Random, 95% CI
De Meirelles (2014) 218 234 15 01 266 15 12.7% 0.81 [0.06, 1.56] [
Erbs (2010) 25 41 17 13 41 17 142% 0.90(0.19,1.62]
Feiereisen (2013) 114 2169 45 027 1.0362 15 205% 0.44[-0.15,1.03) =
Gielen (2012) - LEICA { <55yrs) 01 369 15  -01 381 15 13.9% 0.05[-0.66,0.77] = e
Gielen (2012) - LEICA (=65yrs) 01 419 15 01 355 15 13.9% 0.00[(-0.72,0.72) —
Linke (2005) 014 09 11 -0.42 1.68 10 9.5% 0.40[-0.46,1.27] T
Tsarouhas (2011) 59 1433 27 15 9.48 12 152% 0.33[-0.35,1.01] -IT=
Total (95% ClI) 145 99 100.0% 0.42[0.15, 0.68] L 2
Heterogeneity: Tau®= 0.00; Chi*= 5.23, df = 6 (P = 0.51); F= 0% -':1 t g é i

Test for overall effect. Z= 3.06 (P = 0.002)

-2
Favours [control]

Favours [exercise]

Fig. 2 Change in TNF-« exercise vs. control

IL-6 Overall, 11 studies reported on IL-6 concentrations; how-
ever, only four [36, 40, 43, 50] studies provided data suitable
for pooling. An additional seven [26, 37, 39, 44, 45, 47, 51]
studies (319 participants) measured IL-6 concentrations, how-
ever, due to differences in data reporting these were not pooled
for analysis.

Meta-analysis: Four [36, 40, 43, 50] studies (five inter-
vention groups) with 175 participants (110 exercising, 65
controls) demonstrated a small and statistically significant
improvement in IL-6 concentrations in exercise compared
to control; SMD 0.41 (95% CI 0.09, 0.72), p=0.01
(Fig. 3). However, sensitivity analysis using the leave-
one-out approach indicated the statistical significance of
the results was due to the inclusion of the study by
Feiereisen and Colleagues (2013) [43] (Supplementary
Table S5).

Non-pooled studies: Five [26, 37, 44, 45, 51] studies re-
ported data as median (IQR) or median (range). All failed to
find a statistically significant effect of exercise on IL-6 con-
centrations post training or a significant difference compared
to the control group. One additional study [39] reported mean
post data and noted no significant difference between exercise
and control groups and one [47] study simply noted no change
in serum IL-6 concentrations.

Acute-phase reactants
CRP Eight [22, 23, 36, 38, 39, 41, 44, 45] studies reported on

CRP concentrations, with only three [22, 36, 38] studies pro-
viding data suitable for pooling.

Meta-analysis: Pooled data from three [22, 36, 38] studies
(four intervention groups) (56 exercising and 41 controls)
demonstrated a borderline statistically significant improve-
ment in CRP, exercise compared to control; SMD 1.61 (95%
CI-0.01, 3.23), p=0.05 (Fig. 4).

Non-pooled studies: Five [23, 39, 41, 44, 45] additional
studies (1106 participants, of which 928 were from the one
trial [23]) measured and reported CRP concentrations pre- and
post-intervention. Three [23, 44, 45] of the studies, (1029
participants: 528 exercising and 501 controls) reported data
as median (IQR) or median (range) and all failed to find a
statistically significant effect of exercise on CRP post training
or a significant difference compared to the control group. One
[41] study did not report any individual group data but specif-
ically noted no statistically significant change and one study
[39] reported post mean data and noted no significant differ-
ence between exercise and control groups.

Fibrinogen Meta-analysis: Pooled data from two [36, 38]
studies (three intervention groups) with 75 participants (45
exercising and 30 controls) failed to find a statistically signif-
icant improvement in fibrinogen; SMD 0.40 (95% CI —0.53,
1.32), p=0.39 (Supplementary Fig. S1).

Adhesion molecules

ICAM Meta-analysis: Pooled data from two [38, 42] studies
(four intervention groups) with 105 participants (65 exercis-
ing, 40 controls) failed to demonstrate a statistically signifi-
cant change in sSICAM in exercise vs. controls; SMD 0.33
(95% CI1—-0.13, 0.79), p =0.16) (Supplementary Fig. S2)

Exercise Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
De Meirelles (2014) 05 242 15 0 291 15 19.7% 0.18 [-0.54, 0.90] -
Feiereisen (2013) 129 2204 45 -012 1.7121 15 28.4% 0.66 [0.07,1.26] —
Fu (AIT) (2013) 29 47 15 0.2 542 8 133% 0.53 [-0.35, 1.40] S
Fu (MCT) (2013) 1.7 436 15 0.2 542 7 124% 0.31 [-0.60,1.21] e
Helmy (2013) 0.03 0.0941 20 -0.02 0.2286 20 261% 0.28 [-0.34,0.90] =
Total (35% Cl) 110 65 100.0% 0.41[0.09, 0.72] L 2
Heterogeneity: Tau®= 0.00; Chi*=1.37, df=4 (P=0.85); F=0%

Test for overall effect: Z= 2.50 (P = 0.01)

Fig. 3 Change in IL-6 exercise vs. control

4

o4

-4 -2 0
Favours [control] Favours

exercise]
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Std. Mean Difference

Std. Mean Difference

IV, Random, 95% CI IV, Random, 95% CI

218
Exercise Control
Study or Subgroup Mean SD Total Mean SD Total Weight
Akosy (CAE) (2015)  0.037 03 15 -0.118 046 8 261%
Aksoy (JAE) (2015) 0.095 0.64 15 -0.118 046 7 259%
De Meirelles {2014) 017 0.04 15 -0.02 003 15 221%
Parrinello (2009) 0.3 0.33 11 -0.05 035 11 259%
Total (95% CI) 56 41 100.0%

Heterogeneity: Tau®= 2.42; Chi*= 30.94, df= 3 (P < 0.00001); F=90%
Test for overall effect: Z=1.95 (P = 0.05)

Fig. 4 Change in CRP exercise vs. control

Non-pooled studies: One [44] study reporting data as me-
dian (IQR) failed to find a statistically significant effect of
exercise on ICAM.

VCAM Meta-analysis: Pooled data from two [38, 42] studies
(four intervention groups) with 105 participants (65 exercis-
ing, 40 controls) failed to demonstrate a statistically signifi-
cant change in exercise vs. controls; SMD 0.33 (95% CI
—=0.07, 0.73), p=0.10 (Supplementary Fig. S3)

Non-pooled studies: One [44] study reporting data as me-
dian (IQR) failed to find a statistically significant effect of
exercise on VCAM.

Adverse events and exercise session
attendance/compliance

All but six studies reported on adverse events [22, 36, 40,
49-51] and compliance [22, 36, 47, 48, 50, 51]
(Supplementary Table S6). Exercise training was safe, with
no major adverse events during or as a result of the training
intervention; excluding the HF Action sub group analysis,
which did not provide details of adverse events specific to
the participants utilised in the analysis of high sensitive C-
reactive protein (hsCRP).

Assessment of study quality and reporting

The median TESTEX score was 10 (maximum 15)
(Supplementary Table S7). While RCTs noted participant
randomisation, details of the specific procedure were provided
in less than half the studies.

Heterogeneity and publication bias

Visual inspection of funnel plot for meta-analysed studies
suggested minimal evidence of publication bias.
Discussion

This work analysed the effects of exercise training on selected

pro-inflammatory markers in patients with HF. The pooled
analysis of TNF-« indicated a statistically significant

@ Springer

0.41 [0.45,1.28] -r
0.35 [-0.56, 1.25] -
5.23[3.64, 6.82) -
0.99 [0.09, 1.89] -
1.61 [-0.01, 3.23] <
20 10 0 10 20

Favours [control] Favours [exercise]

improvement, consistent with earlier analyses [7, 24].
However, while meta-analysis of TNF-« demonstrated a
small, but statistically significant improvement, this is incon-
sistent with data from studies that could not be pooled. The
pooled data of IL-6 also demonstrated a small but statistically
significant improvement; however, sensitivity analysis
utilising the leave-one-out approach indicated that the study
of Feiereisen et al. (2013) [43] heavily impacted the statistical
significance of the result.

Pro-inflammatory cytokines Taking account of both our
pooled and non-pooled analyses, it is difficult to provide ro-
bust and conclusive evidence that exercise training improves
circulating concentrations of TNF-« in HF patients.
Furthermore, together both our analyses of circulating IL-6
provide limited evidence for improvements from training in-
terventions, in agreement with a previous review [24]. Larsen
etal. (2001) [20] and Adamopoulos et al. (2002) [19] provided
the early evidence for reductions in TNF-c, although the stud-
ies reported conflicting results in regard to IL-6. Importantly,
our review only considered the effect of exercise training on
circulating concentrations of TNF-« and IL-6. However,
changes in serum or plasma may not reflect changes occur-
ring at the level of skeletal muscle [47]. In addition to
elevated circulating pro-inflammatory cytokine levels, the
local muscular expression is also elevated in HF patients
[47]. Reductions in the local expression of these pro-
inflammatory cytokines (TNF-o«c mRNA, IL-6 mRNA) af-
ter training interventions have been observed in the ab-
sence of changes in circulating cytokines levels, albeit
from only minimal trials to date in HF patients [47, 52].
However they may more accurately reflect the anti-
inflammatory effect of exercise training [47, 52].

Acute-phase reactants Further amplifying the inflammatory
response, IL-6 and TNF-« induce the synthesis of acute-
phase proteins such as CRP and fibrinogen [53, 54]. As a
non-specific marker of systemic inflammation, CRP is asso-
ciated with increased risk of cardiovascular disease (CVD)
[14, 16], is elevated in HF patients and associated with disease
severity and prognosis [29]. Furthermore, elevated levels of
CRP have been associated with reduced exercise capacity
[55]. Both our pooled and descriptive analyses failed to find
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strong evidence for a reduction in CRP. In considering the
studies individually, only two of the eight studies reported a
statistically significant reduction. While the majority of all
studies are small which may account for non-significant re-
sults in some instances, no difference was observed between
the exercise and control groups for hsCRP concentrations in a
sub group analysis of the large HF Action Trial [23].
Furthermore, any reductions in hsCRP in this cohort were
not associated with improvements in clinical outcomes [23].
In contrast to our findings, meta-analyses [14, 16] of con-
trolled trials in both healthy adults and those with CVD dem-
onstrate that exercise training decreases CRP. Weight loss may
be associated with demonstrated CRP reductions after training
interventions [14]. However, as not all studies included in our
review provided relevant weight loss data, we were unable to
analyse the effect of any weight loss on changes in CRP con-
centrations, and therefore we cannot discount the fact that
changes in CRP may be reflective of changes or lack of chang-
es in weight or fat. Interestingly though, all three [22, 36, 38]
studies included in our pooled analysis of CRP reported sta-
tistically significant changes in weight or percentage body fat
(%fat). A recent meta-analysis [14], however, indicates that
while weight loss is a significant factor associated with CRP
reductions, exercise training reduces CRP regardless of
weight loss, albeit greater reductions occur with a decrease
in weight and %fat.

In addition to being a major component of the coagulation
pathway, fibrinogen is a major determinant of blood viscosity
and platelet aggregation, and it is also considered a marker of
inflammation [53]. Elevated levels of fibrinogen may increase
the risk of thrombotic events and is associated with adverse
prognosis in HF patients [56]. The possible anti-inflammatory
effect of exercise on fibrinogen was not supported by our
findings. However this is only representative of two [36, 38]
studies, and individually, two of the three exercise interven-
tion groups involved reported a statistically significant de-
crease in fibrinogen post-intervention, and De Meirelles
et al. (2014) [36] observed a significant difference between
groups. Recently, 4 weeks of stretching exercises was ob-
served to significantly reduce fibrinogen in HF patients with
implantable cardioverter defibrillators [57], while
Mongirdiene et al. (2015) demonstrated that 1 year of training
in HF patients also reduced fibrinogen concentration. In con-
trast to our result, a meta-analysis of patients with CVD re-
ported a statistically significant decrease in fibrinogen in
exercising patients compared to controls [58].

Adhesion molecules Our analysis failed to find a statistically
significant improvement in SICAM and sVCAM; however,
this only represents three [38, 42, 44] studies. Our result is
in contrast to the earlier positive findings of Adamopoulos
et al. (2001) [21]. Bjornstad and colleagues (2008) [59], in a
pre-post study, failed to find any significant reduction in
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VCAM although improvements were observed in another ad-
hesion molecule, P-selectin. In contrast, 6 weeks of functional
electrical stimulation reduced SICAM and sVCAM in HF pa-
tients [60]. Cellular adhesion molecules are induced by pro-
inflammatory markers such as TNF-«, IL-6 and CRP,
expressed on endothelial cells, and are crucial to the re-
cruitment of inflammatory cells to vessel walls [27].
sVCAM and sICAM are also considered markers of endo-
thelial function; and despite no improvement in these two
markers based on our analysis, exercise training has been
shown to improve endothelial function as assessed by
flow-mediated dilation [61].

The anti-inflammatory effect of exercise training is attrib-
uted to the chronic adaptations stimulated by regular acute
bouts of exercise with various mediators involved [15, 62].
During an acute bout of exercise, IL-6 is released from
contracting skeletal muscle, inducing elevations in circulating
IL-6 concentrations; triggering an increase in a number of
anti-inflammatory cytokines such as IL-10 and IL-1ra, which
inhibit TNF-cc and IL-13 [15, 63]. Exercise also likely inhibits
TNF-x via IL-6 independent pathways [15, 62], such as
exercise-induced increases in epinephrine which contribute
to the anti-inflammatory effect of an acute exercise bout
[15]. Exercise also exerts its anti-inflammatory effects via re-
duction in adiposity and changes within skeletal muscle, in-
cluding upregulating anabolic myokines and reducing local
inflammation [63]. While various mechanisms contribute to
the induction of the anti-inflammatory environment from ex-
ercise training, the underlying signalling pathways are com-
plex and yet to be completely elucidated [63].

Individually, while some studies found a positive effect of
exercise training on selected inflammatory markers, a larger
number of studies did not. A number of confounding factors
may contribute to the contrasting results of studies, including
disease severity, age [44], aetiology [44, 51], baseline inflam-
matory status, the inflammatory marker measured and comor-
bidities; these warrant careful consideration when designing
future trials. Furthermore, intervention characteristics could
account for differences between studies. We were unable to
clearly identify any aspects of the interventions that may be
more effective at improving the assessed inflammatory
markers. Only 6 [22, 38, 40, 43, 46, 49] of the 15 AT inter-
vention groups demonstrated a statistically significant reduc-
tion in any of the inflammatory markers post training or com-
pared to controls. Compared to AT, studies on the impact of
RT or CT on inflammatory status in HF patients are more
scarce. Conflicting results were observed between the two
[43, 50] RT intervention groups; notably training protocols
differed in intensity. Interestingly, two [36, 43] of the four,
intervention groups that utilised CT, demonstrated statistically
significant or borderline significant reductions in several in-
flammatory markers. Additionally, while Conraads et al.
(2002) [51] failed to find a reduction in TNF-« or IL-6 after
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CT, they did observe reductions in soluble TNF receptors.
Furthermore, CT has been suggested as possibly conferring
greater improvements in inflammatory markers in some pop-
ulations [64—-67]. Given the exercise-mediated rise in IL-6 is
related to the muscle mass involved and the intensity and
duration of the exercise [15], it is possible that the combina-
tion of AT and RT is a greater stimulus. No pattern was ob-
served for the possible effect of session duration or frequency.
Across healthy and clinical populations, longer program dura-
tion [54], greater training frequency [7, 64], training modality
[64, 65] and training intensity [65] including both moderate
[68] and high [65, 69, 70] intensity are suggested as having a
greater impact on improving a number of inflammatory
markers. However, a recent analysis of CRP observed no sig-
nificant association between frequency, duration or mode [14].

Exercise capacity Whether reductions in pro-inflammatory
markers after exercise training is one of the mechanisms as-
sociated with improved exercise capacity remains unclear.
Minimal studies included in the review assessed or reported
on associations between reductions in circulating inflammato-
ry concentrations and improved exercise capacity. Of note, in
a large cohort of patients from the HF Action Trial [23], no
association was observed between reductions in hsCRP and
improvements in exercise capacity. The earlier cross over
study of Adamopoulos et al. (2002) [19] demonstrated an
association of change in VO,e With cytokines after 12 weeks
of training; however, this finding is in contrast to pooled data
of four later studies [24]. Of particular interest, Fernandes-
Silva et al. (2017) [26], despite not finding a statistically sig-
nificant change in TNF-o or IL-6 after 12 weeks of AT, ob-
served that patients with low concentrations of these markers
at baseline significantly improved VOsp, compared to con-
trols, highlighting a possible area for future research.

Generalisability Our review included HF patients irrespective
of ejection fraction, as a correlation exists between elevated
inflammatory markers and adverse outcomes across the HF
spectrum [1, 3, 5]. However, only three [37-39] studies in our
review included patients with a mean LVEF > 50% and only
the study of Aksoy et al. (2015) [38] demonstrated any im-
provements in inflammatory markers. It is postulated that non-
cardiac comorbidities drive HFpEF by inducing a pro-
inflammatory state, leading to coronary microvascular endo-
thelial dysfunction [4]. More studies are needed to address the
degree of heterogeneity in HFpEF population, exploring the
associations between comorbidities and the inflammatory re-
sponse to exercise. It may be that the role of inflammation in
HF may be different based on the presence and combination of
different comorbidities [71] and this may mean exercise train-
ing may be a beneficial treatment from an “anti-
inflammatory” perspective in particular subgroups of HF
patients.
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Strengths and limitations in the systematic review
and meta-analysis

To our knowledge, this is the first systematic review and meta-
analysis of controlled studies to evaluate the effect of exercise
training on pro-inflammatory markers in HF patients. We
aimed to provide a meta-analysis of studies reporting on a
selected number of inflammatory markers. However, as in-
flammatory marker distributions can be skewed, study data
may often be presented as median (IQR) or median (range),
which precludes it from inclusion in meta-analyses. While the
inclusion criteria of a systematic review and meta-analysis can
stipulate that only those studies that report data as mean = SD
are included, valuable information may be ignored if a number
of other studies are excluded. Upon our initial systematic re-
view, and identification of a number of studies that had exam-
ined inflammatory markers and reported data as median, we
felt that the inclusion of these studies would enhance the value
of'the analysis. Therefore, to avoid exclusion of valuable find-
ings, we included results of studies reporting data that was
considered inappropriate for pooling and provided a descrip-
tive analysis of these studies. We acknowledge that a number
of methods have been proposed and utilised to allow for me-
dian data to be included in meta-analysis, however, this is still
based on the assumption that data are normally distributed
[72]. In regard to data pooling, we measured the difference
between pre-intervention and post-intervention means;
however, in cases where exact p values within or between
groups, or 95% CI were not available, we imputed the SD
and this may introduce errors. Our imputation however,
was conservative.

A number of studies were small, which may have resulted
in them being underpowered to detect statistically significant
changes. Cytokine concentrations may also be affected by
methods used in collection and preparation of samples, time
elapsed since previous exercise session and measurement in
plasma or serum, and all may be a source of differences in
results between studies [73]. Additionally, medication usage,
particularly statins which are considered to have an anti-
inflammatory effect [74], may have contributed to differing
results and level of heterogeneity between studies. Abstracts
and trials not reported in English were excluded and could
have led to publication bias. We also included both RCTs
and non-RCTs in this review.

Conclusion

While meta-analyses demonstrated a small but statistically
significant reduction in TNF-« and IL-6, an overall analysis
of all studies included in the review does not provide strong
evidence for improvements in circulating concentrations of
TNF-«, IL-6, CRP, fibrinogen, sICAM or sVCAM.
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However, future trials quantifying the effect of exercise on the
local expression of cytokines in skeletal muscle may provide
more robust evidence for the anti-inflammatory effect of ex-
ercise in this population. Furthermore, we only included a
selected number of inflammatory markers. This does not rule
out the beneficial effect of exercise on other biomarkers
involved in the immune and inflammatory pathways.
Additionally, large prospective, multicentre trials, stra-
tified according to aetiology, baseline inflammatory status
and comorbidities may aid in the identification of groups
of HF patients that would likely obtain an “anti-
inflammatory” effect of exercise.

Acknowledgements M.J Pearson is supported by an Australian
Postgraduate Award Scholarship. This work received no other financial
support and has no relationship to industry.

Compliance with ethical standards

Conflict of interest The authors report no relationships that could be
construed as a conflict of interest.

References

1. Dick SA, Epelman S (2016) Chronic heart failure and inflamma-
tion. Circ Res 119(1):159-176. https://doi.org/10.1161/
CIRCRESAHA.116.308030

2. Briasoulis A, Androulakis E, Christophides T, Tousoulis D (2016)
The role of inflammation and cell death in the pathogenesis, pro-
gression and treatment of heart failure. Heart Fail Rev 21(2):169—
176. https://doi.org/10.1007/s10741-016-9533-z

3. Van Linthout S, Tschope C (2017) Inflammation—cause or conse-
quence of heart failure or both? Curr Heart Fail Rep 14(4):251-265.
https://doi.org/10.1007/s11897-017-0337-9

4. Paulus WJ, Tschope C (2013) A novel paradigm for heart failure
with preserved ejection fraction. ] Am Coll Cardiol 62(4):263-271.
https://doi.org/10.1016/j.jacc.2013.02.092

5. Shirazi LF, Bissett J, Romeo F, Mehta JL (2017) Role of inflamma-
tion in heart failure. Curr Atheroscler Rep 19(6):27

6. Hartupee J, Mann DL (2013) Positioning of inflammatory bio-
markers in the heart failure landscape. J Cardiovasc Transl Res
6(4):485-492. https://doi.org/10.1007/s12265-013-9467-y

7. Smart NA, Steele M (2011) The effect of physical training on sys-
temic proinflammatory cytokine expression in heart failure patients:
a systematic review. Congest Heart Fail 17(3):110-114. https:/doi.
org/10.1111/4.1751-7133.2011.00217.x

8. Medzhitov R (2010) Inflammation 2010: new adventures of an old
flame. Cell 140(6):771-776. https://doi.org/10.1016/j.cell.2010.03.
006

9. Lavine KJ, Sierra OL (2017) Skeletal muscle inflammation and

atrophy in heart failure. Heart Fail Rev 22(2):179—189. https:/doi.

org/10.1007/s10741-016-9593-0

Adams V, Linke A, Winzer E (2017) Skeletal muscle alterations in

HFrEF vs. HEpEF. Curr Heart Fail Rep 1-9

Yndestad A, Damaés JK, @ie E, Ueland T, Gullestad L, Aukrust P

(2006) Systemic inflammation in heart failure—the whys and

wherefores. Heart Fail Rev 11(1):83-92. https://doi.org/10.1007/

s10741-006-9196-2

10.

151

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Levine B, Kalman J, Mayer L, Fillit HM, Packer M (1990) Elevated
circulating levels of tumor necrosis factor in severe chronic heart
failure. N Engl J Med 323(4):236-241. https://doi.org/10.1056/
NEJM199007263230405

Beavers KM, Brinkley TE, Nicklas BJ (2010) Effect of exercise
training on chronic inflammation. Clin Chim Acta 411(11):785—
793. https://doi.org/10.1016/j.cca.2010.02.069

Fedewa MV, Hathaway ED, Ward-Ritacco CL (2016) Effect of
exercise training on C reactive protein: a systematic review and
meta-analysis of randomised and non-randomised controlled trials.
Br J Sports Med. bjsports-2016-095999

Pedersen BK (2017) Anti-inflammatory effects of exercise: role in
diabetes and cardiovascular disease. Eur J Clin Investig 47(8):600—
611. https://doi.org/10.1111/eci.12781

Hammonds TL, Gathright EC, Goldstein CM, Penn MS, Hughes
JW (2016) Effects of exercise on c-reactive protein in healthy pa-
tients and in patients with heart disease: a meta-analysis. Heart
Lung 45(3):273-282. https://doi.org/10.1016/j.hrtlng.2016.01.009
Kasapis C, Thompson PD (2005) The effects of physical activity on
serum C-reactive protein and inflammatory markers: a systematic
review. J] Am Coll Cardiol 45(10):1563—1569. https://doi.org/10.
1016/j.jacc.2004.12.077

Ponikowski P, Voors AA, Anker SD et al (2016) ESC guidelines for
the diagnosis and treatment of acute and chronic heart failure. Eur
Heart J 37(27):2129-2200m

Adamopoulos S, Parissis J, Karatzas D et al (2002) Physical train-
ing modulates proinflammatory cytokines and the soluble Fas/
soluble Fas ligand system in patients with chronic heart failure. J
Am Coll Cardiol 39(4):653-663

Larsen Al, Aukrust P, Aarsland T, Dickstein K (2001) Effect of
aerobic exercise training on plasma levels of tumor necrosis factor
alpha in patients with heart failure. Am J Cardiol 88(7):805-808.
https://doi.org/10.1016/S0002-9149(01)01859-8

Adamopoulos S, Parissis J, Kroupis C et al (2001) Physical training
reduces peripheral markers of inflammation in patients with chronic
heart failure. Eur Heart J 22(9):791-797

Parrinello G, Torres D, Paterna S, Di Pasquale P, Trapanese C,
Licata G (2010) Short-term walking physical training and changes
in body hydration status, B-type natriuretic peptide and C-reactive
protein levels in compensated congestive heart failure. Int J Cardiol
144(1):97-100. https://doi.org/10.1016/j.ijjcard.2008.12.130
Ahmad T, Fiuzat M, Mark DB et al (2014) The effects of exercise
on cardiovascular biomarkers in patients with chronic heart failure.
Am Heart J 167(2):193-202.e191

Smart NA, Larsen Al, Le Maitre JP, Ferraz AS (2011) Effect of
exercise training on interleukin-6, tumour necrosis factor alpha and
functional capacity in heart failure. Cardiol Res Pract 1(1)

Lee CT, Chen LW, Chien MY (2017) Effects of exercise training on
anabolic and catabolic markers in patients with chronic heart fail-
ure: a systematic review. Heart Fail Rev 1-8

Fernandes-Silva MM, Guimardes GV, Rigaud VOC, Lofrano-
Alves MS, Castro RE, de Barros Cruz LG, Bocchi EA, Bacal F
(2017) Inflammatory biomarkers and effect of exercise on function-
al capacity in patients with heart failure: insights from a randomized
clinical trial. Eur J Prev Cardiol 24(8):808-817. https://doi.org/10.
1177/2047487317690458

Savic-Radojevic A, Radovanovic S, Pekmezovic T et al (2013) The
role of serum VCAM-1 and TNF-« as predictors of mortality and
morbidity in patients with chronic heart failure. J Clin Lab Anal
27(2):105-112

Yin WH, Chen JW, Jen HL, Chiang MC, Huang WP, Feng AN, Lin
SJ, Young MS (2003) The prognostic value of circulating soluble
cell adhesion molecules in patients with chronic congestive heart
failure. Eur J Heart Fail 5(4):507-516. https://doi.org/10.1016/
S1388-9842(03)00009-6

@ Springer


https://doi.org/10.1161/CIRCRESAHA.116.308030
https://doi.org/10.1161/CIRCRESAHA.116.308030
https://doi.org/10.1007/s10741-016-9533-z
https://doi.org/10.1007/s11897-017-0337-9
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1007/s12265-013-9467-y
https://doi.org/10.1111/j.1751-7133.2011.00217.x
https://doi.org/10.1111/j.1751-7133.2011.00217.x
https://doi.org/10.1016/j.cell.2010.03.006
https://doi.org/10.1016/j.cell.2010.03.006
https://doi.org/10.1007/s10741-016-9593-0
https://doi.org/10.1007/s10741-016-9593-0
https://doi.org/10.1007/s10741-006-9196-2
https://doi.org/10.1007/s10741-006-9196-2
https://doi.org/10.1056/NEJM199007263230405
https://doi.org/10.1056/NEJM199007263230405
https://doi.org/10.1016/j.cca.2010.02.069
https://doi.org/10.1111/eci.12781
https://doi.org/10.1016/j.hrtlng.2016.01.009
https://doi.org/10.1016/j.jacc.2004.12.077
https://doi.org/10.1016/j.jacc.2004.12.077
https://doi.org/10.1016/S0002-9149(01)01859-8
https://doi.org/10.1016/j.ijcard.2008.12.130
https://doi.org/10.1177/2047487317690458
https://doi.org/10.1177/2047487317690458
https://doi.org/10.1016/S1388-9842(03)00009-6
https://doi.org/10.1016/S1388-9842(03)00009-6

222

Heart Fail Rev (2018) 23:209-223

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Aratjo JP, Lourengo P, Azevedo A et al (2009) Prognostic value of
high-sensitivity C-reactive protein in heart failure: a systematic re-
view. J Card Fail 15(3):256-266

Mongirdien¢ A, Kubilius R (2015) Effect of physical training on
indices of platelet aggregation and fibrinogen concentration in pa-
tients with chronic heart failure. Medicina (Kaunas, Lithuania)
51(6):343-350

Fu R, Vandermeer BW, Shamliyan TA, et al. Handling continuous
outcomes in quantitative synthesis. 2013

Cohen J (1988) Statistical analysis for the behavioral sciences.
Hillsdale, Lawrance Erlbaum

Higgins JP, Thompson SG, Deeks JJ, Altman DG (2003)
Measuring inconsistency in meta-analyses. BMJ 327(7414):557—
560. https://doi.org/10.1136/bmj.327.7414.557

Egger M, Smith GD, Schneider M, Minder C (1997) Bias in meta-
analysis detected by a simple, graphical test. BMJ 315(7109):629—
634. https://doi.org/10.1136/bm;j.315.7109.629

Smart NA, Waldron M, Ismail H et al (2015) Validation of a new
tool for the assessment of study quality and reporting in exercise
training studies: TESTEX. Int J Evid Based Healthc 13(1):9-18
de Meirelles LR, Matsuura C, Resende Ade C et al (2014) Chronic
exercise leads to antiaggregant, antioxidant and anti-inflammatory
effects in heart failure patients. Eur J Prev Cardiol 21(10):1225—
1232

Trippel TD, Holzendorf V, Halle M et al (2017) Ghrelin and hor-
monal markers under exercise training in patients with heart failure
with preserved ejection fraction: results from the Ex-DHF pilot
study. ESC Heart Fail 4(1):56-65

Aksoy S, Findikoglu G, Ardic F, Rota S, Dursunoglu D (2015)
Effect of 10-week supervised moderate-intensity intermittent vs.
continuous aerobic exercise programs on vascular adhesion mole-
cules in patients with heart failure. Am J Phys Med Rehabil Assoc
Acad Physiatrists 94(10):898-911. https://doi.org/10.1097/PHM.
0000000000000306

Kitzman DW, Brubaker P, Morgan T et al (2016) Effect of caloric
restriction or aerobic exercise training on peak oxygen consumption
and quality of life in obese older patients with heart failure with
preserved ejection fraction: a randomized clinical trial. JAMA
315(1):36-46

Fu TC, Wang CH, Lin PS et al (2013) Aecrobic interval training
improves oxygen uptake efficiency by enhancing cerebral and mus-
cular hemodynamics in patients with heart failure. Int J Cardiol
167(1):41-50. https://doi.org/10.1016/j.ijcard.2011.11.086
Wisleff U, Steylen A, Loennechen JP et al (2007) Superior
cardiovascular effect of aerobic interval training versus mod-
erate continuous training in heart failure patients. Circulation
115(24):3086-3094

Sandri M, Viehmann M, Adams V et al (2016) Chronic heart failure
and aging—effects of exercise training on endothelial function and
mechanisms of endothelial regeneration: results from the Leipzig
Exercise Intervention in Chronic heart failure and Aging (LEICA)
study. Eur J Prev Cardiol 23(4):349-358

Feiereisen P, Vaillant M, Gilson G, Delagardelle C (2013) Effects of
different training modalities on circulating anabolic/catabolic
markers in chronic heart failure. J Cardiopulm Rehabil Prev
33(5):303-308. https://doi.org/10.1097/HCR.0b013e3182aledeS
Byrkjeland R, Nilsson BB, Westheim AS, Amesen H, Seljeflot 1
(2011) Inflammatory markers and disease severity in patients with
chronic heart failure. Limited effects of exercise training.
Atheroscler Suppl 12(1):66. https://doi.org/10.1016/S1567-
5688(11)70308-7

Eleuteri E, Mezzani A, Di Stefano A et al (2013) Aerobic training
and angiogenesis activation in patients with stable chronic heart
failure: a preliminary report. Biomarkers 18(5):418-424

Erbs S, Hollriegel R, Linke A et al (2010) Exercise training in
patients with advanced chronic heart failure (NYHA I1Ib) promotes

@ Springer

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

restoration of peripheral vasomotor function, induction of endoge-
nous regeneration, and improvement of left ventricular function.
Circ Heart Fail 3(4):486-494

Gielen S, Adams V, Mobius-Winkler S et al (2003) Anti-
inflammatory effects of exercise training in the skeletal muscle of
patients with chronic heart failure. J Am Coll Cardiol 42(5):861—
868

Linke A, Adams V, Schulze PC et al (2005) Antioxidative effects of
exercise training in patients with chronic heart failure. Circulation
111(14):1763-1770

Tsarouhas K, Tsitsimpikou C, Haliassos A et al (2011) Study of
insulin resistance, TNF-alpha, total antioxidant capacity and lipid
profile in patients with chronic heart failure under exercise. In Vivo
25(6):1031-1037

Helmy ZM, Mohammed SH, Soliman GS Effect of resisted exer-
cise training on interleukin-6 in patients with chronic heart failure
Conraads VM, Beckers P, Bosmans J, de Clerck LS, Stevens WJ,
Vrints CJ, Brutsaert DL (2002) Combined endurance/resistance
training reduces plasma TNF-alpha receptor levels in patients with
chronic heart failure and coronary artery disease. Eur Heart J
23(23):1854-1860. https://doi.org/10.1053/euh;j.2002.3239

Gielen S, Sandri M, Kozarez I, et al. Exercise training attenuates
MuRF-1 expression in the skeletal muscle of patients with chronic
heart failure independent of age: the randomized Leipzig Exercise
Intervention in Chronic Heart Failure and Aging (LEICA) catabo-
lism study. Circulation. 2012:CIRCULATIONAHA. 111.047381
Davalos D, Akassoglou K (2012) Fibrinogrn as a key regulator of
inflammation in disease. Paper presented at. Semin Immunopathol
Hayashino Y, Jackson JL, Hirata T, Fukumori N, Nakamura F,
Fukuhara S, Tsujii S, Ishii H (2014) Effects of exercise on C-
reactive protein, inflammatory cytokine and adipokine in patients
with type 2 diabetes: a meta-analysis of randomized controlled
trials. Metabolism 63(3):431-440. https://doi.org/10.1016/j.
metabol.2013.08.018

Canada JM, Fronk DT, Cei LF etal (2016) Usefulness of C-reactive
protein plasma levels to predict exercise intolerance in patients with
chronic systolic heart failure. AmJ Cardiol 117(1):116—120. https:/
doi.org/10.1016/j.amjcard.2015.10.020

Chin B, Blann A, Gibbs C, Chung N, Conway D, Lip G
(2003) Prognostic value of interleukin-6, plasma viscosity,
fibrinogen, von Willebrand factor, tissue factor and vascular
endothelial growth factor levels in congestive heart failure.
Eur J Clin Investig 33(11):941-948. https://doi.org/10.1046/
j-1365-2362.2003.01252.x

Kato M, Masuda T, Ogano M et al (2017) Stretching exercises
improve vascular endothelial dysfunction through attenuation
of oxidative stress in chronic heart failure patients with an
implantable cardioverter defibrillator. J Cardiopulm Rehabil
Prev 37(2):130-138

Swardfager W, Herrmann N, Comish S et al (2012) Exercise inter-
vention and inflammatory markers in coronary artery disease: a
meta-analysis. Am Heart J 163(4):666-676. ¢663

Bjornstad HH, Bruvik J, Bjornstad AB, Hjellestad BL, Damas JK,
Aukrust P (2008) Exercise training decreases plasma levels of sol-
uble CDA40 ligand and P-selectin in patients with chronic heart fail-
ure. Eur J Cardiovasc Prev Rehabil 15(1):43—48. https://doi.org/10.
1097/HJR.0b013e3281ca7023

Karavidas Al, Raisakis KG, Parissis JT et al (2006) Functional
electrical stimulation improves endothelial function and reduces
peripheral immune responses in patients with chronic heart failure.
Eur J Cardiovasc Prev Rehabil 13(4):592-597. https://doi.org/10.
1097/01.hjr.0000219111.02544.ff

Pearson M, Smart N (2017) Effect of exercise training on endothe-
lial function in heart failure patients: a systematic review meta-anal-
ysis. Int J Cardiol 231:234-243. https://doi.org/10.1016/j.ijcard.
2016.12.145


https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1097/PHM.0000000000000306
https://doi.org/10.1097/PHM.0000000000000306
https://doi.org/10.1016/j.ijcard.2011.11.086
https://doi.org/10.1097/HCR.0b013e3182a1e4e5
https://doi.org/10.1016/S1567-5688(11)70308-7
https://doi.org/10.1016/S1567-5688(11)70308-7
https://doi.org/10.1053/euhj.2002.3239
https://doi.org/10.1016/j.metabol.2013.08.018
https://doi.org/10.1016/j.metabol.2013.08.018
https://doi.org/10.1016/j.amjcard.2015.10.020
https://doi.org/10.1016/j.amjcard.2015.10.020
https://doi.org/10.1046/j.1365-2362.2003.01252.x
https://doi.org/10.1046/j.1365-2362.2003.01252.x
https://doi.org/10.1097/HJR.0b013e3281ca7023
https://doi.org/10.1097/HJR.0b013e3281ca7023
https://doi.org/10.1097/01.hjr.0000219111.02544.ff
https://doi.org/10.1097/01.hjr.0000219111.02544.ff
https://doi.org/10.1016/j.ijcard.2016.12.145
https://doi.org/10.1016/j.ijcard.2016.12.145

Heart Fail Rev (2018) 23:209-223

223

62.

63.

64.

65.

66.

67.

68.

Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS,
Nimmo MA (2011) The anti-inflammatory effects of exercise:
mechanisms and implications for the prevention and treatment of
disease. Nat Rev Immunol 11(9):607—615. https://doi.org/10.1038/
nri3041

Sallam N, Laher I (2016) Exercise modulates oxidative stress and
inflammation in aging and cardiovascular diseases. Oxidative Med
Cell Longev 2016:1-32. https://doi.org/10.1155/2016/7239639
Thalainen J, Schumann M, Eklund D et al (2017) Combined aerobic
and resistance training decreases inflammation markers in healthy
men. Scand J Med Sci Sports

Nimmo M, Leggate M, Viana J, King J (2013) The effect of phys-
ical activity on mediators of inflammation. Diabetes Obes Metab
15(s3):51-60. https://doi.org/10.1111/dom.12156

Theodorou AA, Panayiotou G, Volaklis KA et al (2016) Aerobic,
resistance and combined training and detraining on body composi-
tion, muscle strength, lipid profile and inflammation in coronary
artery disease patients. Res Sports Med 24(3):171-184

Balducci S, Zanuso S, Nicolucci A et al (2010) Anti-inflammatory
effect of exercise training in subjects with type 2 diabetes and the
metabolic syndrome is dependent on exercise modalities and inde-
pendent of weight loss. Nutr Metab Cardiovasc Dis 20(8):608-617
Fedewa MV, Hathaway ED, Higgins S, Forehand RL, Schmidt
MD, Evans EM (2017) Moderate, but not vigorous, intensity exer-
cise training reduces C-reactive protein. Acta Cardiol 1-8. https://
doi.org/10.1080/00015385.2017.1364832

153

69.

70.

71.

72.

73.

74.

Cronin O, Keohane DM, Molloy MG, Shanahan F (2017) The
effect of exercise interventions on inflammatory biomarkers in
healthy, physically inactive subjects: a systematic review. QJM Int
J Med hex091

Lin X, Zhang X, Guo J et al (2015) Effects of exercise training on
cardiorespiratory fitness and biomarkers of cardiometabolic health:
a systematic review and meta-analysis of randomized controlled
trials. J Am Heart Assoc 4(7):¢002014

van Empel V, Brunner-La Rocca H-P (2015) Inflammation in
HFpEF: key or circumstantial? Int J Cardiol 189:259-263. https://
doi.org/10.1016/j.ijcard.2015.04.110

Wan X, Wang W, Liu J, Tong T (2014) Estimating the sample mean
and standard deviation from the sample size, median, range and/or
interquartile range. BMC Med Res Methodol 14(1):135. https://doi.
org/10.1186/1471-2288-14-135

Parkitny L, McAuley JH, Kelly PJ, Di Pietro F, Cameron B,
Moseley GL (2013) Multiplex cytokine concentration measure-
ment: how much do the medium and handling matter? Mediat
Inflamm 2013:1-13. https://doi.org/10.1155/2013/890706

Bonsu KO, Reidpath DD, Kadirvelu A (2015) Effects of statin
treatment on inflammation and cardiac function in heart failure:
an adjusted indirect comparison meta-analysis of randomized trials.
Cardiovasc Ther 33(6):338-346. https://doi.org/10.1111/1755-
5922.12150

@ Springer


https://doi.org/10.1038/nri3041
https://doi.org/10.1038/nri3041
https://doi.org/10.1155/2016/7239639
https://doi.org/10.1111/dom.12156
https://doi.org/10.1080/00015385.2017.1364832
https://doi.org/10.1080/00015385.2017.1364832
https://doi.org/10.1016/j.ijcard.2015.04.110
https://doi.org/10.1016/j.ijcard.2015.04.110
https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.1155/2013/890706
https://doi.org/10.1111/1755-5922.12150
https://doi.org/10.1111/1755-5922.12150

Online supplementary material

-10741 2018 9677 MOESM1 ESM.docx

-10741 2018 9677 MOESM2 ESM.docx

154


https://static-content-springer-com.ezproxy.une.edu.au/esm/art%3A10.1007%2Fs10741-018-9677-0/MediaObjects/10741_2018_9677_MOESM1_ESM.docx
https://static-content-springer-com.ezproxy.une.edu.au/esm/art%3A10.1007%2Fs10741-018-9677-0/MediaObjects/10741_2018_9677_MOESM2_ESM.docx

Supplementary Material

Appendix 1

Supplementary Tables

Effect of Aerobic and Resistance Training on inflammatory
markers in heart failure patients: a systematic review and meta-

analysis

Pearson, M.J.,, S.F. Mungovan and Smart, N.A.

155



Supplementary Table S1 Overview of studies excluded from the review

Study

Reason for Exclusion

Adamopoulos (2014)

Adamopoulos (2001)
Adamopoulos (2002)
Bjornstad (2008)
Dobask (2012)

Gatta (2012)
Hagglund (2017)
Hemati (2016)
Karavidas (2006)
Kato (2017)
Krishna (2014)
Laoutaris (2007)

Larsen (2001)
LeMaitre (2004)
Marco (2013)
Mongirdiene (2015)
Niebauer (2005)
Prescott (2009)(a)
Prescott (2009)(b)

Pullen (2008)
Pullen (2010)
Smart (2008)

Stout (2012)
Tsarouhas (2011)(b)
Yeh (2011)

Randomised comparator of Aerobic and IMT vs. Aerobic/SHAM IMT, no non-exercise
control group

Randomised crossover trial, no separate non-exercise control group

Randomised crossover trial, no separate non-exercise control group
Observational pre-post study, no separate control group

Randomised comparator of combined training vs. NMES, no non-exercise control
group

No comparator control group, study <4 weeks duration

Randomised comparator of Yoga vs. Hydrotherapy, no non-exercise control group
Exercise + creatine vs. usual care, no exercise only group

Functional Electrical Stimulation Intervention

Stretching exercise intervention

Yoga Intervention

Randomised comparator of high intensity IMT vs. Low intensity IMT, no non-exercise
control group

Observational pre-post study, no separate control group

Randomised comparator of Aerobic vs. FES, no non-exercise control group
Inspiratory muscle training intervention

Control group recommended 30 minutes of physical exercise everyday
Randomised crossover trial, no separate non-exercise control group
Observational pre-post study, no separate control group

RCT, However, all patients had previously completed an 8 week exercise rehabilitation
program

Yoga Intervention

Yoga Intervention

Observational pre-post study, no separate control group

Exercise + testosterone vs. Testosterone only, no usual care control group

IL-6 and TNF-a not reported in control group post exercise

Tai Chi Intervention
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Supplementary Table 2 Baseline concentrations of inflammatory markers in exercise participants

Study

Baseline CRP

Baseline IL-6

Baseline TNF-a

Baseline Fibrinogen

Baseline sICAM and VCAM

Ahmad (2014)

Aksoy (2015)

Byrkjeland (2011)

Conraads (2002)
De Meirelles (2014)
Eleuteri (2013)
Erbs (2010)

Feiereisen (2013)

Fernandes-Silva (2017)

Gielen (2003)* "

Fu (2013)**

Helmy (2013)

Kitzman (2016)°
LEICA Study *

Gielen (2012) & Sandri
(2015)

Linke (2005)*
Parrinello (2009)

Trippel (2016)
EX-DHP Trial

Tsarouhas (2011)

3.2 (1.4, 7.5) mgldL

0.485+0.62 mg/dL
0.267+0.34 mg/dL

4.52 (2.38,7.97) mg/L

0.41+0.03 mg/dL

2.1(0.3-6.9) mg/L

8.3£8.9 (ug/L)

0.69+0.34 mg/dL

3.44 (2.34, 5.36) pg/ml

2.1 (0.0-16.7) pg/ml
4.5+2.8 pg/ml

2.3 (0.3-9.2) pg/ml

4.57+2.40 pg/ml
1.9 (0.9, 3.8) pg/ml
1.5+0.6 pg/ml "

~5.3 pg/ml
~4.9 pg/ml

6.92+0.79 pg/ml

6.7+24.8 (pg/ml)

1.56 (1.26, 2.63) pg/ml

2.38 (1.82, 2.96) pg/ml
3.5 (1.33-7.2) pg/ml

3.9+2.7 pg/mi

9.846.3 pg/ml
5.54+2.50 pg/ml
5.4 (4.2, 6.5) pg/ml

2.240.2 pg/ml ("

2.5+0.9 pg/ml
2.610.9 pg/ml

2.24+0.21 pg/ml

1.54 (1.07, 2.55) pg/ml

23.9+£15.6 pg/ml

408.2+154.42 mg/dL
310.28+98.14 mg/dL

378.5+44.3 mg/dL

2.88+1.38 ng/ml (sICAM)
2.53+0.85 ng/ml (sICAM)
51.85%8.14 ng/ml (SVCAM)
53.98+12.33 ng/ml (sVCAM)

314 (259, 352) ng/ml (ICAM)
1240 (1042, 1610) ng/ml (VCAM)

9048+413 pg/ml (SICAM)
9106+307 pg/ml (SICAM)
8367+271 pg/ml (sVCAM)
8461+362 pg/ml (sVCAM)
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Wisloff (2007) 5.6 (95%CI 3.8,1 2.8)
mg/L(4)

Data mean+SD or median (IQR) or median (range), except *mean +SEM, (1) Data is for all the CHF patients (exercise and control), (2) Data extracted from graph, (3) Overall
baseline data for all groups, (4) Data for all groups combined
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Supplementary Table S3 Detailed Exercise Intervention Characteristics

Study Modality Duration Frequency Total Time Intensity
(sessions/week) per session
Ahmad 2014 Aerobic, group based walking, treadmillor 3 months 3 15-30 min 60%HRR and ramped up
HF Action cycling. Supervised
Aksoy 2015 Aerobic, bicycle ergometer @ 50RPM, 2 10 weeks 3 35 min Starting power @50%VO0;peak, T every 2 weeks
groups: Interval: 60s work to 30s recovery (includes 5 min  to power @ 75% VO,peax @ week 10
(17 cycles), Continuous. Supervised WU & 5 min CD)
Byrkjeland 2011 Aerobic, group based high intensity interval 4 months 2 50 min High intensity @ 15-18 RPE (~90-95% HR4x)
training, 3 intervals of high intensity and 2 Moderate intensity @ 11-13 RPE (~50-
intervals of moderate intensity, 5-10 min 60%HR 144
each interval, aerobic based dance moves
and walking
Conraads 2002 Combined Training, high intensity aerobic 4 months 3 60 min RT: @ 50% 1RM (2 x 10 reps)
training - cycling and/or jogging (20 min) (includes 5 min  Endurance: HR @ 90% VT
and resistance training (30 min) (9 WU & 5 min CD)
exercises in circuit)
De Meirelles 2014 Combined Training, Aerobic - treadmill (30 6 months 3 ~90 min AT: HR @ 5-15% > VT
min), resistance training (8-10 exercise RT: 2-3 sets of 10-15 RM
major muscle groups) and stretching.
Supervised
Eleuteri 2013 Aerobic, bicycle ergometer (30 min) @ 3 months 5 40 min Power & HR @ VAT
60RPM. Home-based (includes 5 min
WU & 5 min CD)
Erbs 2010 Aerobic, bicycle ergometer, home-based 12 weeks 7 20-30 min HR @ 60% VO«
after 3 weeks of in hospital training 60 min (group)
One supervised weekly group training
(calisthenics, walking, ball games)
Feireisen 2013 Aerobic (bicycle and treadmill 40 min), 13.3 weeks 3 40 min AT: @ 60%VOpeak T 10 75% VO jpeak

Strength (10 exercises 40 min), Combined

RT: @60%1RM 1 to 75%1RM
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Fernandez-Silva 2017

Fu 2013

Gielen 2003

Helmy 2013

Kitzman 2016

LEICA Study: Gielen
2012 & Sandri 2015

Linke 2005

Training (20 min bicycle + 20 min strength
5 exercises). Supervised

Aerobic, bicycle ergometer, 2 groups,
Interval (1 min: 2 min) and Continuous.
Supervised

Aerobic, bicycle ergometer, supervised, 2
groups, Intervals 5 x 3 with 3 min recovery
(30 min), Continuous (30 min), both
programs isocaloric. Supervised

Aerobic, bicycle ergometer, home-based
after 2 weeks of in hospital training (4-6 x
per day for 10 min). One weekly group
training (calisthenics, walking, ball games)

Resistance Training, Circuit training starting
@ 2-3 circuits of 8 exercises

Aerobic, primarily walking. Supervised

Aerobic, bicycle ergometer,

(4 sessions per weekday, 20 min per
session). Supervised. One weekly group
training (calisthenics, walking, ball games)
(60 min)

Aerobic, bicycle ergometer, home-based
after 2 weeks of in hospital training (4-6 x
per day for 10 min). One weekly group
training (calisthenics, walking, ball games)

12 weeks 3
12 weeks 3
6 months 7
12 weeks 3
20 weeks 3
4 weeks 20
(4/weekday)
6 months 7

40 min
(includes 5 min
WU & 5 min CD)

30 min
(+3min WP &3
min CD)

20 min
1x week 60 min

(group)

40-50 min
(includes 5-10
min WU & 5-10
min CD on bike)

60 min

15-20 min
(+5WU & CD)
1 x week 60 min

(group)

20 min
1 x week 60 min

(group)

CT: AT + RT intensities

Interval: THR=1 min @ HR @ RCP, 2 min @
HR @ AT, Continuous: THR = [HR @ RCP + 2
(HR @ AT)]/3 (NB: both groups same average
workload @ end 30 min)

Interval: 5 x 3 @ 80% VO,pear, 3 Min recovery

@ 40% VO,pea between each interval
Continuous @ 60% VO;peak

HR @ 70% VO3;max

30-40% 1RM upper body, 50-60% 1RM lower
body

Individualised, Intensity based on HRR and
progressed as tolerated

70% VO3max

HR @ 70% VO3max
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Parrinello 2009

Trippel 2016
EX-DHF study

Tsarouhas 2011

Wisloff 2007

Aerobic, walking

Combined Training, initially aerobic
(cycling) weeks 1-4 (20-40 min), with
addition of resistance training @ week 5.
Supervised

Aerobic, walking, home-based

Aerobic, uphill treadmill walking, 2
supervised sessions, 1 home-based per
week, 2 groups: Interval Training (4 x 4)
and Continuous. Isocaloric protocols

10 weeks

12 weeks

12 weeks

12 weeks

213 x (AT)
2 x RT

30 min

40 min +

10740 min

38 min (AIT)
(includes 10 min
Wu)

47 min (MCT)

Mild to moderate

AT: HR @ 50-60% VO,peak (Weeks 1-4) MHR @
70% VOapeax 2 week 5, RT @ 60-65%1RM (15
reps)

40%HRay progressing to 60%HR ax
Interval: 4x4 @ 90-95%HR ek, 3 Min recovery

@ 50-70%HR ok between intervals
Continuous @ 70-75%HR ek
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Supplementary Table S$4 Inflammatory marker analysis and assay

Study Plasma/ Assay/Supplier Collection/Preparation
Serum
CRP
Ahmad 2014 P ELISA - Roche Diagnostics, Indianapolis IN Blood obtained same day as exercise testing, but before , stored at -70°C until analysis
Aksoy 2015 S Not reported - Measured with standard procedures Blood samples were drawn after an overnight fast. All serum stored @ -20°C until
analysis
Byrkjeland 2011 S ELISA - DRG Instruments, GmbH, Germany (detection Blood drawn after overnight fast, serum prepared within 1hr. stored @ -80° C until
limit 0.1 mg/L) analysis
De Meirelles 2014 P Measured by DLE laboratories Blood collected in fasting state
Eleuteri 2013 S Modular analytics, Roche Diagnostics (lower detection Blood drawn after overnight fast, serum immediately frozen @ -80° until analysis
limit 0.42 pg/ml)
Kitzman 2016 P Chemiluminescent immunoassay- IMMULITE, Blood was collected after overnight fasting and stored @ -80°C.
Diagnostics Products Corporation, LA (Sensitivity
0.10pg/ml)
Parrinello 2009 S ELISA, Ultra-Sensitive - N Latex CRP mono, Roche S.p.A Blood collected after overnight fast
and Boehringer Mannheim, Milan, Italy
Wisloff 2007 S Not reported - Measured by standard procedures @ St Blood collected and stored @ °C
Olav’s University Hospital, Trondheim, Norway
IL-6
Byrkjeland 2011 S ELISA - Abingdon, Oxon, UK Blood collected after overnight fast, serum prepared within 1hr., stored @ -80c and
thawed only once
Conraads 2002 P ELISA - Quantikine, R&D Systems (sensitivity 0.7 pg/ml)  Blood collected in fasting state, plasma stored @ --20°C until analysis, samples run in
duplicate
De Meirelles 2014 P Not reported - Measured by DLE laboratories Blood collected in fasting state
Eleuteri 2013 S ELISA — R & D Systems (lower detection limit 0.039 Blood collected in fasting state, serum frozen @ -80° C until analysis
pg/ml)
Feiereisen 2013 S Chemiluminescence technology, IMMULITE 2000 Blood collected in fasting state, all measurements in duplicate
automated immunoassay analyser, Siemens, Los
Angeles, CA
Fernandez-Silva 2017 S Milliplex MAP using Luminex xMAP technology - EMD Blood collected in fasting state, serum stored @ -70°C until analysis
Millipore Corporation, Germany
Gielen 2003 S ELISA (high sensitive) — R & D Systems, Wiesbaden,
Germany (sensitivity 0.09 pg/ml)
Fu 2013 P ELISA - eBioscience, San Diego, CA Plasma samples stored @ -80° until assay
Helmy 2013 ELISA Stored onice
Kitzman 2016 P High sensitive Quantikinea Immunoassay, R & D Blood was collected after overnight fasting and stored at -80°C.
systems, Minneapolis, MN (sensitivity >0.10 pg/ml,
detection range 0.156-10.0 pg/ml)
Trippel 2016 S ELISA —HS 600B R & D Systems Blood sampling at same time of day, preferably fasting, samples stored @ -80°C
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TNF-a

Byrkjeland 2011
Conraads 2002
De Meirelles 2014

Erbs 2010
Feiereisen 2013

Fernandez-Silva 2017

Gielen 2003

Gielen 2012

Linke 2005

Tsarouhas 2011

ELISA - Abingdon, Oxon, UK

ELISA — Quantikine High Sensitive, R&D Systems
(sensitivity 0.18 pg/ml)

Measured by DLE laboratories

ELISA highly sensitive, R & D Systems
Chemiluminescence technology, IMMULITE 2000
automated immunoassay analyser, Siemens, Los
Angeles, CA

Milliplex MAP using Luminex xMAP technology - EMD
Millipore Corporation, Germany

ELISA (high sensitive) — R & D Systems, Wiesbaden,
Germany (sensitivity 0.18 pg/ml)

ELISA, Quantikine High Sensitive, R&D Systems,
Minneapolis USA (sensitivity <0.18 pg/ml)

ELISA (high sensitive) — R & D Systems, Wiesbaden,
Germany

IMMULITE 1000 TNF-a assay- Siemens Medical
Solutions Diagnostics, Llanberis, Caernarfon, UK

Blood collected in fasting state, serum prepared within 1hr. Stored @ -80c and thawed

only once

Blood collected in fasting state, plasma stored @ --20°C until analysis, samples run in

duplicate
Blood collected in fasting state

Blood collected in fasting state, all measurements in duplicate

Blood collected in fasting state, serum stored @ -70°C until analysis

Blood collected in fasting state, samples run in duplicate

Fasting blood collected, stored @ -20°C until analysis

Trippel 2016 ELISA — HSTA 00D, R & D Systems Blood sampling at same time of day, preferably fasting state, samples stored @ -80°C

sVCAM & sICAM

Aksoy 2015 ELISA - eBioscience, San Diego, CA Blood drawn after overnight, serum prepared within 1hr, serum stored @ -20°C until
analysis

Byrkjeland 2011 ELISA - Abingdon, Oxon, UK Blood collected in fasting state, serum prepared within 1hr. Stored @ -80c and thawed
only once

Sandri 2015 ELISA (high sensitive) - R &D Systems, Wiesbaden,

Germany
Fibrinogen
Aksoy 2015 Not reported — measured using standard procedures Blood drawn after overnight, serum prepared within 1hr, serum stored @ -20°C until

De Meirelles 2014

Measured by DLE laboratories

analysis
Blood collected in fasting state
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Supplementary Table S5 Sensitivity Analysis using the leave-one-out approach

Study removed SMD (95% ClI) p-value
TNF-a

de Meirelles (2014) 0.36 (0.07, 0.65) 0.01
Erbs (2010) 0.34 (0.05, 0.62) 0.02
Feiereisen (2013) 0.41(0.10,0.72) 0.009
Gielen (2012) 0.57 (0.25, 0.88) 0.0004
Linke (2005) 0.42(0.13,0.71) 0.004
Tsarouhas (2011) 0.43(0.14,0.73) 0.004
IL-6

de Meirelles (2014) 0.46 (0.11, 0.82) 0.01
Feiereisen (2013) 0.30 (-0.07, 0.68) 0.11
Fu (2013) 0.40 (0.03, 0.77) 0.03
Helmy (2013) 0.45 (0.08, 0.82) 0.02
CRP

Aksoy (2015) 3.06 (-1.10, 7.21) 0.15
de Meirelles (2014) 0.58 (0.07, 1.09) 0.03
Parrinello (2009) 1.89 (-0.52, 4.31) 0.12
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Supplementary Table S6 Intervention Compliance, Withdrawals, Adverse Events

Study

Adverse Events

Compliance

Ahmad (2014)

HF Action subgroup analysis

No Details of AE related to the subgroup analysis

Details from entire HF Action total Cohort: n= 37 in exercise group had at least 1
hospitalization due to an event that occurred during or within 3 hours after exercise
initial 36 sessions training, % of patients with an event that caused at least 1 session to be
cut short or the goal training intensity to not be achieved: 10% for angina, 7% for
arrhythmia, 4% for presyncope or syncope, and 2% for hypoglycemia.

Details from HF Action Total Cohort: 41%
achieved full adherence (290 mins/week).
Median exercise time overall of 76 min/week.

Aksoy (2015) No adverse events during training period 100% sessions attended (for those that
completed the study n=45)
Byrkjeland (2011) No adverse events during the exercise training 95%
Conraads (2002) NR NR
De Meirelles (2014) NR NR
Eleuteri (2013) No adverse events occurred during training sessions non-adherence < 1%
Erbs (2010) No serious adverse events as a result of training ~90%
n=1 death control group
Feireisen (2013) No serious adverse events. ET group, n=1 paroxysmic AF after treadmill (but could resume 100%

training at next session without further problems). ST group, n=1 had to rest for 1 week due
to low-back pain that not be directly related to the training program.

Fernandes-Silva (2017)

No details of any events related to training
n=2 acute HF episode ( in training group)

>70% of sessions (those not attending min 70 not
included in analysis)

Gielen (2003)

No deaths occurred during the study period. One patient of the training group was admitted
to hospital due to symptomatic bradyarrhythmia requiring pacemaker implantation.

NR

Fu (2013) NR AIT 93.3%, MCT 86.7%
Helmy (2013) NR NR
Kitzman (2016) No study-related serious adverse events. Events possibly related to exercise training, n=1 84%
stress foot fracture, n=1 episode of unusual shortness of breath during exercise (exercise
group). Hospitalisations unrelated to exercise program.
LEICA -Sandri (2015) & Gielen (2012) No serious adverse or cardiac events 100%
Linke (2005) No death or cardiac decompensation occurred, and none of the patients was admitted to the NR
hospital during the study period.
Parrinello (2009) NR NR

Trippel (2016)
Ex-DHF post hoc analysis

No serious adverse events in any group.
Training group 25% patients had an adverse event during or immediately following exercise,
but without clinical relevance

n=34% participated in >90%, n=52% participated
in 70-90% sessions, n=6% participated in <70%
sessions

Tsarouhas (2011)

NR

Compliance estimated to be good or excellent in
64% of the exercise group.

Wisloff (2007)

No adverse events as a result of training. One patient in moderate-intensity group died of
cardiac causes, unrelated to exercise training

92+2% AIT session attendance
95+3% MCT session attendance

(1) Reported in original study Edelmann et al. (2011), NR: not reported
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Supplementary Table S7 Assessment of study quality and reporting using TESTEX

Study Eli.gibi‘lity Ranc!omisat‘ic?n Allocation G.rolups As.sessors Outcome ITT Reporting Point Activ‘ity o Relatiye Exercise Overall
Criteria details specified ~ concealed similar at blinded measures between group measures & monitoring in exercise volume & EE TESTEX
specified baseline assessed statistical measures of control group intensity (/15)

>85% comparison* variability reviewed
participants#

RCTs

Ahmad (2014)™ 1 1 1 1 1 2 0 2 1 0 1 0 11

Aksoy (2015) 1 1 0 1 1 2 0 2 1 0 0 1 10

Byrkjeland (2011) ™ 1 1 1 1 1 3 1 2 1 0 0 0 12

De Meirelles (2014) 1 0 0 1 1 1 1 2 1 0 0 0 8

Erbs (2010) 1 1 1 1 1 3 0 2 1 0 0 0 11

Eleuteri (2013) 1 0 0 1 1 3 1 2 1 0 1 1 12

Ex-DHP Trippel (2016) ™ 1 1 1 1 1 3 0 2 1 0 0 0 11

Feiereisen (2013) 1 0 0 1 1 3 1 2 1 0 0 0 10

Fernandes-Silva (2017) 1 1 1 1 1 2 0 2 1 0 0 0 10

Gielen (2003) 1 0 0 1 1 2 0 2 1 0 0 0 8

Fu (2013) 1 0 0 1 1 2 1 2 1 0 1 1 11

Helmy (2013) 1 0 0 1 1 1 1 2 1 0 0 0 8

Kitzman (2016) 1 1 1 1 1 3 0 2 1 0 0 0 11

LEICA Study 1 1 1 1 1 3 1 2 1 0 0 0 12

Sandri (2015) & Gielen

(2012)

Linke (2005) 1 0 0 1 1 2 0 2 1 0 0 0 8

Parrinello (2009) 1 0 0 1 1 1 1 2 1 0 0 0 8

Wisloff (2007) 1 1 1 1 1 3 0 2 1 0 1 0 12

Non- Randomised

Conraads (2002) 1 0 0 1 1 1 0 2 1 0 1 0 8

Tsarouhas (2011 1 0 0 1 1 1 0 2 1 0 0 0 7

Key: total out of 15 points. Legend: #three points possible—one point if adherence >85%, one point if adverse events reported, one point if exercise attendance is reported. *Two points possible—one point if primary outcome is
reported, one point if all other outcomes reported. TESTEX, Tool for the assessment of Study quality and reporting in Exercise. 0 awarded if no mention was made of this criteria or if it was unclear whether criteria was meet. (1)
Information for some items obtained from original study publication if not presented in current publication. If ITT was not specifically mentioned, but it was noted that no participants withdrew and all analysed 1 point was awarded.
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markers in heart failure patients: a systematic review and meta-

analysis
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Fig. S1 Change in Fibrinogen, exercise vs. control

Exercise Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% Cl
Akosy (CAE) (2015) 5461  87.23 15 38595 11478 g 33.2% 016 [-0.70,1.02]
Aksoy (JAE) (2015) -1.35 14448 15 3855 11478 Too32.2% -0.28[F1.18, 0.62]
De Meirelles {2014) 45 4227 15  -64 3631 15 346% 1.27 [0.47, 2.08] &+
Total (95% CI) 45 30 100.0% 0.40 [-0.52,1.32]
Heterogeneity: Tau®= 0.48; ChiF=7.05,df= 2 (P = 0.03); F=72% 5_1 p 55 2 é
Test for averall effect Z= 0.85 (P = 0.39) Favours [control]  Favours [exercise]

Fig. S2 Change in sICAM, exercise vs. control

Exercise Control 5td. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
Akosy (CAE) (2015) 0.5 076 15 -0.362 083 8 20.2% 1.06 [0.14, 1.98] ——
Ak oy (JAE) (20149) 02z 1.2 148 -0.362 0.83 ¥oo20.6% 0.81 [-0.40,1.47]
Sandri (2015) (=55yrs) 0201 181 15 021 17 15 296% -0.00 [0.72, 0.71]
Sandri (2018 (= Goyrsy 0101 161 18 0022 1.98 15 29.6% 0.04 [-0.67, 0.76]
Total (95% CI) 60 45 100.0% 0.33[-0.13,0.79]
Heterogeneity; Tau®= 0.06; Chi*=4.00, df= 3 (P = 0.26); = 25% 5_1 p 55 2 %
Test far overall effect: £=1.39(F =016} Favours [control] Favours [exercise]

Fig. S3 Change in sVCAM, exercise vs. control

Exercise Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Akosy (CAE) (2015) 8.8 1073 15 188 12.21 8 203% 0.59 [0.29,1.47]
Aksay (IAE) (2014) 77 8.02 15 188 1221 7To191% 0.37 [0.53,1.29]
Sandri (2018) (<55yrs.) 0.354 16 15 0112 1.48 18 30.5% 0.15 [-0.56, 0.67]
Sandri (2018) (= G5yrsy 0256  1.75 14 -0.269 1.6 18 30.2% 0.30 [0.42 1.03]
Total {95% CI) 60 45 100.0% 0.33 [-0.07, 0.73]
Heterogeneity Tau®= 0.00; Chi*= 0.59, df= 3 (P = 0.90); F= 0% 5_10 55 3 %
Testfor overall effect Z=1.63(FP=010) Favours [control] Favours [exercise]
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ABSTRACT
Background Biomarkers are important in the diagnosis, risk strafification and

management of heart failure patients. The established biomarkers of myocardial
stretch, BNP and NT-proBNP have been extensively studied and early analyses have
demonstrated response to exercise training. Several other biomarkers have been
identified over the last decade and may provide valuable and complementary

information which may guide tfreatment strategies, including exercise therapy.

Methods A systematic search of PubMed, EMBASE and Cochrane Trials Register to
31st October 2017 was conducted for exercise based rehabilitation frials in heart
failure. Randomised and controlled trials that reported biomarkers, BNP, NT-proBNP,
s3T2, Gal-3, MR-proANP, MR-proADM and CT-proAVP, were included.

Results Forty three studies were included in the systematic review, with 27 studies
suitable for meta-analyses. Data pooling was only possible for NT-proBNP and BNP.
Meta-analyses of conventional fraining studies demonstrated a statistically
significant improvement in NT-proBNP (pmol/L); MD -32.80 (95%Cl -56.19, -9.42),
p=0.006, and in BNP (pmol/L); MD -17.17 (95%Cl -29.56, -4.78), p=0.007. Pooled data
of non-conventional training failed to demonstrate any statistically significant

improvements.

Conclusion Pooled data indicated a favourable effect of conventional exercise
therapy on the established biomarkers NT-proBNP and BNP; however, this was in
confrast to a number of studies that could not be pooled. Limited evidence exists as

to the effect of exercise training on emerging biomarkers.

Keywords Heart Failure, Exercise, Biomarkers, Brain Natriuretic Peptide, B-type

Natriuretic peptide
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Key Messages

What is already known about this subject?

Early reviews indicate that exercise training may improve BNP and NT-proBNP in
heart failure patients. A number of new frials have compared different types of
conventional and non-conventional modes of training on BNP and NT-proBNP but
the optimal exercise prescription for reducing heart failure biomarkers is unknown.
What does this study add?

The review updates the evidence in regard to the effect of exercise training on the
established heart failure biomarkers BNP and NT-proBNP. Additionally the response of
a number of emerging biomarkers to exercise training has been investigated in heart
failure patients. The pooled analysis of conventional exercise training confirms
improvements in BNP and NT-proBNP but demonstrates only limited evidence for
non-conventional fraining. Exercise training may also improve a number of other
biomarkers representative of different pathophysiological pathways involved in
heart failure progression.

How might this impact on clinical practice?

The exercise prescription for heart failure patients can be optimised to improve
biomarker profile and hence prognosis, providing a valuable resource for both

clinicians and patients.
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INTRODUCTION

Heart failure (HF) is a complex syndrome resulting from multiple conditions and
underlying disorders, and continues to be a significant burden on the health care
system. Over the past three decades an increasing number of studies have
provided evidence on a range of benefits of exercise training in patients with HF'-5,
In stable HF patients exercise training is now a Class 1 recommendation in HF

guidelinesé”.

Numerous pathways are involved in the development and progression of HF, and
the discovery of biomarkers has and will hopefully continue to enhance our
understanding of the pathophysiology??. Circulating biomarkers are important in the
diagnosis, risk stratification and management of HF patientsé 10 11 Heart failure
biomarkers tend to be classified according to the associated pathophysiological
processes'?2 13, These include biomarkers of myocardial stretch, myocyte injury,
fibrosis, matrix remodelling, inflammation, oxidative stress, neurohumoral activation
and renal dysfunction®© 1213, Some biomarkers may bridge several
pathophysiological processes. Currently brain (B-type) natriuretic peptide (BNP) and
its more stable inert form, the amino (N terminal) portion (NT-proBNP), markers of
myocardial stretch, are recognized as gold standard diagnostic and prognostic

biomarkers in HF¢7 11,

Over recent decades the role of circulating biomarkers in HF has evolved, with the
emergence of a number of novel biomarkers'2. Among these biomarkers,
suppression of tumorigenicity-2 (ST2) and Galectin-3 (Gal-3) have demonstrated
prognostic value in HF'417, and both are shown to be predictors of sudden cardiac
death!® 19, In fact, the combination of the gold standard cardiac biomarkers of
BNP/NT-proBNP with the newer biomarkers such as soluble ST2 (sST2) and Gal-3 may
improve risk stratification and prognosis'® . Other emerging biomarkers, mid-
regional atrial natriuretic peptide (MR-proANP), mid-regional adrenomedullin (MR-
proADM) and copeptin (CT-proAVP) have also been shown to have prognostic

value in HF? 20,

In addition to their diagnostic and prognostic utility, biomarker profiles may prove

beneficial in guiding HF therapy and improving treatment strategies’®, including the
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identification of HF patients that may respond to exercise training?2'23. A 2010 meta-
analysis?4 suggested exercise training had a favourable effect on both BNP and NT-
pProBNP. The results of which were confirmed by a 2011 individual patient data (IPD)
meta-analysis, with a 37.4% and 28.3% reduction in NT-proBNP and BNP
respectively?. Furthermore, BNP and NT-proBNP changes are correlated with

changes in VO2peak?.

The aim of this systematic review and meta-analysis was first to update the previous
reviews as a number of additional studies have investigated BNP and/or NT-proBNP
after training interventions. Secondly, given the emergence of new biomarkers in HF
trials, we infended to add to the current literature with the inclusion of a selected
number of emerging biomarkers. Furthermore, differing to previous analyses, we
expanded our review to include additional modalities of exercise therapy due to
their increasing utilisation in cardiac rehabilitation programs and trials, which may

provide alternatives for subgroups of HF patients.

METHODS

Search Strategy

Potential studies were identified by conducting systematic searches of PubMed,
EMBASE, CINHAL and the Cochrane Library of Controlled Trials up until 31st October
2017. Searches included a mix of MeSH and free text terms related to the key
concepts of heart failure, exercise training and biomarkers. Additionally, systematic
reviews, meta-analyses and reference lists of papers were hand searched for
additional studies. One reviewer (MJP) conducted the search and full articles were
assessed for eligibility by two reviewers (MJP and NAS). A sample search strategy is
presented in Supplementary Files. Additional information was requested from five

authors, with three responses.

Study Selection

Study type and participants Randomised controlled frials and controlled frials of
exercise therapy in HF patients 18 years or older were included. Heart failure type
(i.e., preserved, moderately reduced and reduced ejection fraction) was not

considered as an inclusion or exclusion criteria.  Only studies in which the authors
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specifically reported a patient diagnosis of HF were included. Studies assessing

intervention effect on acute or decompensated HF were excluded.

Intervention Exercise therapy included both conventional fraining, defined as
aerobic training (AT), resistance training (RT) and combined AT and RT (CT), and
non-conventional modes of therapy defined as Yoga, Tai Chi, Stretching and the
physical therapies of Functional Electrical Stimulation (FES) and Inspiratory Muscle
Training (IMT). Studies must have compared an exercise intervention to a usual care
or education confrol group, with no formally prescribed exercise, and the duration
of the exercise training must have been for a minimum of 4 weeks. Studies in which
the participants had participated within a formal exercise rehabilitation program

within the last six months were excluded.

Ovutcomes Studies were eligible to be included in the review if they reported one or
more of the following outcomes in serum or plasma: BNP, NT-proBNP, cardiac
troponin (cTnT), sST2, Gal-3, MR-proANP, MR-proADM and CT-proAVP.

Exclusions Abstracts and non-English studies were excluded.

Data extraction One reviewer (MJP) exitracted the data. For each study the
following information was extracted: 1) author, year of publication and study design,
2) demographic and clinical characteristics, 3) exercise intervention characteristics
4) mean, SD, p value and main findings in regards to biomarkers, and 5) details of

assessment methodology for biomarkers.

Data Synthesis Statistical analyses were performed using Revman 5.3 (The Nordic
Cochrane Centre, Copenhagen, Denmark). Individual meta-analyses were
completed for continuous data by using the change in the mean and standard
deviation. Where the change in mean and SD were not reported, the change in
mean was calculated by subtracting the pre-intervention mean form the post-
infervention mean, and Revman 5.3 enabled calculations of SD using number of
participants in each group, within or between group p values or 95% Cl. Where p
values were not provided, the standard deviation of the mean difference were

calculated using the formula: SD = square root [(SDpre-treatment)2+ (SDpost-treatment)? — (2r X

178



SDpre-treatment X SDpost-treatment)], @ssuming a correlation coefficient (r) = 0.5, which is
considered a conservative estimate?, Where data was not presented in text or
tables, and authors could not be reached, data presented in figures or reported in

prior meta-analyses was extracted or accessed where possible.

Data were pooled for meta-analysis when two or more studies measured the same
outcome and provided data in a format suitable for pooling. Where a study
included multiple intervention groups and data were not provided for the combined
intervention, data was entered separately for each group and the sample size of the
control group was divided by the number of intervention groups to eliminate over
inflation of the sample size. A random effects inverse variance was used with the
effects measure of mean difference (MD). We used a 5% level of significance and a
95% CI to report change in outcome measures. Both BNP and NT-proBNP are
commonly reported in Sl units (pmol/L) or conventional units (pg/ml). Due to large
values associated with NT-proBNP, change data was converted from pg/ml to
pmol/L for both NT-proBNP and BNP for presentation. Data were converted using the
following factors: for NT-proBNP pmol/L = pg/ml x 0.118 and BNP pmol/L = pg/ml x
0.289.

For meta-analysis, we did not pool studies in which participants were clearly
identified as only having HFpEF, with other studies. We grouped studies for analysis
according fo conventional or non-conventional training modalities. For studies
where the mean or SD of outcomes were not reported, but median, interquartile
range (IQR) or median and range were reported or where only a descriptive result
was reported in regard to post intervention changes, a table and descriptive

analysis are utilised.

Sensitivity analysis In order to evaluate the influence of each study on the overall
effect size, sensitivity analysis using the leave-one-out approach was conducted.
Where SD was imputed, additional analyses were also carried out with different
values for the correlation coefficient (r=0.75 and 0.25) to determine whether the
overall results of the analyses were robust to the use of imputed correlation

coefficients.
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Heterogeneity and Publication Bias Heterogeneity was quantified using the 12 test?7,
Values range from 0% (homogeneity) to 100% (high heterogeneity)?. Visual

inspection of funnel plots?8 assessed risk of publication bias.

Study Quality Study quality was assessed using the Tool for the Assessment of Study
Quality and Reporting in Exercise (TESTEX)?? by two authors (MJP and NK). In the

case of discrepancies a third author (NAS) was consulted.

RESULTS

The initial search generated a total of 3419 articles. After removal of duplicates and
exclusion of articles based on abstract and fitle, 77 full-text articles remained for
screening. Full screening resulted in 43 articles meeting the stated inclusion criteria
(Fig. 1 PRISMA statement), of which 27 studies were included in meta-analyses.

Details of full-text articles reviewed but excluded are provided, with reasons, in

Supplementary Table S1.
M)
5 Records identified through
® database searching
= {n =3419)
=}
=
@
n)
— A
Records after duplicates removed
(n =2517)
-]
=
=
o
a A 4
]
L4 Records screened
(n =2517) Records excluded after
—_ reading titles and abstracts
» (n = 2440)
—
v
Full-text articles assessed
g for eligibility
3 (n=77)
>
e l—> Full-text articles excluded
(n=34)
— Studies included in
qualitative synthesis
(n=43)
3
°
1
= Studies included in quantitative synthesis
(Meta-analysis n=27)

Fig. 1 PRISMA Flow diagram
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Study and Participant Characteristics

A general description of included studies is provided in Table 1. Of the 43 included

studies, two30 31 studies were from the same ftrial, but provided different biomarker

information and two32 33 studies contained an overlap of some participants, and

data was combined into one dataset for meta-analysis to eliminate data overlap.

Four2z 343¢ of the studies were controlled but not randomised, oned study

randomised.

Table 1 Overview of studies included in the review

Study Design Participant Characteristics Intervention
Ahmad (2014) RCT n=928 analysed, Biomarker sub study HF ACTION Trial 3 months
E: n=477 (68% male), 59 (51-68)yrs, LVEF 25 (20-30)%* Aerobic
C: n=451 (73% male), 59 (51-68)yrs, LVEF 25 (20-31)%
Class lI-IV (<1% IV)
Aksoy (2015) RCT n=57 randomised, n=45 analysed 10 weeks
E1: n=15 (87% male), 64+9yrs, LVEF 50+7% Aerobic (E1:
E2: n=15 (87% male), 60+7yrs, LVEF 52+5% IAE, E2: CAE)
C: n=15 (87% male), 58+11yrs, LVEF 52+6%
NYHA Class II-111
Antonicelli RCT n=343 randomised, n= 313 completed 6 months 6 months
(2016) E: n=170 (61% male), 76x5yrs, LVEF 48+13% Aerobic
C: n=173 (53% male), 78+6yrs, LVEF 49+13%
NYHA Class >2
Berendoncks Non-RCT n= 80 analysed 4 months
(2010) Cohort with E: n=46 (70% male), 58+10yrs, LVEF 17 (14-22)%* Aerobic &
control group  C: n=34(59% male), 61+12yrs, LVEF 19 (15-24)% Combined
NYHA Class II-111
Billebeau (2017) Non-RCT n=131 enrolled 4-6 months
Cohort with E: n=107 (86% male), 59 (52-66)yrs, LVEF 30 (25-39)%* Aerobic
control group  C: n=24 (79% male), 63 (53-72)yrs, LVEF 35 (30-40)%
NYHA Class II-IV
Brubaker (2009) RCT n=59 randomised, n=44 analysed 16 weeks
E: n=30 (63% male), 70+5yrs, LVEF 32+9% Aerobic
C: n=29 (69% male), 70+6yrs, LVEF 30+9%
NYHA Class lI-1V (n=1 class IV)
Butterfield RCT n=19 randomised, n=17 analysed 12 weeks
(2008) E: n=11 (82% male), 66+10yrs, LVEF 34+11% Combined
C: n=6 (50% male), 75+12yrs, LVEF 35+14%
NYHA Class II-111
Conraads (2007) RCT n=17 randomised & analysed 4 months
E: n=8 (38% male), 57+2yrs, LVEF 274+5% Aerobic
C: n=9 (56% male), 61+4yrs, LVEF 28+5%
NYHA Class Il
Conraads (2004) Non-RCT n=49 enrolled & analysed 4 months
Cohort with E: n=27 (78% male), 59+2yrs, LVEF 26+1% Combined

control group

C: n=22 (68% male), 59+2yrs, LVEF 26£1%
NYHA Class II-111
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Delagardelle RCT/Non- n=60 randomised & analysed ~13.3 weeks,
(2008) rRcT E: n=45 (84% male), 59+6yrs, LVEF 24+5% Combined,
C: n=15 (87% male), 56+8yrs, LVEF 25+6% Aerobic or
NYHA Class Il Strength
Edelmann RCT n= 67 randomised, n=64 analysed 12 weeks
(2011) E: n=44 (45% male), 64+8yrs, LVEF 68+7% Combined
Ex-DHF Pilot C: n=20 (40% male), 65t6yrs, LVEF 67+7%
Study NYHA Class Il & Il
Eleuteri (2013) RCT n=21 randomised & analysed 3 months
E: n=11 (100% male), 66+2yrs, LVEF 28+2% Aerobic
C: n=10 (100% male), 63+2yrs, LVEF 30+2%
NYHA Class Il
Fernandes-Silva  RCT n=52 randomised, n=40 analysed 12 weeks
(2017) E: n=28 (50% male), 51+7yrs, LVEF 30+6% Aerobic
C: n=16 (62% male), 48+7yrs, LVEF 29+7%
NYHA Class Il
Fu (2013) RCT n=45 randomised, n=40 analysed 12 weeks
E1l: n=15 (67% male), 68+5%, LVEF 38+4% Aerobic (E1:
E2: n=15 (60% male), 66+2yrs, LVEF 39+5% AIT, E2: MCT)
C: n=15 (67% male), 68+3yrs, LVEF 38+4%
NYHA Class II-111
Gary (2011) RCT n=24 randomised & analysed 12 weeks
E: n=12 (58% male), 59+11yrs, LVEF 23+8% Combined
C: n=12 (42% male), 61+10yrs, LVEF 27+9%
NYHA Class II-11I
Guazzi (2012) RCT n=26 randomised & analysed 24 weeks
E: n=18, C: n=8, 68x6yrs, LVEF 37t5% Aerobic
NYHA Class lI-11I
Jonsdottir RCT n=51 randomised, n=43 analysed 5 months
(2006) E: n=21 (76% male), 68+7yrs, LVEF 42+14% Combined
C: n=22 (82% male), 69+5yrs, LVEF 41+14%
NYHA Class II-11I
Karavidas RCT n=30 randomised & analysed 6 weeks
(2008) E: n=20 (80% male), 62+12yrs, LVEF 28+7% FES
C: n=10 (80% male), 6418 yrs, LVEF 27+5%
NYHA Class II-11I
Karavidas RCT n=30 randomised & analysed 6 weeks
(2013) E: n=15(60% male), 69+9yrs, LVEF 64+8% FES
C:n=15 (60% male), 69+8yrs, LVEF 63+5%
NYHA Class II-111
Kato (2017) RCT n=50 randomised & analysed 4 weeks
E: n=25 (80% male), 70+11yrs, LVEF 28+9% Stretching
C: n=25 (76% male), 70+8yrs, LVEF 29+9%
NYHA Class II-1V
Kawauchi RCT n= 53 randomised, n=35 analysed 8 weeks
(2017) E1: n=13 (46% male ), 54+10yrs, LVEF 30+6% IMT +
E2: n=13 (62% male), 56t7yrs, LVEF 28+5% Resistance
C: n=9 (56% male), 56+7yrs, LVEF 29+7%
NYHA Class II-111
Kitzman (2010) RCT n=53 randomised, n=46 completed 16 weeks
E: n=26 (17% male), 70t6yrs, LVEF 61+5% Aerobic
C: n=27 (9% male), 69+5yrs, LVEF 60+10%
NYHA Class II-111
10
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Kitzman (2016) RCT n=51 randomised *’ 20 weeks
E: n=26 (19% male), 686yrs, LVEF 61+6% Aerobic
C: n=25 (20% male), 66+5%, LVEF 6316%
NYHA Class II-111
Kobayashi RCT n= 28 randomised & analysed 12 weeks
(2003) E: n=14 (86% male), 55+2yrs, LVEF 29+2% Aerobic
C: n=14 (57% male), 62+2yrs, LVEF 33+2%
NYHA Class Il & 1l
Krishna (2014) RCT n=130 randomised, n=92 analysed 12 weeks
E: n=44 (73% male), 49+6yrs, LVEF 39+5% Yoga
C: n=48 (67% male), 50+5yrs, LVEF 40+5%
NYHA Class I-11
Malfatto (2009) RCT n=54 randomised & analysed 12 weeks
E: n=27 (70% male), 65+11yrs, LVEF 3116%, Aerobic
C: n=27 (74% male), 67+9yrs, LVEF 3316%,
NYHA Class | & Il
Marco (2013) RCT n=22 randomised & analysed 4 weeks
E: n=11 (64% male), 69+9yrs, LVEF 38+16% IMT
C: n=11(91% male), 70+11yrs, LVEF 36117%
NYHA Class II- 1l
Meyer (2004) RCT n=42 randomised & analysed 12 week
E: n=19 (79% male), 58+10yrs, LVEF 29+13% Aerobic
C: n=23 (78% male), 54+9yrs, LVEF 30+11%
NYHA Class II- Il
Nilsson (2010) RCT n=78 randomised, n=70 for BNP @ follow-up 4 months
E: n=39 (77% male), 69+8yrs, LVEF 30+8% Aerobic
C: n=39 (79% male), 72+8yrs, LVEF 31+10%
NYHA Class II- 1l
Nishi (2011) Retrospective  n=45 randomised, n=31 analysed BNP 3 months
Analysis E: n=33 (88% male), 51+14yrs, LVEF 18+4%, Aerobic
C: n=12 (83% male), 52+16yrs, LVEF 18+5%
NYHA Class II- Il
Norman (2012) RCT n=42 randomised, n=39 analysed for BNP 24 weeks
E: n=20 (55% male), 56t3yrs, LVEF 34+1% Combined
C: n=20 (60% male), 63+3yrs, LVEF 32+1%
NYHA Class II- IV
Palau (2014) RCT n=27 randomised, n=26 analysed 12 weeks
E: n=14 (50% male), 68(60-76)yrs, LVEF 69(63-77)%* IMT
C: n=12 (50% male), 74(73-77)yrs, LVEF 76(68-83)%
NYHA Class lI- IV
Parrinello RCT n=22 randomised & analysed 10 weeks
(2009) E: n=11 (73% male), 62+5yrs, LVEF 39+4% Aerobic
C: n=11 (64% male), 63+5ys, LVEF 39+4%
NYHA Class II- 1l
Passino (2006) RCT n=95 randomised, n=85 analysed 9 months
E: n=44 (89% male), 60+2yrs, LVEF 35+2% Aerobic
C: n=41(85% male), 61+2yrs, LVEF 32+2%
NYHA Class I- Il
Passino (2008) RCT n=97 randomised, n=90 analysed 9 months
E: n=71 (87% male), 61+2yrs, LVEF 35+1% Aerobic
C: n=19 (74% male), 63+2yrs, LVEF 36+2%
NYHA class I-111
11
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Sandri (2012) RCT n=60 randomised & analysed 4 weeks
LEICA Study E1l: n=15 (80% male), 505yrs, LVEF 27+1% Aerobic
C1: n=15 (87% male), 495yrs, , LVEF 28+1%
E2: n=15 (80% male), 72t4yrs, LVEF 29+2%
C2: n=15 (80% male), 72+3yrs, LVEF 28+2%
NYHA Class II- Il
Sarullo (2006) RCT n=60 randomised & analysed 12 weeks
E: n=30 (77% male), 5316yrs, LVEF 29+5% Aerobic
C: n=30 (74% male), 53+5yrs, LVEF 29+4%
NYHA Class II- 1l
Stevens (2015) RCT n=28 randomised, n=22 analysed 12 weeks
E: n=15 (67% male), 67+3yrs, LVEF 39+3% Combined
C: n=7 (86% male), 64+6yrs, LVEF 35+2%
NYHA Class Il
Trippel (2017) RCT n=67 randomised, n= 62 analysed for biomarkers 12 weeks
Ex-DHF Pilot E: n=44 (45% male), 64+8yrs, LVEF 68+7% Combined
study post hoc C: n=20 (40% male), 65+6yrs, LVEF 67+7%
analysis NYHA Class II-lll
Wisloff (2007) RCT n=27 randomised, n=26 analysed 12 weeks
E1: n=9 (78% male), 7749yrs, LVEF 28+7% Aerobic (E1:
E2: n=9 (78% male), 74+12yrs, LVEF 33t5% AIT, E2: MCT)
C: n=9 (67% male), 76+13yrs, LVEF 26+8%
Yamamoto Non-RCT n=18 enrolled & analysed 6 months
(2007) Cohort with E: n=10 (90% male), 68(64-70)yrs, LVEF 40 (37-43)%* Aerobic
control group  C: n=8 (100% male), 70(66-73)yrs, LVEF 37 (35-38)%
NYHA Class II-11I
Yeh (2004) RCT n=30 randomised & analysed 12 weeks
E: n=15 (67% male), 661+12yrs, LVEF 24+7% Tai Chi
C: n=15 (60% male), 61+14yrs, LVEF 22+8%
NYHA Class I-IV
Yeh (2011) RCT n=100 randomised & analysed 12 weeks
E: n=50 (56% male), 68+12yrs, LVEF 28+8% Tai Chi

C: n=50 (72% male), 67+12yrs, LVEF 3017%
NYHA Class I-11l

™ Randomised between three exercise groups, but control group not randomised, @ Excludes diet and diet and exercise group.

AIT: aerobic interval training, BNP: brain natriuretic peptide, CAE: continuous aerobic training, C: control, cTnT: cardiac troponin, CT-
proAVP: copeptin, E: exercise, FES: functional electrical stimulation, Gal-3: galectin-3, IHF: Ischemic heart failure, IAE: aerobic interval
training, IMT: inspiratory muscle training, LVEF: left ventricular ejection fraction, MCT: moderate continuous training, MR-proANP:
mid-regional atrial natriuretic peptide, MR-proADM: mid-regional pro-adrenomedullin, NHF: non-ischemic heart failure, NT-proBNP:
amino(N) portion of BNP, NYHA: New York Heart Association, ST2: suppression of tumorigenicity 2, |, statistically significant decrease,
“statistically significant increase, €> no statistically significant change. * Median (IQR)

Supplementary Table S2.
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parficipants between exercise intervention groups, but the control group was not
randomised, onesd® study was a retrospective analysis, all remaining studies were
RCTs. Seven studies®0 31 3943, representing six trials included participants with a mean
Left Venftricular Ejection Fraction (LVEF) >50%, one* of which also included
parficipants with LVEF <50%. Thirty six trials included participants with mean LVEF
<50%, and the mean LVEF of at least three++4 studies indicates the inclusion of
participants with a range of ejection fractions, reduced, mid-range and/or

preserved ejection fraction. Baseline NT-proBNP and BNP levels are provided in
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Intervention details

A detailed description of the interventions can be found in Supplementary Table S3.
Thirty four studies utilised conventional exercise training, 8 studies utilised non-
conventional exercise fraining or therapy, and one study combined non-
conventional and conventional training. Intervention duration ranged from 4 weeks

fo 9 months.

Biomarker Assessment

Biomarker assay details are provided in Supplementary Table S4.

Ovutcome Measures

NT-proBNP Twenty studies reported on NT-proBNP. Two studies3? 3 contained an
overlap of some participants; to avoid possible duplication of data these studies are
represented as one dataset in the meta-analysis.

Meta-analysis Overall exercise demonstrated a statistically significant improvement
in NT-proBNP (omol/L); MD -47.83 (95%ClI -77.23, -18.43) p=0.001 (Fig. 2a).

Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SO Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Conventional Training
Akzoy (CAE) 2015 6.01 16.51 15 -0.44 24.82 g 11.4% 6.45[12.73, 25.63] T
Aksoy (JAE) 2015 0.46 1818 15 -0.44 24.92 7o11.3% 080 [19.72,21.52] T
Conraads 2004 -57.702 1151028 27 -2.242 BRETAT 22 BA4% -55.46 [110.94, 0.02] I
Conraads 2007 -73.986 1104541 g -65.844 988701 9 5.49% -8.14 [93.80, 77.52] T
Delagardelle (IHF) 2008 12.036 187173 22 -16.638 183.651 9 31% 28.67 [114.55, 171.90] e
Delagardelle (NHF) 2008 -61.95 167.189 23 -B1.066 243.63 B 1.7% 19.12 [187.45, 225.68] I—
Guazzi 2012 -60.548 46.982 20 6.03 34.35 8 10.48% -B6.58 [-88.05,-35.10] -
Meyer 2004 -33.866 103.884 19 -25724 130297 23 F.0% -8.14 [[78.98, 52.69] I —
Passino 2006 & 2008 -54.3858 109.858 89  4.012 199.066 a1 8.0% -58.41 F117.62, 0.80] —
Sandri (=95 yrs) 2012 -83.78  141.843 15 285 87304 19  B.0% -86.73 [170.89,-2.57] E—
Sandri (=65 yrs) 2012 -69.502 107176 15 -4.248 139.772 19 &57% -65.25 [[194.39, 23.88] -
Sarullo 2006 -229.156 178.5786 30 -35.4 535665 30 1.6%  -1893.76 [[408.81, 22.30] T
Wisloff (AT 2007 -57.702 55.48 9 1062 81.184 5 B.3% -68.32 [[148.18,11.53] ——
Wisloff (MCTY 2007 -11.21 §5.834 8 1062 81.184 4 4.8% -21.83 12551, 81.89] I
Subtotal (95% CI) 35 212 91.8% -32.80 [-56.19, -9.42] L
Heterogeneity: Tau®= 78464, Chi®= 3039, df=13 (P = 0.004);, F=57%
Testfar averall effect Z=2.74 (P = 0.006)
1.1.2 Non-conventional training
Krishna 2014 -303.317 144.352 44 -91.196 202.839 48 F.0% -212.12[283.62,-140.632] —
Marco 2013 -9.877  178.665 11 9664 398882 11 1.2%  -19.54 [277.83,238.79]
Subtotal {95% Cl) 55 59 8.2% 15TAT[-327.64,12.70] —aag——
Heterogeneity: Tau®= 9194.70; Chi*=1.98, df=1 (P = 0.16); F= 50%
Test for overall effect: £=1.81 (P =0.07)
Total (95% CI) 370 271 100.0% -47.83 [-77.23, 18.43] L 2
Heterogeneity: Tau®= 1885.46; Chi*= 58.63, df=15 (P = 0.00001); F=74% f |

Test for overall effect: Z=3.19 (P = 0.001) -500 -250 v

Testfar subgraup differences: Chi*= 2.02, df=1 (P =015, F= 50.6%

Fig. 2a Change (MD) in NT-proBNP (pmol/L) exercise vs. control.
For Conversion to pg/ml = pmol/L divided by 0.118.
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Conventional training Pooled data from 10 studies3? 33 35 37 43 4752 (14 intervention
groups) (315 exercise participants, 212 controls) demonstrated a statistically
significant improvement in favour of exercise, on NT-proBNP (pmol/L); MD -32.80
(95%ClI -56.19, -9.42) p=0.006 (Fig. 2a). Removal of the two interventions groups from
one® study, that included patients with a mean ejection fraction of 50%, improved
the MD and statistical significance; MD -54.62 (95%Cl -74.36, -34.87) pmol/L,
P<0.00001 (Supplementary table S5). Apart from the study of Aksoy et al. (2015),
sensitivity analysis using the leave-one out approach revealed the results remained
relatively stable (Fig. 2b). Sensitivity analyses conducted for different correlation

coefficients for SD imputation, did not result in any significant variance in overall

resulfs.
NT-proBNP (Conventional)
Study name Statistics with study remowved Mean (95% Cl} with study remowved
Standard Lower Upper

Point error limit limit p-Value
Acsoy (CAE) 2015 -40.228 128657 85722 -14832 0002 —l—
Mesoy (IAE) 215 -39.865 14087 -B7.478 -12.255 0.005 ——
Corraads 2004 20,805 1256 -55175  -8.025 0.015 ——
Corvaads 2007 -345T1 12.867 -52.202  -9.939 0.008 ———
Delagardelle {IHF) 2008 34,489 12236 -58.472 -10.506  0.005 ———
Delagardelle (NHF) 2008 -3387T 12197 57882 9771 0.008 i
Guazi 2012 22535 10702 -432810  -1.881 0.022 ——
Meyer 2004 35,059 12718 -59.985 -10.133 0.008 ———
Passinc 2006/2008 -30.453 12.481 -54875 -8.030 0.015 ——
Sandri [ <55y rs) -29.441 11894 -52848  -5.8923 0.014 i
Sandri {> 85y rs) 31188 12297 -55268  -7.056 0.011 ——
Sarullc 2006 -20.701 11682 -G52E88 7202 0.009 11—
Wisloff (AIT) 2007 30,580 12270 -54€25 -£E22 0012 —;—
Wisloff (MCT) 2007 33,588 12.450 -57.863 -5187  0.007 ——

22503 11822 -58183  -9.418 0.008 sl

-100.00 -50.00 0.00 50.00 100.00

Fawvours Intervention Favours Control

Fig. 2b Sensitivity analysis NT-proBNP (conventional training) with study removed

An additional six30 34 53-5¢ stydies (Table 2) could not be pooled due to differences in
data reporting. Five studies presented data as median (IQR) or median (range) and
one3 study only included HFpEF patients. Two studies 34 54 reported pre to post
intervention NT-proBNP changes in exercise participants, but only one® study
reported a significant difference compared to control participants.

Non-conventional training Pooled data from two# 5 studies (55 exercise
participants, 59 conftrols) failed to demonstrate a statistically significant improvement
in NT-proBNP (pmol/L); MD -157.47 (95%Cl -327.64, 12.70) p=0.07 (Fig. 2a). Notably,

the large size of the improvement was due to the inclusion of one study#> (Fig. 2c).
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One#*? additional study, in HFpEF patients, not pooled, failed to demonstrate any

significant change (Table 2).

NT-proBNP (Non Conventional)

Study name
Poaint
Krishna 2014 -19.540
Marco 2013 -212.200
-157.488

Statistics with study removed

Standard
error
131.784

36.479
86.876

Lower
limit
-277.831
-283.698
-327.761

Mean (95% Cl)with study removed

Upper
limit pValue
238751 0.882
-140.702 0.000
12.736 0.070
-350.

=

00 -175.00

175.00 350.00

Favours Interv ention Favours Control

Fig. 2c Sensitivity analysis NT-proBNP (non-conventional training) with study removed

Table 2 Summary of findings of studies for NT-proBNP and BNP not pooled for meta-analysis

Study Design Intervention Analysed Result
E/C
NT-proBNP
Conventional Training
Ahmad 2014 RCT Aerobic 477/451 <> between groups
Antonicelli 2016 RCT Aerobic 170/173 { in E & significantly different to C
Berendoncks 2010 Controlled  Aerobic & Combined  46/34 J inE, but <> for A between E & C
Edelmann 2011 RCT Combined 44/20 &< inEorC
Eleuteri 2013 RCT Aerobic 11/10 &< inEorC
Nilsson 2010 RCT Aerobic 37/33 &> inEor CorbetweenE &C
Non-Conventional
Palau 2014 RCT IMT 14/12 <> inEor CorbetweenE&C
BNP
Conventional Training
Billebeau 2017 Controlled  Aerobic 107/24 LinE, & inC
Brubaker 2009 RCT Aerobic 23/21 <> between E& C
Kitzman 2010 RCT Aerobic 26/27 & between E& C
Kitzman 2016 RCT Aerobic 26/25 &< inEorC
Yamamoto 2007 Controlled  Aerobic 10/8 JinE, & inC
Non-Conventional
Karavidas 2013 RCT FES 15/15 > for A between E & C
Yeh 2011 RCT Tai Chi 50/50 &> for A between E & C

J statistically significant, €3 no statistically significant change, C: control, E: exercise, FES: functional electrical stimulation,
IMT: inspiratory muscle training, RCT: randomised controlled trial.

BNP Twenty two studies reported on BNP. Two32 33 studies contained an overlap of

some participants; to avoid duplication of data these studies are represented as

one dataset in the meta-analysis.

Meta-analysis Overall exercise demonstrated a statistically significant improvement
in BNP (pmol/L); MD -15.02 (95%Cl -25.06, -4.99) p=0.003 (Fig. 30a).
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Exercise Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Conventional Training

Eutterfield 2008 8702 39714 11 31.26 744852 A 21% -25.56 [-89.66, 35.59] I E—

Fu (AT 2013 -65.488 37192 14 -0.5T8 7458049 7 24%  -54.91 [114.35, 4.53] ——

Fu (MCTy 2013 -17.051 75306 13 -0.5T8 758049 G 1.7% -16.47 [-89.65,56.71] —
Gary 2011 3572 46124 12 075 30143 12 6.5% 34.97 [3.79, 66.15] e
Jonsdottir 2006 -0.434 453882 21 0.665 40794 22 TT% -1.10 [-28.08, 25.88] —
kobayashi 2003 -4.046 94541 14 0 124476 14 1.4% -4.05 [-85.92, F7.83] —
Malfatto 2009 -36.992 31408 27 -0.867 35157 27 11.3% -3613[F53.91,-18.34] —

Mishi 2011 -63.002 112893 21 12427 TBE12 10 19% -7543[14315,-7.71]

Marman 2012 -3.699 30579 20 7716 57926 18 FO0% 1141 [40.71,17.88] 71
Parrinello 2008 -11.416 12561 11 8.497 13.96 11 143%  -19.91[31.01,-8.82] -

Passino 2006 & 2008 -18.496  39.015 89  1.445 43928 51 128%  -19.94 [34.47 -5.41] —_

Stevens 2015 -11.8458 108.051 15 17.8918 10699 7 1.0% -29.77 [126.06, 66.52]

Subtotal (95% CI) 268 192 70.2% 1717 [-29.56, 4.78] L 2

Heterogeneity: Tau®=170.39; Chi®=21.36, df=11 (P=0.03); F= 48%
Testfor overall effect 2= 2.72 (P =0.007)

2.1.2 Non-conventional Training

Karavidas 2008 -3.826 395322 20 0545 26.025 10 8.8% -10.38[-34.04,13.29] 1

kato 2017 -1.3 51876 25 12472 B384 25 B.2% 1387 [46.12,18.37)] 1
kawauchi (LIPRT) 2017 -6.2358  B5.025 12 -7.225 18496 ] 48% 0.87 [-38.02, 39.75] — 1
Kawauchi (MIPRT) 2017 18496 71.094 13 -7.225 184496 4 4.2% 2572 [F16.96, 63.41] T
“eh 2004 -13.872 48.0538 15 26.01 43.0538 15 57% -39.88[74.27 -5.44] I

Subtotal (95% CI) 86 59  29.8% -9.92 [-28.03, 8.20] -

Heterogeneity: Tau®=138.61;, Chi*=594 di= 4 {(P=0.20), F= 33%
Testfor overall effect Z=1.07 (P=0.28)

Total (95% Cl) 354 251 100.0%  -15.02 [-25.06, -4.99] L 2

Heterogeneity; Tau== 150.67; Chi*= 28,35, df= 16 (P = 0.03); F= 44% F — :
Testfor overall effect = 2.83 (P = 0.003) 200 100 o 100
Testfor subaroup differences: Chif= 042, df=1{P=052, F=0%

Fig. 3a Change (MD) in BNP (pmol/L) exercise vs. control.
For conversion to pg/ml = pmol/L divided by 0.289.

Conventional training Pooled data from 11 studies 32 33 38 46 58-65(12 intervention
groups) (268 exercise participants, 192 controls) demonstrated a statistically
significant improvement in BNP (pmol/L) in favour of exercise; MD -17.17 (95%ClI -
29.56, -4.78) p=0.007 (Fig. 3a). Sensitivity analyses using the leave-one out approach
revealed that the study of Gary et al. (2011)¢ impacted the size of the result, with an
increase in MD and statistical significance with removal of this study (Fig. 3b).

An additional five223¢ 37 40 67 stydies using conventional training (Table 2), reported on
BNP concentrations, but were not pooled due to differences in data reporting. Two22
3¢ studies reported data as median (IQR), two?% 40 studies were in participants with
HFpEF and one¢” study did not provide post data but noted no change. Of the five
studies, two?22 3¢ reported decreases post training in exercise participants with no

change in controls. The two?3? 40 studies with HFpEF patents failed to find any change.
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BNP (Conventional)

Study name Stafistic s with study remov ed Mean (95% Cl) with study removed
Standard Lower Upper

Point error limit limit pAalue
Butterfield 2003 -16.363 6631 28.880 -3.866 0.011
Fu (alT)2013 -15.754 5408 -28.3089 -3.199% 0.014
Fu MCT)2013 ATATS 6605 30122 4329 0.008
Gary 2011 =21.790 3831 28908 -14674 o.000
Jonsdottir 2006 -19.181 §.759 -32.428 5934 0.005
Kobayahs 2003 -17.450 §.562 -30.312 4588 o.002
Malfatto 2009 -13.588 6669 26888 0527 0.041
Nishi 2011 -15.589 §.131 27805 3572 0.011
Noman 2012 -17.818 §.598% -31.514 4117 0.011
Paminelle 2009 16716 3223 32.833 0588 0.042
Passino 2006/2008 -16.871 T7.888 32128 1214 0.035
StevensZ015 -16.549 §.551 28788 4110 0.010

7174 §.322 28.585 4782 0.007

50,00 -25.00 000 2500 50.00

Fawvours Intervention Favours Control

Fig. 3b Sensitivity analysis BNP (conventional training) with study removed

Non-conventional training Pooled data from 4 studiesé®’! (5 intervention groups) (86
exercise participants, 59 controls), failed to demonstrate a statistically significant
improvement in BNP (pmol/L) exercise vs. control; MD -9.92 (95%CI -28.03, -8.20)
p=0.28 (Fig. 3a). Sensitivity analysis indicated that the study of Kawauchi et al.
(2017)70 aoffected the magnitude of the result (Fig. 3c). Sensitivity analyses
conducted for different correlation coefficients for SD imputation, did not result in
any significant variance in overall results. Two#4! 72 additional studies, utilising non-
conventional training, were not pooled. One’? reported data as median (IQR) and
one*! was in HFpEF patients, and both failed to demonstrate any significant change
(Table 2).

BNP (Non Conventional)

Study name Statistics with study removed Mean (95% Cl} with study removed
Standard Lower Upper
Point error lim it limit  p-Value
Waray idas 2008 8512 12182 -34771 18348 0499 L
Kato 2017 -8.285 12137 -22083 16633 0.488 .
Kawauchi (LIPRT) 2017 -11.713 11211 -22887 10280 0296 .
Kawauchi (MIPRT) 2017 -15.284 7823 -30817 0.029 0.051 —

eh 2004 -4.34 8111 -20.238 11588 0.582
-2918 9241 -28028 5.198 0283 -
-50.00 -25.00 0.00 25.00 50.00

Favours Intervention Favours Control

Fig. 3¢ Sensitivity analysis BNP (non-conventional training) with study removed
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Cardiac Troponin (cTnT) Only a sub study of the HF ACTION ftrial reported on the
effect of exercise tfraining on cTnT levels compared to control participants, with no
decreases in detectable levels of cTnT found in a cohort of participants from the

trial®s.

Galectin-3 Two studies compared Gal-3 in exercising and control participants.
However, differences in data reporting did not allow for data pooling. Billebeau et
al. (2017)22 observed a statistically significant (p<0.001) median decrease of 6.3% in
the exercise group (n=107) with no change in control patients. While Fernandez-Silva
et al. (2017)% reported no statistically significant difference in the mean change

between exercise and control groups (p=0.69).

sST2 One study reported pre and post data in regard to the effect of exercise
training on sST2 levels. A statistically significant (p=0.035) median decrease of 7.4%
was observed post training (n=97) by Billebeau et al. (2017)22, with no change in

conftrols.

MR-proANP Two studies reported on post intervention MR-proANP concentrations.
Billebeau et al. (2017)2 observed a statistically significant (p<0.001) median
decrease of 16% post training (n=105), with no changes in control participants. In
contrast, the post hoc analysis of the Ex-DHF Pilot trial by Trippel et al. (2017)3" noted

no significant freatment effect in HFPEF patients.

MR-proADM Two studies reported on post intervention MR-proADM concentrations.
Billebeau et al. (2017)22 observed a statistically significant (p=0.001) 6.4% median
decrease in MR-proADM (n=103), with no changes in control participants. In
contrast, Trippel et al. (2017)3" noted no significant freatment effect in HFpEF

pafients.

CT-proAVP One study by Trippel et al. (2017)3' reported on CT-proAVP levels and
failed to find any statistically significant change post training or compared to the

conftrol group in HFpPEF patients.
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Study quality and reporting

A median TESTEX score of 8.5 out of 15 was obtained (range 6-12) (Supplementary
Table Sé). Details of randomisation procedures, activity monitoring of control groups,
adjustment of relative exercise intensity and provision of adequate details to

calculate exercise energy expenditure were frequently lacking.

Heterogeneity and publication bias

Meta-analyses indicated a moderate level of heterogeneity. Visual inspection of the

funnel plot showed slight asymmetry (Supplementary Figures 1Ta and 1b).

DISCUSSION

This systematic review and meta-analysis compiled evidence from a large volume of
studies assessing the effect of exercise therapy on established and a selected
number of emerging biomarkers in HF patients. Different to previous analyses both
conventional and non-conventional modes of training were examined. When
analysed separately, conventional training demonstrated a statistically significant
improvement in NT-proBNP and BNP, while pooled analyses of non-conventional
training failed to demonstrate any significance. While BNP and NT-proBNP are raised
across the HF spectrum, as levels may be lower in HFpEF, and in some instances
close to normal, we excluded studies from pooled analyses that only included HFpEF
patients. However, it is highly likely that a number of other studies included in the
analyses with mean ejection fractions >40% would have also included HFpEF

patients and it is possible this could be reflected in the variability of the results.

The favourable result demonstrated in pooled analyses of conventional training are
consistent with previous reviews2 72 and a 2011 IPD meta-analysis?s. However, in
confrast to our pooled results, of studies unable to be pooled, only two of seven
studies for BNP, and two of the seven studies for NT-proBNP, indicated any significant
change post training or compared to controls. Furthermore, one of these studies was
a sub analysis of a large cohort from the HF ACTION ftrial, which found that levels of
plasma NT-proBNP did not significantly improve after 3 months of aerobic fraining®3,
clearly contrasting with our result and previous analyses?4 2573, However, adherence
and participant crossover issues may have confounded the results of the HF ACTION

trial. It is also possible, that a longer intervention duration may have resulted in
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significant changes, as seen after nine months by Passino et al. (2006)3%2, although
Sandri et al. (2012)%" demonstrated significant decreases after only four weeks of

endurance training.

Emerging Biomarkers While BNP/NT-proBNP remain the gold standard HF biomarkers,
with proven prognostic value, there are limitations. Age, gender, arrhythmias,
obesity, renal function, and comorbidities'® 2 may all affect concentrations; hence
biomarkers less affected by these issues can provide valuable information.
Furthermore, as biomarkers of myocardial stretch, BNP/NT-proBNP are only reflective
of one pathophysiological pathway involved in HF, hence biomarkers reflecting
other pathways may provide new and valuable information and complement
BNP/NT-proBNP. Both Gal-3 and sST2 have been studied as emerging biomarkers in
HF, and now have a class IIB recommendation for risk stratification by the ACC/AHA
(2013) guideline for HF management’. Gal-3, a B-galactoside-binding lectin, plays a
dominant role in inflammation, fibrosis and cardiac remodelling' 12, Soluble ST2, a
member of the Interleukin (IL)-1 receptor family and defined as a ligand for IL-33, is
considered a cardiovascular stress protein, associated with fibrosis, cardiac and
vascular remodelling and inflammation’4. Initial evidence also indicates that other
novel biomarkers, such as CT-proAVP2 7576 and MR-proADM?7, both biomarkers of

neurohormonal activation, also have prognostic value in HF.

Current evidence does not allow for any conclusion as to the effect of exercise
training on emerging biomarkers. However, the recent studies of Fernandes-Silva et
al. (2017)2 and Billebeau et al. (2017)22 provide an interesting and perhaps promising
platform upon which future research can expand. Billebeau et al. (2017)22, in a non-
randomised ftrial, observed a significant decrease in BNP, MR-proANP, MR-proADM,
Gal-3 and sST2 in exercise training participants with no change in conftrols. Analysis
according to change in VO2peak, demonstrated that patients with an increase in
VOa2peak 214.5% (based on the median increase), experienced a significant decrease
in Gal-3, sST2, MR-proADM and MR-proANP compared with no significant biomarker
change in participants with change in VO2peak<14.5%22. Furthermore, given that BNP
improved regardless of the change in VO2peak they concluded that the addition of
the newer biomarkers improved the clinical follow-up of rehabilitation22, Overall, their

results demonstrated that exercise training improves neurohormonal, inflammatory
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and fibrotic processes2. Fernandes-Silva et al. (2017)%3 observed no significant
difference between exercise and confrol patients for change in Gal-3 or the pro-
inflammatory markers (IL-6 and TNF-a), however, VO2peak Significantly improved in
partficipants with low baseline Gal-3 levels, compared to patients with high levels,
with similar findings for the pro-inflammatory markers. These results suggesting
biomarkers may predict a patient’s response to training?. Interestingly, in a sub study
of the HF ACTION frial, higher baseline ST2 levels were associated with a greater

improvement in VOzpeak at 3 months’s.

Exercise Capacity Reduced exercise capacity is a major hallmark of HF, and NT-
ProBNP is a strong predictor of VO2peak’?. Changes in BNP and NT-proBNP have been
correlated with changes in VO2peak and suggested therefore as a possible surrogate
for evaluating training responses?>. Only a minimal number of studies included in the
review reported associations between change in peak Vozpeak and biomarkers.
Ahmad et al. (2014)%, did however observe that in patients in whom NT-proBNP
levels decreased there was an increase in VO2peak, despite finding no significant
change in NT-proBNP. While Passino et al. (2006)32 observed that changes in VO2peak
correlated significantly with decreases in NT-proBNP and BNP. Recently, Bilebeau et
al. (2017) found that of all the biomarkers they tested, for predicting change in
exercise capacity, MR-proADM best correlated with  VOgpeak?2. Given that
adrenomedullin originates not only from the heart but from multiple organs, tissues
and blood vessels®® and that the mechanisms associated with improved exercise
capacity in HF involve cardiac, vascular and skeletal muscle adaptationsd!, a

relationship between MR-proADM and improved exercise capacity makes sense.

Phenotype Levels of BNP and NT-proBNP are elevated irrespective of ejection
fraction; albeit they are generally lower in HFpEF compared to HFrEF8284, Patients
also present with elevated levels of a number of other biomarkers reflective of
different pathophysiological pathways. Currently there is limited data on the role of
exercise training and biomarkers in HFpEF, and none of the HFpEF studies included in
the review reported any significant changes in the biomarkers. Furthermore, it is
likely that there exist different biomarker profiles for HFfEF and HFpEFs5 8. Moving
forward these different biomarker profiles may provide valuable information for

treatment strategies, including exercise.
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Exercise Prescription While moderate continuous fraining (MCT) has been the
cornerstone of conventional HF fraining, over the past decade the interest in high-
intensity interval fraining (HIT) has grown®’. Two studies included in the review that
specifically incorporated HIT and MCT groups for comparative purposes, observed
significant improvements in BNP8 and NT-proBNP# from HIIT, with no significant
change from MCT. However, this is in contrast to the recent results of the larger,
multicentre SMARTEX Heart Failure study, which failed to demonstrate any significant
difference between HIT and MCT after 12 weekss?. However, for comparisons,
difficulty arises in regard to actual training intensities attained, and in SMARTEX both
actual HIT and MCT intensities aftained may have impacted the results, with

patients training at lower and higher intensities than prescribeds?.

To date the maijority of HF fraining studies have utilised conventional modes of
training, however, not all patients can or are willing to participate in these activities.
Women for example, may be more likely to attend mind-body interventions, such as
Tai Chi and Yoga, for cardiac rehabilitation purposes? ?1. Furthermore, both FES and
IMT offer alternative modes of physical therapy, particularly in patients unable to
participate in more conventional moddalities. Individually the included studies
investigating FES and IMT failed to demonstrate any significant change in BNP or NT-
proBNP compared to control groups. However, the combination of these non-
conventional modes with conventional fraining may provide possible synergistic
effects?2, as demonstrated by Caminiti et al. (2011)?% with combined Tai
Chi/Endurance training and Adamopoulos et al. (2014)%2 with combined IMT/AT.
Furthermore, other modes of non-conventional exercise therapy, such as weight
supported? and robot assisted?s exercise training have demonstrated improvements

in BNP and NT-proBNP in HF patients and may be beneficial in some subgroups.

Clinical Significance and Future Research Biomarkers are utilised in HF clinical trials
for a number of reasons'o, including establishment of inclusion criteria, outcome
measures, explaining therapeutic efficacy and as a target for therapy?é. Biomarkers
and biomarker panels may aid in identifying subgroups of HF patients who may have
a more favourable response to exercise therapy, distinguishing responders and non-

responders?! 2 in terms of specified outcomes including functional and long-term
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outcomes. Different biomarkers may provide further insight into the downstream
molecular mechanisms associated with improvements from exercise training?'. It
could be possible that different biomarker profiles respond differently to different
intervention characteristics, such as intensity, perhaps allowing further tailoring of the
exercise to the individual. Furthermore, biomarkers, with their prognostic utility, may
provide useful post intervention information indicating improvements when other
favourable outcomes may be absent. It remains premature to draw too many
conclusions about the relationship between changes in emerging biomarkers and
exercise training, and the utility of these biomarkers in HF is yet to be fully established,

but it presents as an interesting and important area for future research.

Future research also needs to consider the clinical interpretation of changes in
biomarkers given their biological variation?. While NT-proBNP is considered to have
high biological variation, the newer markers of sST2 and Gal-3 demonstrate a lower
variation and therefore add value to their use?”. However, from an individual
perspective in interpreting clinically meaningful changes in biomarkers, it is
suggested that reference change values (RCVs) which indicate the percentage
change necessary within an individual, reflective of a tfrue change as opposed to

biological variation, be utilised?”.

Strengths and Limitations in the systematic review and meta-analysis

To our knowledge this is the first meta-analysis of BNP and NT-proBNP to include
training studies beyond the conventional aerobic and resistance fraining modalities,
and the first review to consider exercise therapy and emerging biomarkers in HF. We
aimed to provide a meta-analysis of studies reporting on a selected number of
established and emerging biomarkers. However, as biomarker distributions can be
skewed; study data may often be presented as median (IQR) or median (range),
which precludes it from inclusion in meta-analyses. Valuable information may be
ignored if a number of studies are excluded; therefore, upon initial review, and
identification of a number of studies that had examined biomarkers and reported
data as median or provided a descriptive result, we felt that the inclusion of these
studies would enhance the value of the review and analysis. Therefore, we included
results of studies reporting data that was considered inappropriate for pooling and

only provided a descriptive analysis of these studies.
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Studies in which biomarkers were assessed as secondary outcomes may not have
been adequately powered to detect significant differences in  biomarkers.
Furthermore, the studies included in the review reported a wide range of
intervention durations, training frequency, session times and intensity. In regard to
data pooling, we measured the difference between pre-intervention and post-
intervention means, however, in cases where exact p values within groups, or 5% CI
were not available, we imputed the SD and hence statistical analysis depended on
extrapolated data. However, our imputation was conservative and sensifivity
analyses were conducted for different correlation coefficients. Abstracts and trials

not reported in English were excluded and could have led to publication bias.

CONCLUSION

Pooled data of conventional training modalities indicated a favourable effect on
the established HF biomarkers NT-proBNP and BNP, contrasting with information from
a number of non-pooled studies. Limited evidence exists in regard to exercise
training and emerging biomarkers. Given the complex pathways involved in the
onset and progression of HF, more research is required to establish exactly how
established and emerging biomarkers can be utilised in exercise training in this
population. The use of multiple biomarkers is an area of active research in HF, and
future studies utilising biomarker panels may prove beneficial in guiding non-
pharmacological therapy such as exercise by facilitating a more precise approach

to exercise for subgroups of patients.
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Supplementary Table S1 Excluded studies

Study

Reason for Exclusion

Adamopoulos (2014)

Arad (2008)
Braith (1999)
Beckers (2008)

Besson (2013)
Caminiti (2011)

Casillas (2016)
Ellingsen (2011) SMARTEX

Giallauria (2006)
Giallauria (2008)
Hagglund (2017)

Haseba (2016)

Jiao (2016)

Karavidas (2010)
Kiilavuori (1999)
Laoutaris (2008)

Legallois (2016)
Lima (2010)
Municino (2006)
Nakanishi (2017)
Ozasa (2011)
Prescott (2009)(a)
Prescott (2009)(b)
Pritchett (2012)
Radi (2017)

Reda (2017)
Rengo (2014)
Schoenrath (2015)
Stout (2012)

Svealv (2009)
Takagawa (2017)
Van Buuren (2017)

Yamauchi (2016)
Yeh (2013)

Comparison to two different training modalities (aerobic/IMT vs. aerobic/sham IMT), no
usual care/no exercise control group

Single group pre-post study, no usual care/no exercise control group

Biomarker outcome (ANP) does not meet inclusion criteria

Comparison of two different training modalities (CT vs. ET), no usual care/no exercise
control group

Comparison of Eccentric ergometer training to Concentric(standard ergometer) training
Comparison of two different training modalities (Tai Chi vs. Tai Chi/ET), no usual
care/no exercise control group

Comparison of Eccentric ergometer training to Concentric(standard ergometer) training
Comparison of three training modalities (HIIT vs. MCT vs. RRE), no usual care/no
exercise control group

Authors do not note a specific chronic heart failure diagnosis

Authors do not note a specific chronic heart failure diagnosis

Comparison of two different training modalities (Yoga vs. Hydrotherapy), no usual
care/no exercise control group

Comparison of exercise with exercise/sauna therapy, no separate usual care/no
exercise control group

Exercise did not fit inclusion criteria — weight supported training

Comparison of FES in NYHA Class Il to NYHA Class llI/1V

Biomarker outcome (proANP) did not meet inclusion criteria

Comparison of two different training protocols (HITG IMT vs. LITG IMT), no usual
care/no exercise control group

Single group pre-post study, no usual care/no exercise control group

Patients with Chagas cardiomyopathy

Single group pre-post study, no usual care/no exercise control group

Single group pre-post study, no usual care/no exercise control group

Machine assisted cycling vs. conventional ET, no usual care/no exercise control group
Single group pre-post study, no usual care/no exercise control group

All participants previously participated in an exercise rehabilitation program

The exercise group also consisted of dietary changes, no separate exercise only group
Patients had been hospitalised for acute HF, intervention 1 month

Patients had decompensated heart failure and intervention < 4 weeks

Single group pre-post study, no usual care/no exercise control group

Single group pre-post study, no usual care/no exercise control group

Comparison of Exercise + Testosterone vs. Exercise, no usual care/no exercise control
group

Crossover trail, no separate control group

Single group pre-post study, no usual care/no exercise control group

Comparison of two different training protocols (EEMS vs. LEMS), no usual care/no
exercise control group

Single group pre-post study, no usual care/no exercise control group

Comparison of two different training modalities (Tai Chi vs. Aerobic) no usual care/no
exercise control group
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Supplementary Table S2 Baseline Levels NT-proBNP (pg/ml) & BNP (pg/ml)

Study Baseline NT-proBNP (pg/ml)
Exercise Control

Ahmad 2014 693.7 (276.1, 1725) * 778.5 (296.7, 1825) *

Aksoy 2015 @ 203.4+154.8 262.3+215.2
176.2+152.9

Antonicelli 2015 1236 (2038)** 618 (520)**

Berendoncks 2010
Conraads 2004
Conraads 2007
Delagardelle 2008

Edelmann 2011
Eleuteri 2013
Guazzi 2012
Krishna 2014
Nilsson 2010

1216 (530-2887)*
2124+397 (SE)
23254785 (SE)

1145+£1185
1431+1537
15717

853 (87-3772)***
1088.1+447.1

3965.48+1365.08
1412 (753, 2486) *

833 (373-2477)*
1228+240 (SE)
1269+296 (SE)

1143+£1793
1971+2379
172110

545.6 (62—3312)***
1110+312.9
5495.47+1382.5
1987 (1108, 3315)*

Marco 2013 1677.4+1658.4 2212.9+3155.5
Meyer 2004 10924980 1075+1067
Passino 2006/2008(3) 138241478 1708+1680
Palau 2014 983 (325-1932)* 1314 (255-1868)*
Sandri 2012 1675354 (SE) 1426+189 (SE)
1426+189 (SE) 15094327 (SE)
Sarullo 2006 3376+3133 328543012
Wisloff 2007 1305+714 13214148
152141281
Baseline BNP (pg/ml)
Exercise Control
Billebeau 2017 293 (158,757)* 137 (44, 148)* (n=12)
Brubaker 2009 NR NR
Butterfield 2008 3554352 6461348
Fu2013 405+ 483+
453+
Gary 2011 184.4+151.6 105.8+159.1
Jonsdottir 2006 173.2+180.4 122.2+121.8
Karavidas 2008 563.51£136.2 521.749.5
Karavidas 2013 6461188 6681209
Kato 2017 185.6+178.6 224.7+180.4
Kawauchi 2017 3394291 168+108
303+301
Kitzman 2010 45456 721122

Kitzman 2016
Kobayashi 2003
Malfatto 2009
Nishi 2011
Norman 2012
Parrinello 2009
Passino 2006/2008"
Stevens 2015
Yamamoto 2007
Yeh 2004

Yeh 2011

23.6 (19.4, 39.4)*
28192 (SE)
293+115
4324451
103.2+108.5
205.2+46.5
1934199

281495 (SE)
273.9 (108.1, 658)*
329+377

102 (47, 212)*

21.9 (18.2, 26.5)*
383+89 (SE)
318+125
238+130
175.1+182.1
210.4%51.5
194+180
285+117 (SE)
177.8 (161.5, 241.7)*
285+340

106 (42, 493)*

MeanzSD unless otherwise noted, * Median (IQR), **Median (interval), ***Median (range)
® Converted from fmol/ml @ converted from pmol/I, ) Data from Passino 2006 and 2008 consolidated into one dataset.
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Supplementary Table S3 Detailed Exercise Intervention Characteristics

Study Modality Duration Sessions/week Total Time Intensity
per session
Ahmad 2014 Aerobic (group based walking, treadmill or 3 months 3 15-30 min 60%HRR and ramped up
cycling)
Aksoy 2015 Aerobic (Cycle) 2 groups: Interval & Continuous 10 weeks 3 35 min Starting power @50%V 0,01, T every 2 weeks to
(includes 5 min power @ 75% VO, @ week 10. Interval group -
WU & 5 min CD) 60s work to 30s recovery (17 cycles)
Antonicelli 2016 Aerobic (cycle) 3 months supervised, 3 months 6 months 3 50 min (includes 20 min @ 60-70%HRax
home 10min WU & CD)
Berendoncks 2010 Aerobic and Combined Training 4 months 3 60 min (includes 5 AT intensity 90%HR @ ANT. Initial RM intensity
min WU & CD) 50% 1RM with an increase to 60% after 2 months
Billebeau 2017 Aerobic (cycle, treadmill or rowers) 4-6 months 2 Workload @ VAT
Brubaker 2009 Aerobic (walking & cycle) 16 weeks 3 60 min (includes 40-50% HRR (weeks 1-2), increased to 60-70% HRR
WU & CD)
Butterfield 2008 Combined Training. 1 x groups session @ 12 weeks 7 >45 min
hospital (65 min) (45 min circuit) plus daily
home-based walking (45 min)
Conraads 2007 Aerobic (cycle & waking) 4 months 3 60 min (includes5 HR @ 90%VT
min WU & CD)
Conraads 2004 Combined 4 months 3 60 min (includes AT intensity - HR @ 90%VT, RT intensity - 50%
WU & CD) 1RM, increased to 60% after 2 months
Delagardelle 2008 Aerobic (cycle & treadmill), Strength, Combined  13.3 weeks 3 45 min (includes 5 AT intensity — 60% VO,peak increased to 75%V0 peqk
(3 groups) WU) RT intensity — 60% 1RM, increased to 70% 1RM
Rx-DHF Pilot Combined Training, initially aerobic (cycling) 12 weeks 2-3 (AT) 40 min + AT: HR @ 50-60% VOjpeqi (Weeks 1-4) THR @ 70%
Edelmann 2011 & weeks 1-4 (20-40 min), with addition of RT @ 2 (RT) VOjpeak 2 Week 5, RT @ 60-65%1RM (15 reps)
Trippel 2017 week 5
Eleuteri 2013 Aerobic (cycle) 3 months 5 40 min Power & HR @ VAT
(includes 5 min
WU & 5 min CD)
Fernandez-Silva 2017 Aerobic (cycle) 2 groups, Interval (1 min: 2 min) 12 weeks 3 40 min Interval: THR=1 min @ HR @ RCP, 2 min @ HR @
and Continuous (includes 5 min AT, Continuous: THR = [HR @ RCP + 2 (HR @ AT)]/3
WU & 5 min CD) (NB: both groups same average workload @ end
30 min)
Fu 2013 Aerobic (cycle) 2 groups, Intervals 5 x 3 with 3 12 weeks 3 30 min Interval: 5 x 3 @ 80% VOypeak, 3 Min recovery @
min recovery (30 min), Continuous (30 min), (+3min WP &3 40% VOjpeqx between each interval
both programs isocaloric. Supervised min CD) Continuous @ 60% VOopeak
Gary 2011 Combined Training (walking and RT) 12 weeks 3 (AT) 30-60 min AT intensity- started 50% HRR, increased 70%HRR
2-3 (RT) 45-60 min RT started @ 2 x 12-15 reps. Increased to 3 x 12-15
reps
Guazzi 2012 Aerobic 24 weeks 4 40 min 80% HRR (60% for first 2 weeks)
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Jonsdottir 2006

Karavidas 2008
Karavidas 2013
Kato 2017
Kawauchi 2017
Kitzman 2010
Kitzman 2016
Kobayashi 2003

Krishna 2014
Malfatto 2009

Marco 2013

Meyer 2004
Nilsson 2010

Nishi 2011
Norman 2012

Palau 2014
Parrinello 2009
Passino 2006
Passino 2008

Sandri 2012

Sarullo 2006
Stevens 2015

Wisloff 2007

Combined (Cycle and circuit RT)

FES

FES

Stretching

IMT + RT. 2 groups LIPRT & MIPRT
Aerobic (walking & cycling)
Aerobic (primarily walking)
Aerobic (cycle)

Yoga. Supervised 3 days, 3 days home
Aerobic (cycle or treadmill)

IMT

Aerobic (cycle)
Aerobic/Strength (group-based)

Aerobic (walking, cycling, callisthenics)
Combined (AT + RT)

IMT

Aerobic (walking)
Aerobic (cycle)
Aerobic (cycle)

Aerobic (cycle)

Aerobic (cycle)

Combined: Aerobic 4 x 6-8 (2 min rest), 18-12

min @ wk. 6 + RT

Aerobic (treadmill walking), 2 supervised, 1

home per week, 2 groups: AlIT & MCT

5 months

6 weeks

6 weeks

4 weeks

8 weeks

16 weeks

20 weeks

12 weeks

12 weeks
12 weeks

4 weeks

12 weeks
4 months

3 months
24 weeks

12 weeks
10 weeks
9 months
9 months

4 weeks

12 weeks
12 weeks

12 weeks

4-6 (2-3 per week
x 2 per day)
6
3

14 (daily x 2)

4
2

3-5
3 x AT, 2xRT

14 (Daily x 2)

5
3
3
20 (5 days of 4
sessions per day)
3
5 x fortnight

3

45 min (includes
10 min WU)

30 min
30 min

20 min
30 min (IMT)

60 min (includes
WU & CD)
60 min

15 min

(30 min/day)

60 min

60 min (includes
15-20 min WU)

45 min
50 min

40-60 min

30 min AT (+15
min WU& CD)
20 min

30 min

30 min

30 min

20 min (80
min/day)
30 min
>30 min

38 min (AIT)
(includes 10 min

Initial cycle workload @ 50% peak WL, then
increased. RT intensity started @20-25%1RM,
increased to 35-40%1RM.

Intensity for visible muscle contraction- 25Hz for 5s
than 5s rest

Intensity for visible muscle contraction- 25Hz for 5s
than 5s rest

Low intensity

LIPRT - IMT @15% MIP and RT with 0.5 kg. MIPRT -
IMT @ 30% MIP and RT @ 50%1RM

RT - 1 x10, then increased to 2x10 reps

40-50% HRR (weeks 1-2), increased to 60-70% HRR

Individualised intensity based on HRR progressed
as tolerated
HR @ VT

60% VO3pear

5 x 10 breaths (100% of their RM) then 1-2 min of
unloaded recovery breathing,

ANT

Included - 3 High intensity intervals @ RPE 15-18
for 5-10 minutes.

30-50% HRR

AT: 40- 70% HRR of (RPE 11-14), RT: 8 -10 exercises
1x10-15 reps.

Started breathing @ 25-30% MIP for 1 week,
resistance modified each session according to 25—
30% MIP measured.

Mild to moderate

65% VOjpeak

65% VOjpeak

70% symptom limited VOjpeax

60-70% VO,peak

Aerobic @ HR@ 2" VT, RT @ 50-70% 1RM ( 2 x 15,
MN2-3 reps)

Interval: 4x4 @ 90-95%HR .k, 3 min recovery @
50-70%HReq¢ between intervals
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Wu) Continuous @ 70-75%HR peak

47 min (MCT)
Yamamoto 2007 Aerobic (cycle and walking) 6 months 3 60 min HR and WL @ VAT and 1 minute before ANT
Yeh 2004 Tai Chi 12 weeks 2 60 min NR
Yeh 2011 Tai Chi 12 weeks 2 60 min NR

ANT: anaerobic threshold, AIT: aerobic interval training, AT: aerobic training, CD: cool-down, FES: functional electrical stimulation, HR: heart rate, HRR: heart rate reserve, IMT: inspiratory muscle training, LIPRT: low intensity
inspiratory muscle training and peripheral resistance training, MCT: moderate continuous training, MIPRT: moderate intensity inspiratory muscle training and peripheral resistance training, MIP: maximal inspiratory pressure, RM:
repetition maximum, RT: resistance training, VAT, ventilatory anaerobic threshold, VT: ventilatory threshold, WL: workload, WU: warm-up,
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Supplementary Table S4 Biomarker Assessment

Study Plasma/ Serum Assay/Supplier

BNP

Brubaker 2009 Plasma Commercially available radioimmunoassay

Billebeau 2017 Plasma ARCHITECT BNP assay, Abbott Laboratories, Abbot Park, Il, USA

Butterfield 2008

Whole Blood/Plasma

Fluorescence immunoassay, Triage BNP, Biosite Diagnostics Inc., San Diego California

Fu 2013 Plasma ELISA, USCN Life Science Inc., Burlington, NC

Gary 2011 ? BNP test, Triage assay

Jonsdottir 2006 Plasma Immunoradiometric assay (IRMA) kits

Karavidas 2008 Plasma Immunoassay technique, Triage BNP assay, Biosite Inc., San Diego, California, USA

Karavidas 2013 Plasma Immunoassay technique, Triage BNP assay; Biosite Inc., San Diego, CA

Kato 2017 Plasma ?

Kawauchi 2017 ? Immunoassay, Biosite Diagnostics Inc., San Diego, CA, USA

Kitzman 2010 Plasma Radioimmunoassay, Phoenix Pharmaceuticals Inc.; Mountain View, Calif.

Kitzman 2016 Plasma Radioimmunoassay, Phoenix Pharmaceuticals

Kobayashi 2003 ? Radioimmunoassay

Malfatto 2009 Serum Triage BNP test, Biosite Ltd, Belfast, United Kingdom

Nishi 2011 Plasma Immunoradiometric assay for human BNP using a commercial kit, Shionoria

Norman 2012 Plasma Commercially available immunoflurometric assay , Triage BNP, Biosite Diagnostics, San Diego CA
Parrinello 2009 Plasma Immunoradiometric assay, Triage; Biosite Diagnostics

Passino 2006 Plasma BNP was measured by a two-site Inmunoradiometric Assay, Shionogi, Japan

Passino 2008 Plasma BNP was measured by a two-site Imnmunoradiometric Assay, Shionogi, Japan

Stevens 2015 Plasma ADVIA Centaur, Siemens Medical Solutions Diagnostics, Munich, Germany

Yamamoto 2007 ? ?

Yeh 2004 Whole Blood Fluorescence immunoassay, Biosite Triage BNP Test; San Diego, California

Yeh 2011 Whole Blood Fluorescence immunoassay, Biosite Triage BNP Test, Biosite Diagnostics, San Diego, California
NT-proBNP

Ahmad 2014 Plasma ELISA, Roche Diagnostics, Indianapolis, IN

Aksoy 2015 Serum Enzyme immunoassay kits, Biomedica, Bratislava, Slovakia

Antonicelli 2016 Serum ElectroChemiLuminescence Immunoassay, ECLIA-Cobas, Roche Diagnostics, Rotkreutz, CH
Berendoncks 2010 Plasma Sandwich immunoassay on Elecsys 2010, Roche Diagnostics

Conraads 2004 Plasma Sandwich immunoassay on an Elecsys 2010, Roche diagnostics, Mannheim, Germany

Conraads 2007 Plasma Sandwich immunoassay on an Elecsys 2010, Roche Diagnostics GmbH, Mannheim, Germany
Delagardelle 2008 Serum Sandwich immunoassay using electro-Chemiluminescence detection on a Modular E170, Roche Diagnostics, Mannheim, Germany
Edelmann 2011 Serum Commercially available Elecsys proBNP sandwich immunoassay, Elecsys 2010 analyser, Roche Diagnostics, Mannheim, Germany
Eleuteri 2013 Serum Modular Analytics, Roche Diagnostics

Guazzi 2012 Plasma ?

Krishna 2014 Serum Commercially available ELISA kit , Uscn Life Science Inc.

Meyer 2004 Serum ElectroChemiLuminescence using the automated assay of Roche Diagnostics (Elecsys®proBNP).
Nilsson 2010 Plasma Elecsys proBNP sandwich immunoassay on Elecsys 2010, Roche Diagnostics, Indianapolis, IN, USA.
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Palau 2014 Serum ?

Passino 2006 Plasma Measured with an automated electro chemiluminescent immunoassay.

Sandri 2012 Serum ElectroChemiLuminescence Immunoassay, ECLIA, Roche Diagnostics, Mannheim, Germany)

Sarullo 2006 Plasma Immunoassay, Roche Diagnostics, Branchburg, New Jersey, USA, was determined on an Elecsys 2010.

Wisloff 2007 Plasma enzyme immunoassays, Roche Diagnostics, Indianapolis, Ind.

Galectin-3

Billebeau 2017 Plasma ARCHITECT Galectibn-3 assay, Abbott Laboratories, Abbot Park, 1l, USA

Fernandes-Silva 2017 Serum Milliplex MAP kits using Luminex TM xMAP technology, EMD Millipore Corporation, Germany.

sST2

Billebeau 2017 Plasma Test Presage ST2, Critical Diagnostics, San Diego CA, USA

MR-proANP & MT-

proADM

Billebeau 2017 Plasma B.R.A.H.M.S. MR-proADM and MR-proANP KRYPTOR, Thermo Fisher Scientific

Trippel 2017 Serum BRAHMS Kryptor Assays, Thermo Fisher Scientific Clinical Diagnostics B- R - A - H :M- S GmbH, Hennigsdorf, Germany
CT-proAVP

Trippel 2017 Serum BRAHMS Kryptor Assays, Thermo Fisher Scientific Clinical Diagnostics B- R - A - H -M- S GmbH, Hennigsdorf, Germany

211



Supplementary Table S5 Sensitivity Analysis using the leave-one-out approach

Study removed MD (95% ClI) p-value
BNP (pmol/L)

Conventional -17.17 (-29.56, -4.78) 0.007
Butterfield 2008 -16.86 (-29.86, -3.87) 0.01

Fu 2013 -15.64 (-28.79, -2.50) 0.02
Gary 2011 -21.79 (-28.91, -14.67) <0.00001
Jonsdottir 2006 -19.18 (-32.43, -5.94) 0.005
Kobayashi 2003 -17.45 (-30.31, -4.59) 0.008
Malfatto 2009 -13.60 (-26.67, -0.53) 0.04
Nishi 2011 -15.59 (-27.61, -3.57) 0.01
Norman 2012 -17.82 (-31.51, -4.12) 0.01
Parrinello 2009 -16.72 (-32.83, -0.60) 0.04
Passino 2006/2008 -16.67 (-32.13, -1.22) 0.03
Stevens 2015 -16.95 (-29.79, -4.11) 0.01
Non-conventional -9.92 (-28.03, 8.20) 0.28
Karavidas 2008 -8.91 (-34.77, 16.95) 0.50
Kato 2017 -8.26 (-32.05, 15.52) 0.50
Kawauchi 2017 -18.28 (-35.05, -1.52) 0.03
Yeh 2004 -4.34 (-20.24, 11.56) 0.59
NT-proBNP (pmol/L)

Conventional -32.80 (-56.19, -9.42) 0.006
Aksoy 2015 -54.62 (-74.36, -34.87) <0.00001
Conraads 2004 -30.60 (-55.17, -6.03) 0.01
Conraads 2007 -34.57 (-59.20, -9.94) 0.006
Delagardelle 2008 -35.45 (-59.97, -10.93) 0.005
Guazzi 2012 -22.84 (-43.81, -1.86) 0.03
Meyer 2004 -35.06 (-59.98, -10.13) 0.006
Passino 2006/2008 -30.45 (-54.87, -6.03) 0.01
Sandri 2012 -27.53 (-51.75, -3.32) 0.03
Sarullo 2006 -30.70 (-53.60, -7.80) 0.009
Wisloff 2007 -31.28 (-56.44, -6.12) 0.01
Non-conventional -157.47 (-327.64, 12.70) 0.07
Krishna 2014 -19.54 (-277.83, 238.75) 0.88
Marco 2013 -212.12 (-283.62, -140.62) <0.00001
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Supplementary Table S6 Assessment of study quality and reporting using TESTEX

Study Eli.gibi‘lity Rand-omisat‘ic‘)n Allocation Qrolups A;sessors Outcome ITT Reporting Point Activ‘ity o Relatiye Exercise Overall
Criteria details specified ~ concealed similar at blinded measures between group measures & monitoring in exercise volume & EE TESTEX
specified baseline assessed statistical measures of control group intensity (/15)

>85% comparison* variability reviewed
participants#

RCTs

Ahmad (2014)" 1 1 1 1 1 2 0 2 1 0 1 0 11

Aksoy (2015) 1 1 0 1 0 0 0 2 1 0 0 1 7

Antonicelli (2016) 1 1 0 1 0 3 0 2 1 0 0 0 9

Brubaker (2009) 1 0 0 1 1 2 0 2 1 0 0 1 9

Butterfield (2008) 0 0 0 1 0 2 0 2 1 0 0 0 6

Conraads (2007) 1 0 0 1 0 2 0 2 1 0 1 0 8

Delagardelle (2008) 1 0 0 1 0 2 1 2 1 0 0 0 8

Edelmann (2011) 1 1 1 1 0 3 0 2 1 0 1 0 11

Eleuteri (2013) 1 0 0 1 0 3 1 2 1 0 1 1 11

Fernandes-Silva (2017) 1 1 1 1 0 0 0 2 1 0 1 0 8

Fu (2013) 1 0 0 1 0 2 0 2 1 0 1 1 9

Gary (2011) 1 1 0 1 0 3 1 2 1 0 1 1 12

Guazzi (2012) 1 1 0 1 0 1 1 0 1 0 1 0 7

Jonsdottir (2006) 1 0 0 1 0 2 0 2 1 0 0 0 7

Karavidas (2008) 1 1 1 1 1 2 1 2 1 0 0 0 11

Karavidas (2013) 1 1 1 1 1 2 1 2 1 0 0 0 11

Kawauchi (2017) 1 1 1 1 0 1 0 2 1 0 0 0 8

Kitzman (2010) 1 0 0 1 1 3 1 2 1 0 0 1 11

Kitzman (2016) 1 1 1 1 1 3 0 2 1 0 0 0 11

Kobayashi (2003) 1 0 0 1 0 3 1 2 1 0 0 0 9

Krishna (2014) 1 1 1 1 1 0 0 2 1 0 0 0 8

Malfatto (2009) 1 0 0 1 0 1 1 2 1 0 1 0 8

Marco (2013) 1 1 1 1 1 2 1 2 1 0 0 0 11

Meyer (2004) 1 0 0 1 0 1 0 2 1 0 1 0 7

Nilsson (2010) 1 1 0 1 0 2 0 1 1 0 0 0 7

Norman (2012) 1 0 0 1 0 3 0 2 1 0 0 0 9

Palau (2014) 1 0 0 1 1 2 0 2 1 0 0 0 8

Parrinello (2009) 1 0 0 1 0 1 1 2 1 0 0 0 7

Passino (2006) 1 0 0 1 1 1 0 2 1 0 1 0 8

Passino (2008) 1 0 0 1 1 2 0 2 1 0 1 0 9

Sandri (2012) 1 1 0 1 0 3 1 2 1 0 0 0 10

Sarullo (2006) 1 1 1 1 1 3 0 2 1 0 0 0 11

Stevens (2015) 1 0 0 1 0 2 0 2 1 0 0 0 7

Trippel (2016) @ 1 1 1 1 0 3 0 2 1 0 0 0 10

Wisloff (2007) 1 1 1 1 0 3 0 2 1 0 1 0 11

Yeh (2004) 1 1 1 1 0 2 1 2 1 1 0 0 11
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Yeh (2011) 1 1 1 1 1 3 1 2 1 0 0 0 12

Non-
Randomised/Retrospective

Berendoncks (2010) 1 0 0 1 1 1 0 2 1 0 0 0 7
Billebeau (2017) 1 0 0 1 0 1 0 2 1 0 1 0 7
Conraads (2004) 1 0 0 1 0 1 0 2 1 0 0 0 6
Nishi (2011) 1 0 0 1 0 2 0 2 1 0 0 0 7
Yamamoto (2007) 1 0 0 1 0 2 0 2 1 1 0 0 8

Key: total out of 15 points. Legend: #three points possible—one point if adherence >85%, one point if adverse events reported, one point if exercise attendance is reported. *Two points possible—one point if primary outcome is
reported, one point if all other outcomes reported. TESTEX, Tool for the assessment of Study quality and reporting in Exercise. 0 awarded if no mention was made of this criteria or if it was unclear whether criteria was meet. If ITT was
not specifically mentioned, but it was noted that no participants withdrew and all analysed 1 point was awarded.
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Fig. S1a Funnel Plot NT-proBNP
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Example Search Strategy

EMBASE

1 ‘heart failure’: ab, ti, kw

2 ‘exercise’: ab, kw

3 ‘exercise’/exp OR ‘exercise’

4 ‘aerobic exercise’/exp OR ‘aerobic exercise’

5 ‘endurance training’/exp OR ‘endurance training’

6 ‘resistance training’/exp OR ‘resistance training’

7 ‘tai chi’/exp OR ‘tai chi’

8 ‘yoga’/exp OR ‘yoga’

9 ‘functional electrical stimulation’/exp OR ‘functional electrical stimulation’

10 ‘neuromuscular electrical stimulation’/exp OR ‘neuromuscular electrical stimulation’
11 ‘inspiratory muscle training’/exp OR ‘inspiratory muscle training’

12 ‘respiratory muscle training’/exp OR ‘respiratory muscle training’

13 ‘kinesiotherapy’/exp OR ‘kinesiotherapy’

14 ‘physiotherapy’/exp OR ‘physiotherapy’

15 ‘heart rehabilitation’/exp OR ‘heart rehabilitation’

16 #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11 OR #12 OR #13 OR #14 OR #15
17 ‘biological marker’: kw

18 ‘biological marker’/exp OR ‘biological marker’

19 ‘natriuretic factor’/exp OR ‘natriuretic factor’

20 ‘brain natriuretic peptide’/exp OR ‘brain natriuretic peptide’

21 ‘amino terminal pro brain natriuretic peptide’/exp OR ‘amino terminal pro brain natriuretic peptide’
22 ‘atrial natriuretic peptide’/exp OR ‘atrial natriuretic peptide’

23 ‘suppression of tumorigenicity 2’/exp OR ‘suppression of tumorigenicity 2’

24 ‘soluble ST2 protein’/ exp OR ‘soluble ST 2 protein’

25 ‘galectin 3’/exp OR ‘galectin 3’

26 ‘troponin’/exp OR ‘troponin’

27 ‘copeptin’/exp OR ‘copeptin’

28 ‘adrenomedullin’/exp OR ‘adrenomedullin’

30 #17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25 OR #26 OR #27 OR #28
31 #1 AND #16 AND #30

216

13



8 Chapter 8 - Peer reviewed publication: Effect of exercise on diastolic
function in heart failure patients: a systematic review and meta-
analysis

8.1 Manuscript Information

Pearson, M. J., Mungovan, S. F., & Smart, N. A. (2017). Effect of exercise on diastolic
function in heart failure patients: a systematic review and meta-analysis. Heart

Failure Reviews, 22(2), 229-242. https://doi.org/10.1007/s10741-017-9600-0

Submitted 30" November 2016, Submitted in revised form 22 January 2017,
Accepted 25" January 2017, Available Online 23" February 2017

Reprinted with permission from Springer

20" June 2018

Candidate

Principal Supervisor 20" June 2018

217


https://doi.org/10.1007/s10741-017-9600-0

8.2 Statement of author’s contribution

Higher Degree Research Thesis by Publication

University of New England

STATEMENT OF AUTHORS’ CONTRIBUTION

We, the PhD candidate and the candidate’s Principal Supervisor, certify that all co-authors
have consented to their work being included in the thesis and they have accepted the
candidate’s contribution as indicated in the Statement of Originality.

Author’s Name (please print clearly) % of contribution
Candidate
Melissa Pearson 70%
Other Authors
Neil Smart 20%
Sean Mungovan 10%
Name of Candidate: Melissa Jane Pearson

Name/title of Principal Supervisor: Professor Neil Smart

20" June 2018

Candidate Date

20™ June 2018
Principal Supervisor Date

218



8.3 Statement of originality

Higher Degree Research Thesis by Publication

University of New England

STATEMENT OF ORIGINALITY

We, the PhD candidate and the candidate’s Principal Supervisor, certify that the following
text, figures and diagrams are the candidate’s original work.

Type of work Page number(s)
Systematic Review & Meta-analysis 221-242
Name of Candidate: Melissa Jane Pearson

Name/title of Principal Supervisor: Professor Neil Smart

20" June 2018

Candidate Date

20" June 2018

Principal Supervisor Date

219



8.4 Full manuscript as published

220



Heart Fail Rev (2017) 22:229-242
DOI 10.1007/510741-017-9600-0

@ CrossMark

Effect of exercise on diastolic function in heart failure patients:
a systematic review and meta-analysis

M. J. Pearson’ - S. F. Mungovan?” « N. A. Smart'
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Abstract Diastolic dysfunction contributes to the develop-
ment and progression of heart failure. Conventional echocar-
diography and tissue Doppler imaging are widely utilised in
clinical research providing a number of indices of diastolic
function valuable in the diagnosis and prognosis of heart fail-
ure patients. The aim of this meta-analysis was to quantify the
effect of exercise training on diastolic function in patients with
heart failure. Exercise training studies that investigate differ-
ent indices of diastolic function in patients with heart failure
have reported that exercise training improves diastolic func-
tion in these patients. We sought to add to the current literature
by quantifying, where possible, the effect of exercise training
on diastolic function. We conducted database searches
(PubMed, EBSCO, EMBASE, and Cochrane Trials Register
to 31 July 2016) for exercise based rehabilitation trials in heart
failure, using the search terms ‘exercise training, diastolic
function and diastolic dysfunction’. Data from six studies,
with a total of 266 heart failure with reduced ejection fraction
(HFrEF) participants, 144 in intervention groups and 122 in

The authors take responsibility for all aspects of the reliability and
freedom from bias of the data presented and their discussed interpretation.
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control groups, indicated a significant reduction in the ratio of
early diastolic transmitral velocity (E) to early diastolic tissue
velocity (E') (E/E’ ratio) with exercise training, exercise vs.
control mean difference (MD) of —2.85 (95% CI —3.66 to
—2.04, p < 0.00001). Data from five studies in heart failure
with preserved ejection fraction (HFpEF) patients, with a total
of 204 participants, 115 in intervention groups and 89 in con-
trol groups, also demonstrated a significant improvement in
E/E' in exercise vs. control MD of —2.38 (95% CI —3.47 to
—1.28, p < 0.0001).

Keywords Heart failure - Exercise - Diastolic function -
Cardiac function

Introduction

Left ventricular diastolic dysfunction exists to varying degrees
within the community [1] and is associated with the develop-
ment and progression of heart failure (HF) [2]. While most
frequently referred to in the context of HF with preserved
ejection fractions (HFpEF) due to its central role in its patho-
physiology [3], impaired diastolic function (DF) or diastolic
dysfunction (DD) often coexists with systolic dysfunction
[3—6]. Diastolic dysfunction is defined by abnormal left ven-
tricular (LV) relaxation and LV stiffness, leading to increased
filling pressures [7] and is associated with reduced exercise
capacity [8] a hallmark symptom of HF.

Exercise training improves DF in healthy subjects [9] and
may assist in preventing the reduction of DF associated with
ageing [8, 10]; however, whether exercise actually improves
DF in HF patients is not as clear. In heart failure with reduced
ejection fraction (HFrEF) patients, DF has been demonstrated
to be a predictor of exercise capacity [4, 11] and in HFpEF
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patients greater than one third of the improvement in VO, pcax
has been explained by improved DF [12].

Whereas LV systolic function is generally quantified
by measuring ejection fraction, there is no single non-
invasive measure that quantifies left ventricular diastolic
function (LVDF) [7, 13]. Instead, a number of indices
based on cardiac imaging are utilised and current recom-
mendations include the use of algorithm based decision
trees in the diagnosis and grading of DD [7]. In most
patients, a combination of conventional echocardiography
and tissue Doppler imaging (TDI) can determine if DF is
normal or impaired [13]. Diastolic dysfunction occurs on
a continuum and conventional echocardiographic, and
TDI measures are combined to grade the severity of DD,
with individuals classified as having either grade 1 (im-
paired relaxation), which commonly occurs as part of the
ageing process, grade II (pseudonormal filling) or grade
IIT (restrictive filling), which can be further categorised as
reversible or non-reversible. Both pseudonormal and re-
strictive filling patterns have been shown to be associated
with poorer outcomes than impaired relaxation [14].

From a clinical perspective, the basis for the measure-
ment of DF in HF patients differs based on ejection frac-
tion. In HFpEF patients, E/E’, the ratio of early diastolic
transmitral velocity (E) to early diastolic tissue velocity (E
"), is a key variable in diagnosis, while in HFrEF patients,
both conventional echocardiography and TDI quantify LV
filling pressure and grade DD [7, 15], with both E" and E/E’
providing valuable prognostic information [16, 17] and
guiding medical therapy [18] in both phenotypes. E/E’ is
a surrogate measure of filling pressure with an E/E' < 8
considered normal and an average E/E’ > 14 (>13 lateral
or >15 septal) abnormal and a strong indicator of DD [7],
with values between 8 and 15 a grey zone in which other
indices of DF are required for the diagnosis of DD [19].
Additionally, as the effects of increased filling pressure
over time are reflected in the volume of the left atrium
(LA) [13], LA maximal volume index (LAVI) is also rec-
ommended as an important marker of diastolic function
and is recommended as one of several indices to be evalu-
ated in determining and grading of DD [7, 13]; however, to
date, minimal exercise training studies in HF patients have
reported on LA volume [12, 20] or size [6].

Improvements in LVDF following exercise training were
first reported by Belardinelli and colleagues [5] in patients
with reduced ejection fractions, and a number of HF exercise
studies have now measured DF as either a primary or a sec-
ondary outcome. Previously, three meta-analyses [21-23]
with differing inclusion criteria, in HFpEF patients, have re-
ported on DF indices after exercise interventions. The aim of
this meta-analysis is to quantify the effects of exercise training
on DF in HF patients. To our knowledge, this work is the first
to examine DF in both HFrEF and HFpEF patients.

@ Springer
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Methods
Search strategy

Potential studies were identified by conducting systematic
searches of PubMed, EBSCO, EMBASE and the Cochrane
Library of Controlled Trials up to 31 July 2016. Searches
included a mix of MeSH and free-text terms related to the
key concepts of heart failure, exercise training and diastolic
dysfunction. Additionally, systematic reviews, meta-analyses
and reference lists of papers were hand searched for additional
studies. One reviewer (MJP) conducted the search. One author
was contacted to provide additional information but was un-
able to supply any further details.

Study selection

Randomised and non-randomised controlled trials of exercise
training in HFrEF and HFpEF patients were included. Only
studies that specifically referred to the participants as having
HFrEF and HFpEF were included. Studies in which authors
did not specifically state that patients had HF were excluded,
e.g. studies that only refer to patients as post acute myocardial
infarction with no additional statement to classify participants
as having HF were excluded. Where non-randomised con-
trolled trials (RCTs) were included, additional sensitivity anal-
yses were conducted. Exercise was defined to allow for inclu-
sion of a broad range of structured physical activities and
included aerobic, resistance, combined training (acrobic and
resistance), hydrotherapy, yoga, Pilates and Tai Chi.
Additionally, the physical therapies of functional electrical
stimulation/neuromuscular electrical stimulation (FES/
NMES) and inspiratory muscle training (IMT) were included
in the definition of exercise for the purpose of this review.
Studies included in the review compare an exercise interven-
tion to a usual care control group. Non-English language pa-
pers and animal studies were excluded.

Data extraction and outcome measures

Data were extracted by two reviewers (MJP and SFM). The
primary outcome measure was the E/E' ratio, a widely accept-
ed surrogate of left ventricular filling pressure. Where E/E’
lateral and E/E’ septal were reported, the average was calcu-
lated for data pooling. The secondary outcome measures were
the E/A ratio, the ratio of peak early to late diastolic filling
velocity, and DT, deceleration time of early ventricular filling.

Data synthesis
Statistical analyses were performed using Revman 5.3 (The

Nordic Cochrane Centre, Copenhagen, Denmark). The individ-
ual meta-analyses were completed for continuous data by using
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the change in the mean and standard deviation (SD). Where the
change in mean and SD were not reported, the change in mean
was calculated by subtracting the pre-intervention mean from
the post intervention mean, and Revman 5.3 enabled calcula-
tions of SD using number of participants in each group and
within group p values or 95% CI. In cases were exact p values
were not provided, we used default values, e.g. p < 0.05 be-
comes p = 0.049, p < 0.01 becomes p = 0.0099 and p = not
significant becomes p = 0.051. Where a study included multi-
ple intervention groups and a control group, the sample size of
the control group was divided by the number of intervention
groups to eliminate over inflation of the sample size. A fixed
effects inverse variance was used with a measure of mean dif-
ference (MD). We used a 5% level of significance and a 95%
CI to report change in outcome measures. Where data was
considered not appropriate for pooling, a descriptive analysis
was undertaken.

Heterogeneity and publication bias

Heterogeneity was quantified using the /* test [24]. Values
range from 0% (homogeneity) to 100% (heterogeneity) [24].
Funnel plots [25] were provided to assess the risk of publica-
tion bias.

Study quality

Study quality was assessed by using the tool for assessment of
study quality and reporting in exercise training
studies (TESTEX) [26]. This is a 15-point scale that assesses
study quality (maximum 5 points) and reporting (maximum
10 points). Two reviewers (MJP and SFM) conducted the
assessment. A third reviewer (NAS) was consulted on any
discrepancies.

Results
Studies included in the review

The initial search yielded 1011 articles. After removal of dupli-
cates and exclusion of articles based on abstract and title, 39 full-
text articles remained for screening. Full screening resulted in 22
articles meeting the stated inclusion criteria (PRISMA flow
diagram; Fig. 1). The characteristics of the 22 studies are includ-
ed in Table 1. Details of full-text articles reviewed but excluded
are provided, with reasons, in Supplementary Table S1.

The average age of patients ranged between 49 + 5 and
76.5 + 9 years, and sex distribution was predominantly male,
with only six studies [12, 20, 37, 40, 42, 43] including >50%
of females (Table 1). Intervention duration varied from
4 weeks to 7 months and training frequency ranged from
2 days per week to daily. Aerobic training was utilised in 15
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[5, 6, 27-31, 34-36, 38, 39, 42, 43, 45] studies, resistance
training in one [40] study, a combination of aerobic and resis-
tance training was utilised in four [12, 32, 41, 44] studies, one
[37] study utilised FES and one [20] study utilised IMT.

Outcome measures—diastolic indices

All included studies measured one or more diastolic indices
using conventional echocardiography or TDI. Only one study
[5] specifically assigned patients to one of three subgroups
based on the assessment of mitral inflow values (abnormal
relaxation, “normal” or restrictive filling) and reported results
separately on each group with a comparison to the corre-
sponding control group. Baseline diastolic indices are provid-
ed in Supplementary Table S2.

E/E'—exercise vs. control HFrEF

Pooled data from six [6, 30, 32, 35, 44, 45] studies with nine
intervention groups demonstrated a significant reduction in
E/E', MD —2.85 (95% CI —3.66 to —2.04, p < 0.00001)
(Fig. 2). Sensitivity analysis to remove the one non-RCT
[30] did not significantly impact the result, MD —2.59 (95%
CI—3.49 to —1.69, p < 0.00001).

E/E'—exercise vs. control—HFpEF

Pooled data from five [12, 20, 35, 37, 42] studies indicated a
significant improvement in E/E’, MD —2.38 (95% CI —3.47 to
—1.28, p < 0.0001) (Fig. 3).

E/A

E/A was the most common DF index reported. Twenty [5, 6,
12, 27-32, 35-45] studies reported changes in the E/A ratio,
providing a total of 1022 participants diagnosed with HF (583
exercising participants and 439 controls). Sixteen [5, 6,
27-32, 35, 36, 3841, 44, 45] studies had 727 HFrEF partic-
ipants (415 exercising and 312 control), while six [12, 27, 35,
37,42, 43] studies had 295 HFpEF participants (168 exercis-
ing and 127 control). Of the 20 studies, two [27, 35] included
participants with both HFfEF and HFpEF as separate inter-
vention and control groups. One [27] of the studies that in-
cluded both HFrEF and HFpEF also classified patients with
mildly reduced ejection fractions into a separate training
group with a corresponding control group.

Mitral inflow E/A data were not pooled for analysis due to
the non-uniformity in values as the disease changes. Instead, a
descriptive analysis was conducted. Of the 20 studies [5, 6, 12,
27-32, 35-45] that measured and reported E/A, only eight
studies [5, 6, 27, 28, 32, 38, 39, 45] reported a significant
improvement in E/A (Table 2). One [5] study with groups
classified by type of DD, however, only reported an

@ Springer
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Fig. 1 PRISMA flow diagram

Records identified through
database search

Additional records identified
through other sources
(n=12)

(n=999)

Identification

£
]
C)
T

improvement in patients with abnormal relaxation. Of the six
[12,27, 35, 37, 42, 43] studies that included HFpEF patients,
only one [27] reported a significant improvement in E/A ratio
post intervention. Only eight [5, 6, 27, 28, 32, 38, 39, 45] of
the 17 included studies with HFTEF patients noted improve-
ment in the E/A ratio.

DT

Deceleration time data was reported in nine [5, 6, 12, 27, 34,
41-44] studies, providing a total of 423 participants (248 ex-
ercise and 175 controls). Four [12, 27, 42, 43] studies had 206
participants with preserved ejection fractions (123 exercise
and 83 controls) and six [5, 6, 27, 34, 41, 44] studies had
217 participants with reduced ejection fractions (125 exercise
and 92 controls). A baseline DT < 140 m/s was reported in one
of three intervention groups in one study [5]. One study [27]
noted that one intervention group, composed of HFrEF pa-
tients, included patients with DT < 140 m/s and patients with
DT > 200 ms. Four [5, 27, 34, 44] studies included at least one
intervention group with a DT > 140 and <220 m/s. Nine in-
tervention groups from seven studies [5, 6, 12, 27, 41-43]
reported baseline DT > 220 m/s (Supplementary Table S2).
Mitral Inflow DT data was not pooled for analysis due to
the non-uniformity in values as the disease changes. Instead, a
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Records after duplicates removed
(n =804)
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Records excluded after reading
Titles and Abstracts
(n=765)

Exclusions due to: reviews and
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not an exercise intervention
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Full-text articles assessed Full-text articles excluded
(n=17)
Exclusions due to: non HF
Patients, no usual care control
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for eligibility
(n=39)

y

Studies included in
review
(n=22)

descriptive analysis was conducted. Of the nine [5, 6, 12, 27,
34, 41-44] studies to report DT data, only three studies [5, 6,
27] reported a significant improvement (Table 2). One [5] of
the studies, however, only reported an improvement in pa-
tients with abnormal relaxation. One additional study [45]
noted no change in DT but did not report data. Of the four
[12, 27, 42, 43] studies that included HFpEF patients, only
one [27] reported a significant improvement in DT post inter-
vention. Only three [5, 6, 27] of the seven [5, 6, 27, 34, 41, 44,
45] studies which included HFrEF patients reported improve-
ments in DT.

Grade of diastolic dysfunction

Only three [6, 38, 39] studies, all in HFrEF patients, reported
post intervention data changes in diastolic grade/category. All
three studies noted an improvement in all DD grades post
intervention (Supplementary Table S3).

Intervention adherence and adverse events

Twelve studies [6, 12, 27, 29-31, 34, 40, 42—45] reported on
session attendance and five [35-38, 41] studies failed to report
adverse events (Supplementary Table S4).
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. : ' : Exercise Control Mean Difference Mean Difference
Fig. 2 Change in E/E'—exercise Study or Subgroup __Mean __ SD Total Mean SD_Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
vs. control—HFrEF Benda (HIIT) 2015 065 08503 9 395 32035 5 81% -4.60[7.46,-1.74]

Benda (MCT) 2015 045 06324 10 395 25026 4 10.7% -3.50(-598,-1.02) —_
Chrysohoou 2015 02 0564 33 364 112803 39 53% -3.84[7.39,-0.29) —

Fu (R) 2016 16 43048 30 -1.3 33682 28 16.8% -0.30[-2.28,1.68) -
Sandri (55yrs-)2012  -45 80851 15 -05 09074 15 39% -4.00(8.120.12 —_—
Sandri (85yrs+) 2012 -4 71867 15 1 18148 15 47% -500[8.75,-1.25] _—
Stevens 2015 26 47184 15 -41 44597 7  40% 1.50[-2.58,5.58) —1—
Wisloff (AIT) 2007 -42 24994 9 0001 00008 5 248% -4.20[-583,-257) -

Wisloff (MCT) 2007 22 2522 8 0001 00006 4 21.7% -2.20[-3.95-0.45) —-—

Total (95% Cl) 124 122 100.0% -2.85[-3.66,-2.04] *
Heterogeneity: Chi*= 17.45, df = 8 (P = 0.03); = 54%

Testfor overall effect: Z= 6.87 (P < 0.00001)

Quality assessment

The median TESTEX score was 10 (Supplementary Table S5).
While most studies reported on the randomisation of partici-
pants, only eight [5, 6, 12, 29, 32, 39, 42, 45] noted specific
methods such as random numbers or computer generated
blocks. Studies scored poorly in activity monitoring of the con-
trol group and in providing sufficient information that would
allow for accurate calculation of exercise energy expenditure.

Heterogeneity and publication bias

Our analysis in HFrEF and HFpEF demonstrated moderate
heterogeneity (/* = 54 and 52%, respectively). Funnel plots
demonstrated little evidence of publication bias in HFrEF (see
Supplementary Data).

Discussion

This work analysed the effects of exercise training on indices
of DF in HF patients. Our primary finding shows that exercise
training significantly improves E/E" in HF patients, indicating
reduced filling pressure and suggestive of improved DF [18].
E/E' is considered advantageous as a measure of DF as E'is a
less load dependent index of LV relaxation [13, 46], it reduces
the influence of age and heart rate [8] and it can be used in
patients with atrial fibrillation [7], an important consideration
given AF commonly coexists with cardiac conditions.

While a number of exercise studies have now reported on
diastolic indices, as TDI is a relatively new method, only the
more recent studies have assessed E/E’. To our knowledge, this
is the first time E/E’ data has been pooled in HFTEF patients.
While it is not always considered necessary or critical to mea-
sure E/E' in patients with reduced ejection fractions [19], tissue

Exercise

Fig. 3 Change in E/E'—exercise

20 -10 0 10 20
Favours [exercise] Favours [control]

Doppler annular velocity (E’) [45] and E/E’ [47] are considered
to be more sensitive and accurate than the E/A ratio for the
measurement of ventricular relaxation and DD. Additionally,
in the situation where E/A falls between 0.8 and 2, other criteria
including E/E' are recommended in the evaluation of DF [7].
While Belardinelli et al. [5] were the first to report improved
DF in HFrEF, only conventional echocardiography (not TDI)
was utilised. The most comprehensive study to date to have
measured DF in HFrEF patients, the age stratified LEICA study
by Sandri and colleagues [6], not only confirmed that DF is
significantly impaired in HFTEF patients, independent of age,
but that 4 weeks of aerobic training significantly reduces E/E’
in these patients. They also noted a significant inverse correla-
tion between the AE/E’ and exercise capacity (AVO;max)-
While a number of factors are considered to limit exercise
capacity in HF patients [48], in patients with reduced ejection
fractions, DD is more strongly associated with reduced exercise
capacity than ejection fraction [4, 11].

In HFpEF, the reduction, hence, improvement in E/E’ is con-
sistent with results of a previous meta-analysis [22] in this pop-
ulation. Our analysis includes one more recent study [35] since
the previous analysis was undertaken. While our overall result
indicated a significant improvement, only two [12, 35] of the
five studies in our analysis reported a significant improvement
pre- to post intervention in training groups. The positive find-
ings of E/E’ in the first large randomised multicentre trial in
HFpEF patients by Edelmann and colleagues [12] are supported
by the more recent study of Fu et al. [35]. Fu et al. [35] reported
that 15% of HFpEF patients normalised their E/E’ ratio (<8)
post intervention and the percentage of patients with a baseline
E/E’ > 15 was reduced. Our pooled data is in contrast to an
earlier pre-post study [49] that failed to find a change in E/E’
after 16 weeks of aerobic training. While the exact reasons for
the contrasting results between studies are not entirely clear, a
number of potential explanations can be proposed. While

Control Mean Difference Mean Difference

Study or Subgroup _ Mean ___SD_Total Mean SD_Total Weight IV, Fixed, 95%CI IV, Fixed, 95% Cl
vs. control—HFpEF Edelmann 2011 23 23024 44 23504 20 79.3% -2.90 [4.13,-1.67]

Fu 2016 49 13061 30 36977 29 51% -3.50(-8.36, 1.38] =

Karavidas 2013 325 5898 15 37384 15 97% -1.19[4.72,2.34] —_—

Palau 2014 -33 94503 14 102501 12 21% 220542982 e

Smart 2012 44 08401 12 0001 00017 13  39%  4.40[1.17,0.97) _—

Total (95% CI) 115 89 100.0% -2.38[-3.47,-1.28] *

Heterogeneity: Chi*= 8.39, df= 4 (P = 0.08); F=52% 5_20 _150 3 150 20’

Test for overall effect: Z= 4.24 (P < 0.0001)

Favours [exercise] Favours [control]
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differing aetiologies, comorbidities, gender and pharmacologi-
cal interventions may contribute to different results between
studies, the studies by Edelmann [12] and Fu [35] were double
the sample size of the other three [20, 37, 42] studies and all
utilised a different exercise mode, protocol and duration, all of
which cannot be discounted in contributing to the contrasting
results. Interestingly, Fu [35] utilised a high-intensity interval
training (HIIT) protocol, and an earlier comparative HIIT/
moderate-intensity continuous training (MICT) study by
Angadi et al. [50] found that DD grade was reduced after
HIIT training compared to MICT, similar to findings of im-
proved E/E’ from HIIT in type 2 diabetic patients [51]. While
our pooled result indicates improved E/E’, one additional study
by Kitzman and colleagues [52] in obese HFpEF patients, not
included in our analysis, due to differences in data reporting, did
not report any significant change in E/E’ in an exercise only
training group compared to controls. Our result of improved
E/E’ in HFpEF patients is in contrast to those reported in acute
post MI patients [53, 54] (EF% >50%), which failed to find a
significant change in E/E’. While our understanding of the
mechanisms for reduced exercise tolerance in HFpEF is still
evolving, Edelmann et al. [12] also reported that the improve-
ment in E/E’ correlated with the AVO,cq and quality of life.
However, in HFpEF patients, given the heterogeneity within
this phenotype, our result may not be generalizable to this
population.

We also conducted a descriptive analysis of both E/A and
DT as we did not feel it was appropriate to pool data due to the
non-uniform changes in these diastolic indices between DD
categories. Despite some studies reporting an improved E/A
ratio and DT, our descriptive analysis failed to find enough
evidence to indicate conclusively that exercise training im-
proves these diastolic indices. Previous meta-analyses
[21-23] have reported pooled data for the change in E/A ratio
and DT in HFpEF patients, with contrasting results.

Given that no one diastolic index should be considered in
isolation in evaluating DD [7], reporting on the change in DD
grade may provide a more comprehensive and robust interpre-
tation of the effect of an intervention. All three studies in our
review that reported pre- and post DD grade/category by pa-
tient numbers found improvements in DD grade post interven-
tion. We did not conduct an analysis of the effect of exercise
training on LAVI, an important index in determination of DD
[7], as minimal HF exercise studies to data have reported on
this index. Edelmann et al. [12] reported a significant decrease
in LAVI (p < 0.001) in their training group, while Palau et al.
[20] reported no change in LAVI after IMT and Sandri et al.
[6] failed to find a significant change in LA size after 4 weeks
of training. Future studies should look to include measurement
and reporting of this parameter.

Several factors may influence the effects of exercise train-
ing on cardiac structure and function. The criteria utilised in
evaluating and grading DF, which has evolved considerably
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over the years and between study periods, baseline DF, under-
lying HF aetiology/comorbidities and exercise intervention
characteristics such as the type of exercise [55], could all have
influenced results. Additionally, some patients in the early
stages of DD may have been missed, with evidence for DD
only identified during exercise testing [15, 56] particularly, in
HFpEF. Hence, improvements in DD may have occurred in
patients that presented with and were graded as having normal
DF. Overall, the wide variation in study characteristics and
exercise prescription in HF makes comparison between stud-
ies difficult.

Our primary outcome measure of DF was E/E’, which is
now extensively utilised in cardiac research and clinical prac-
tice [19], although recent studies [57, 58] have raised ques-
tions as to its accuracy in estimating LV filling pressure in
some populations and situations. Therefore, while we can
conclude from our data that exercise training improves the
diastolic E/E’ index in HF patients and is strongly suggestive
of improved DF, it would be inaccurate to say that this is
conclusive evidence of improved DF as not one non-
invasive index is a perfect marker of DF. Future studies should
consider not only categorising and assigning patients to an
intervention group based on DD grade but also reporting post
intervention changes in grade to provide a more robust mea-
sure of the effect of intervention on DF.

Limitations in the systematic review and meta-analysis

The major limitation of this review is that although studies
measured DF, early studies in HFTEF patients that measured
and reported on changes in DF did not identify the number of
participants with DD or the category/grade of DD.
Additionally, only one study [5] separated intervention and
control groups into the grade or type of DD and reported
results based on each group. It is therefore not possible to draw
a conclusion on the effect of exercise based on the grade of
DD. We were unable to conduct meta-analysis of the effect of
exercise training on LAVI, an important measure, as minimal
studies have reported on this outcome.

In regard to data pooling, we measured the difference be-
tween pre-intervention and post intervention means; however,
in cases where exact p values of 95% CI within groups were
not available, default values for p were utilised and this may
introduce errors.

Conclusion

This systematic review and meta-analysis found that exercise
training improves E/E’ in patients with heart failure, which is
suggestive of improved diastolic function. The improvements
occur in patients irrespective of the degree of systolic function.



Heart Fail Rev (2017) 22:229-242

241

Compliance with ethical standards

This work received no financial

support and has no relationship to industry.

Contflict of interest

The authors declare that they have no conflict of

interest.

References

10.

11.

12.

13.

14.

Redfield MM, Jacobsen SJ, Burnett JC Jr, Mahoney DW, Bailey
KR, Rodeheffer RJ (2003) Burden of systolic and diastolic ventric-
ular dysfunction in the community: appreciating the scope of the
heart failure epidemic. JAMA 289(2):194-202

Kane GC, Karon BL, Mahoney DW et al (2011) Progression of left
ventricular diastolic dysfunction and risk of heart failure. JAMA
306(8):856-863

Atherton JJ, Bauersachs J, Carerj S et al (2016) 2016 ESC guide-
lines for the diagnosis and treatment of acute and chronic heart
failure. Eur Heart J 18(8):891-975

Gardin JM, Leifer ES, Fleg JL et al (2009) Relationship of Doppler-
echocardiographic left ventricular diastolic function to exercise per-
formance in systolic heart failure: the HF-ACTION study. Am
Heart J 158(4):S45-S52

Belardinelli R, Georgiou D, Cianci G, Berman N, Ginzton L,
Purcaro A (1995) Exercise training improves left ventricular dia-
stolic filling in patients with dilated cardiomyopathy clinical and
prognostic implications. Circulation 91(11):2775-2784

Sandri M, Kozarez I, Adams V et al (2012) Age-related effects of
exercise training on diastolic function in heart failure with reduced
ejection fraction: the Leipzig Exercise Intervention in Chronic
Heart Failure and Aging (LEICA) Diastolic Dysfunction Study.
Eur Heart J 33(14):1758-1768

Nagueh SF, Smiseth OA, Appleton CP et al (2016)
Recommendations for the evaluation of left ventricular diastolic
function by echocardiography: an update from the American
Society of Echocardiography and the European Association of
Cardiovascular Imaging. ] Am Soc Echocardiogr 29(4):277-314
Barmeyer A, Miillerleile K, Mortensen K, Meinertz T (2009)
Diastolic dysfunction in exercise and its role for exercise capacity.
Heart Fail Rev 14(2):125-134

Levy WC, Cerqueira MD, Abrass IB, Schwartz RS, Stratton JR
(1993) Endurance exercise training augments diastolic filling at rest
and during exercise in healthy young and older men. Circulation
88(1):116-126

Takemoto KA, Bernstein L, Lopez JF, Marshak D, Rahimtoola SH,
Chandraratna PAN (1992) Abnormalities of diastolic filling of the
left ventricle associated with aging are less pronounced in exercise-
trained individuals. Am Heart J 124(1):143-148

Ohara T, Iwano H, Thohan V et al (2015) Role of diastolic function
in preserved exercise capacity in patients with reduced ejection
fractions. J] Am Soc Echocardiogr 28(10):1184-1193

Edelmann F, Gelbrich G, Diingen H-D et al (2011) Exercise training
improves exercise capacity and diastolic function in patients with
heart failure with preserved ejection fraction: results of the Ex-DHF
(Exercise training in Diastolic Heart Failure) pilot study. J] Am Coll
Cardiol 58(17):1780-1791

Flachskampf FA, Biering-Serensen T, Solomon SD, Duvernoy O,
Bjerner T, Smiseth OA (2015) Cardiac imaging to evaluate left ven-
tricular diastolic function. ] Am Coll Cardiol Img 8(9):1071-1093
Somaratne JB, Whalley GA, Poppe KK, Gamble GD, Doughty RN
(2009) Pseudonormal mitral filling is associated with similarly poor
prognosis as restrictive filling in patients with heart failure and
coronary heart disease: a systematic review and meta-analysis of
prospective studies. J] Am Soc Echocardiogr 22(5):494-498

233

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

AlJaroudi WA, Thomas JD, Rodriguez LL, Jaber WA (2014)
Prognostic value of diastolic dysfunction: state of the art review.
Cardiol Rev 22(2):79-90
Acil T, Wichter T, Stypmann J et al (2005) Prognostic value of
tissue Doppler imaging in patients with chronic congestive heart
failure. Int J Cardiol 103(2):175-181
Olson JM, Samad BA, Alam M (2008) Prognostic value of pulse-
wave tissue Doppler parameters in patients with systolic heart fail-
ure. Am J Cardiol 102(6):722-725
Little WC, Oh JK (2009) Echocardiographic evaluation of diastolic
function can be used to guide clinical care. Circulation 120(9):802—-809
Nagueh SF, Appleton CP, Gillebert TC et al (2009)
Recommendations for the evaluation of left ventricular diastolic
function by echocardiography. ] Am Soc Echocardiogr 22(2):
107-133
Palau P, Dominguez E, Nuiiez E et al (2014) Effects of inspiratory
muscle training in patients with heart failure with preserved ejection
fraction. Eur J Prev Cardiol 21(12):1465-1473
Taylor RS, Davies EJ, Dalal HM et al (2012) Effects of exercise
training for heart failure with preserved ejection fraction: a system-
atic review and meta-analysis of comparative studies. Int J Cardiol
162(1):6-13
Dieberg G, Ismail H, Giallauria F, Smart NA (2015) Clinical out-
comes and cardiovascular responses to exercise training in pre-
served ejection fraction heart failure patients: systematic review &
meta-analysis. ] Appl Physiol
Pandey A, Parashar A, Kumbhani DJ et al (2015) Exercise training
in patients with heart failure and preserved ejection fraction meta-
analysis of randomized control trials. Circulation: Heart Failure.
8(1):33-40
Higgins JP, Thompson SG, Deeks JJ, Altman DG (2003)
Measuring inconsistency in meta-analyses. BMJ 327(7414):
557-560
Egger M, Smith GD, Schneider M, Minder C (1997) Bias in
meta-analysis detected by a simple, graphical test. BMJ
315(7109):629-634
Smart NA, Waldron M, Ismail H et al (2015) Validation of a new
tool for the assessment of study quality and reporting in exercise
training studies: TESTEX. International Journal of Evidence-Based
Healthcare 13(1):9-18
Alves AJ, Ribeiro F, Goldhammer E et al (2012) Exercise training
improves diastolic function in heart failure patients. Med Sci Sports
Exerc 44(5):776-785
Belardinelli R, Capestro F, Misiani A, Scipione P, Georgiou D
(2006) Moderate exercise training improves functional capacity,
quality of life, and endothelium-dependent vasodilation in chronic
heart failure patients with implantable cardioverter defibrillators
and cardiac resynchronization therapy. Eur J Cardiovasc Prev
Rehabil 13(5):818-825
Belardinelli R, Lacalaprice F, Ventrella C, Volpe L, Faccenda E
(2008) Waltz dancing in patients with chronic heart failure new
form of exercise training. Circulation: Heart Failure. 1(2):107-114
Benda NM, Seeger JP, Stevens GG et al (2015) Effects of high-
intensity interval training versus continuous training on physical
fitness, cardiovascular function and quality of life in heart failure
patients. PLoS One 10(10):e0141256
Brubaker PH, Moore JB, Stewart KP, Wesley DJ, Kitzman DW
(2009) Endurance exercise training in older patients with heart fail-
ure: results from a randomized, controlled, single-blind trial. ] Am
Geriatr Soc 57(11):1982-1989
Chrysohoou C, Angelis A, Tsitsinakis G et al (2015)
Cardiovascular effects of high-intensity interval aerobic train-
ing combined with strength exercise in patients with chronic
heart failure. A randomized phase III clinical trial. Int J
Cardiol 179:269-274

@ Springer



242

Heart Fail Rev (2017) 22:229-242

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Nolte K, Herrmann-Lingen C, Wachter R et al (2015) Effects if
exercise training on different quality of life dimensions in heart
failure with preserved ejection fraction: the Ex-DHF-P trial.
European Journal or Preventive Cardiology 22(5):582-593
Eleuteri E, Mezzani A, Di Stefano A et al (2013) Aerobic training
and angiogenesis activation in patients with stable chronic heart
failure: a preliminary report. Biomarkers 18(5):418-424

Fu T-C, Yang N-I, Wang C-H et al (2016) Aerobic interval training
elicits different hemodynamic adaptations between heart failure pa-
tients with preserved and reduced ejection fraction. American
Journal of Physical Medicine & Rehabilitation 95(1):15-27
Giannattasio C, Achilli F, Grappiolo A et al (2001) Radial artery
flow-mediated dilatation in heart failure patients effects of pharma-
cological and nonpharmacological treatment. Hypertension 38(6):
1451-1455

Karavidas A, Driva M, Parissis JT et al (2013) Functional
electrical stimulation of peripheral muscles improves endothe-
lial function and clinical and emotional status in heart failure
patients with preserved left ventricular ejection fraction. Am
Heart J 166(4):760-767

Malfatto G, Branzi G, Osculati G et al (2009) Improvement in left
ventricular diastolic stiffness induced by physical training in pa-
tients with dilated cardiomyopathy. J Card Fail 15(4):327-333
Mehani SH (2013) Correlation between changes in diastolic dys-
function and health-related quality of life after cardiac rehabilitation
program in dilated cardiomyopathy. J Adv Res 4(2):189-200

Pu CT, Johnson MT, Forman DE et al (2001) Randomized trial of
progressive resistance training to counteract the myopathy of chron-
ic heart failure. J Appl Physiol 90(6):2341-2350

PARNELL MM, HOLST DP (2002) Exercise training increases
arterial compliance in patients with congestive heart failure. Clin
Sei 102(1):1-7

Smart NA, Haluska B, Jeffriess L, Leung D (2012) Exercise train-
ing in heart failure with preserved systolic function: a randomized
controlled trial of the effects on cardiac function and functional
capacity. Congestive Heart Failure 18(6):295-301

Kitzman DW, Brubaker PH, Herrington DM et al (2013) Effect of
endurance exercise training on endothelial function and arterial
stiffness in older patients with heart failure and preserved ejection
fraction: a randomized, controlled, single-blind trial. J Am Coll
Cardiol 62(7):584-592

Stevens AL, Hansen D, Herbots L et al (2015) Exercise training
improves insulin release during glucose tolerance testing in stable
chronic heart failure patients. Journal of Cardiopulmonary
Rehabilitation and Prevention 35(1):37-46

Wisleft U, Steylen A, Loennechen JP et al (2007) Superior cardio-
vascular effect of aerobic interval training versus moderate contin-
uous training in heart failure patients a randomized study.
Circulation 115(24):3086-3094

Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quifiones
MA (1997) Doppler tissue imaging: a noninvasive technique for
evaluation of left ventricular relaxation and estimation of filling
pressures. J Am Coll Cardiol 30(6):1527-1533

@ Springer

234

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

8.

Arques S, Roux E, Luccioni R (2007) Current clinical applications
of spectral tissue Doppler echocardiography (E/E’ ratio) as a non-
invasive surrogate for left ventricular diastolic pressures in the di-
agnosis of heart failure with preserved left ventricular systolic func-
tion. Cardiovascular Ultrasound 5(1):1

Haykowsky MJ, Tomczak CR, Scott JM, Paterson DI, Kitzman
DW (2015) Determinants of exercise intolerance in patients with
heart failure and reduced or preserved ejection fraction. J Appl
Physiol 119(6):739-744

Smart N, Haluska B, Jeffriess L, Marwick TH (2007) Exercise
training in systolic and diastolic dysfunction: effects on cardiac
function, functional capacity, and quality of life. Am Heart J
153(4):530-536

Angadi SS, Mookadam F, Lee CD, Tucker WJ, Haykowsky MJ,
Gaesser GA (2015) High-intensity interval training vs. moderate-
intensity continuous exercise training in heart failure with preserved
ejection fraction: a pilot study. J Appl Physiol 119(6):753-758
Hollekim-Strand SM, Bjergaas MR, Albrektsen G, Tjenna AE,
Wisleff U, Ingul CB (2014) High-intensity interval exercise effec-
tively improves cardiac function in patients with type 2 diabetes
mellitus and diastolic dysfunction: a randomized controlled trial. J
Am Coll Cardiol 64(16):1758-1760

Kitzman DW, Brubaker P, Morgan T et al (2016) Effect of caloric
restriction or aerobic exercise training on peak oxygen consumption
and quality of life in obese older patients with heart failure with
preserved ejection fraction: a randomized clinical trial. JAMA
315(1):36-46

Fontes-Carvalho R, Azevedo Al, Sampaio F et al (2015) The effect
of exercise training on diastolic and systolic function after acute
myocardial infarction: a randomized study. Medicine 94(36)
Korzeniowska-Kubacka I, Bilinska M, Michalak E, Kusmierczyk-
Droszcz B, Dobraszkiewicz-Wasilewska B, Piotrowicz R (2010)
Influence of exercise training on left ventricular diastolic function
and its relationship to exercise capacity in patients after myocardial
infarction. Cardiol J 17(2):136-142

Haykowsky MJ, Liang Y, Pechter D, Jones LW, McAlister FA,
Clark AM (2007) A meta-analysis of the effect of exercise training
on left ventricular remodeling in heart failure patients: the benefit
depends on the type of training performed. J Am Coll Cardiol
49(24):2329-2336

Guazzi M (2015) Stress echocardiography combined with cardio-
pulmonary exercise testing: opening a new window into diagnosis
of heart failure with preserved ejection fraction. Eur J Prev Cardiol.
doi:10.1177/2047487315607076

Santos M, Rivero J, McCullough SD et al (2015) E/e’ ratio in
patients with unexplained dyspnea lack of accuracy in estimat-
ing left ventricular filling pressure. Circulation: Heart Failure
8(4):749-756

Sharifov OF, Schiros CG, Aban I, Denney TS, Gupta H (2016)
Diagnostic accuracy of tissue Doppler index E/e’ for evaluating left
ventricular filling pressure and diastolic dysfunction/heart failure
with preserved ejection fraction: a systematic review and meta-anal-
ysis. J Am Heart Assoc 5(1):¢002530


http://dx.doi.org/10.1177/2047487315607076

Online supplementary material 10741 _2017 9600 MOESM1_ESM.docx

235


https://static-content-springer-com.ezproxy.une.edu.au/esm/art%3A10.1007%2Fs10741-017-9600-0/MediaObjects/10741_2017_9600_MOESM1_ESM.docx

Supplementary Table S1. Studies reviewed but excluded from meta-analysis with reasons

Author (ref)

Reasons for Exclusion

Angadi (2014)

Comparison of two different training protocols, no control group

Freimark (2005)

No non-exercising control group

Fontes-Carvalho (2015)

Does not meet inclusion criteria

Giallauria (2008)

Does not meet inclusion criteria

Giallauria (2009)

Does not meet inclusion criteria

Giallauria (2006)

Does not meet inclusion criteria

Karapolat (2009)

Comparison of home based and hospital based exercise, no non-exercise control group

Kitzman (2010)

Data already included as part of Kitzman 2013

Kitzman (2016)

Follow up data presented as Least Square Mean (LS Mean), baseline reported as mean

Korzeniowska-Kubacka (2009)

Does not meet inclusion criteria

Myers (2002)

No relevant E/E’, DT or E/A data

Nolte (2014)

Compared HFpEF to patients with Diastolic dysfunction

Ritzel (2014)

Comparison of two heart failure groups and analysis of parameters based on weight
loss in two groups, no control group

Rustaad (2014)

Heart transplant patients only

Smart (2007)

Comparison of HFpEF to HFrEF, no non-exercise control group

Teffaha (2011)

Comparison of exercise training on land to exercise training in water and no control
group

Yeh (2013)

Comparison of Tai Chi to aerobic exercise and no control group

DT: deceleration time, E/A: the ratio of peak early to late diastolic filling velocity, E/E’: the ratio of early diastolic transmitral velocity to early
diastolic tissue velocity, HFpEF: heart failure preserved ejection fraction, HFrEF: heart failure reduced ejection fraction
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Supplementary Table S2. Baseline Diastolic Indices in exercise training intervention groups

Study Mitral Inflow Tissue Doppler
E/A (m/s) D; (m/s) IVRT (m/s) E’ (cm/s) E/E’
Alves (2011) 0.93 (P) 236.7 (P) NR NR NR
0.83 (M) 248.2 (M)
0.98 (Mod-S) 216.4 (Mod-S)
Benda (2015) 1.53+1.42 (HIIT) NR 142427 (Lateral) (HIIT) NR 10.3+4 (L) (HIIT)
1.15+0.71 (MCT) 164141 (Septal) (HIIT) 12.6+9.8 (S) (HIIT)
145+32 (Lateral) (MCT) 6.8+1.9 (L) (MCT)
160136 (Septal) (MCT) 10.1+4.1 (S) (MCT)
Belardinelli (1995) 2.0+0.4 (RF) 140+20 (RF) NR NR
1.340.2 (“N”) 16020 (“N”)
1.240.4 (AR) 239+39 (AR)
Belardinelli (2006) 1.82+0.9 (ICD+CRT group) NR NR NR NR
No Data CRT group
Belardinelli (2008) 0.92+0.8 (A) NR NR NR NR
0.9810.9 (D)
Brubaker (2009) 0.910.1 NR NR NR NR
+SE
Chrysohoou (2015) 1.04+0.79 NR NR NR 9.2+4.2
Edelmann (2011) 0.89+0.34 225462 NR 5.4+1.2 12.843.2
Eleuteri (2013) NR 189+14 NR NR NR
Fu (2016) 1.1+0.2 (HFpEF) NR NR NR 21.0+2.2 (HFpEF)
+SEM 1.140.3 (HFrEF) 20.3+2.8 (HFrEF)
Giannattasio (2001) 1.5+0.8 NR NR NR NR
+SE
Karavidas (2013) 0.710.4 NR NR NR 11.1+2.5
Kitzman (2013) 1.03+0.94 225148 80124 NR NR
Malfatto (2009) 1.59+0.08 NR NR NR NR
Mehani (2013) Median 0.53 NR NR NR NR
Palau (2014) NR NR NR 5.2 (3.8-6.9) 16.2 (10.5-21.6)
Parnell (2002) 1.96+0.68 219.41+21.8 NR NR NR
+SEM
Pu (2001) 0.95+0.17 NR NR NR NR

+SE

Sandri (2012)
£SEM

0.7£0.1 (<55yrs)
0.8+0.1 (>65yrs)

27449 (<55yrs)
28216 (>65yrs)

15845 (<55yrs)
1637 (>65yrs)

4.2+1.1 (Septal) (<55yrs)
5.3+1.5 (Lateral) (<55yrs)

13+1 (Septal) (<55yrs)
1542 Lateral) (<55yrs)

3.8 0.8 (Septal) (>65yrs)
5.3+1.4 (Lateral) (>65yrs)

14+2 (Septal) (>65yrs)
15+2 (Lateral) (>65yrs)
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Smart (2012) 0.87+0.13 27650 NR 4.4+1.5 20.7+12.8

Stevens (2015) 1.2+0.1 184+ 16 97+4 NR 19.8+3.2

*SE

Wisloff (2007 0.7+0.1 (AIT) NR 100.7+18.9 4.5+1.3 16.0+3.5
0.8+0.1 (MCT) 112.4+23.4 4.6+0.8 15.1+5.4

All data mean £ SD, except those studies noted. AIT: aerobic interval training, AR: abnormal relaxation, DT: deceleration time, E/A: peak early mitral inflow velocity to the peak mitral atrial velocity contraction, E/E’: mitral peak early filling velocity to early diastolic
mitral annular velocity, HIIT: High intensity interval training, HFpEF: heart failure preserved ejection fraction, HFrEF: heart failure reduced ejection fraction, IVRT: isovolumic relaxation time, M: mildly reduced ejection fraction, MCT: moderate continuous training,
“N”: pseudonormal, NR: not reported, P: preserved ejection fraction, RF: restrictive filling, Mod-S: moderate to severely reduced ejection fraction.
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Supplementary Table S3. Change in Diastolic Grade

Study Grade/Category Pre Post Change
Malfatto (2009) Grade 0 (Normal) 8 19 ™1
Grade | (Abnormal Relaxation) 6 4 42
Grade Il (Pseudonormal) 4 3 J1
Grade Ill (Restrictive) 9 1 8
Mehani (2013) Grade 0 (Normal) 0 8 ™8
Grade | (Abnormal Relaxation) 11 5 46
Grade Il (Pseudonormal) 2 1 J1
Grade Ill (Restrictive) 2 1 J1
Sandri (2012) Grade 0 (Normal) 0 1 ™
(<55yrs) Grade | (Abnormal Relaxation) 6 8 ™2
Grade Il (Pseudonormal) 9 6 J3
Sandri (2012) Grade 0 (Normal) 0 0 ™o
(>65yrs) Grade | (Abnormal Relaxation) 5 9 N
Grade Il (Pseudonormal) 10 6 J4a
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Supplementary Table S4. Intervention Compliance and Adverse Events

Study

Session Attendance

Adverse Events

Alves (2011)

Belardinelli (1995)

Belardinelli (2006)
Belardinelli (2008)

Benda (2015)
Brubaker (2009)
Chrysohoou (2015)

Edelmann (2011)
Eleuteri (2013)

Fu (2016)
Giannattasio (2001)
Karavidas (2013)
Kitzman (2013)
Malfatto (2009)
Mehani (2013)

Palau (2014)
Parnell (2002)
Pu (2001)
Sandri (2012)
Smart (2012)
Stevens (2015)

Wisloff (2007)

>80% for patients analysed (patients who completed
less were excluded from analysis)
NR

NR
Exercise group = 77+8%, Dance group 91+8%

100% sessions attended
Mean adherence 94% (range 83%-100%)
NR

Sessions: Nn=34% >90%, n=52% 70-90%, n=14%<70%
Non-Adherence <1%

NR

NR

NR

88% of exercise training sessions attended

NR

NR

NR

NR

Average attendance at exercise session 98%
100% sessions attended

87.6% sessions attended

Average attendance at exercise session 93%
(Range 73%-100%)

Average attendance 92+2% for aerobic interval
training group and 95£3% moderate continuous
training group

No adverse events registered

No significant cardiovascular events during training. n=1 self-limited episode of
AD during cycling, spontaneously converting to sinus rhythm after 10 mins rest.
Sporadic ventricular extra systoles n=11 during cycling and n=5 during recovery.
n=2 hypotension at end of cycling, promptly resolved.

Nil Adverse events in trained patients during intervention

Sporadic ventricular premature contractions (n=14: n=8 dancing group, n=6
exercise training group), dizziness (n=3: n=2 dancing group, n=1 exercise
training group), hypotension during recovery (n=2 dancing group)
Musculoskeletal complaints n=2 (n= 1 from both training groups), Progression
of heart failure n=2 (n= 1 from both training groups)

No deaths, hospitalisation or cardiac events related to the intervention or
testing procedures

No serious adverse events including cardiac, musculoskeletal or hospitalization
related to the exercise

No deaths or hospitalisation, 5 cardiac events (palpitations) in exercise group
No deaths, hospitalisation or cardiac events

NR

NR

NR

n=1 transient hypoglycaemia, no other protocol-related events

NR

Training group n= 3 worsening HF, n=2 decompensated HF & hospitalised, n=2
Control group n=2 SCD

No deaths or hospitalisations

NR

No deaths or hospitalisations

No serious adverse events

No deaths, adverse events or hospitalisation

n=1 cardiac and renal failure in training group, no details on whether this was
directed related to the training

1 death in the moderate continuous training group due to cardiac causes
unrelated to the training

NR: not reported or noted
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Supplementary Table S5. Assessment of study quality using TESTEX scale

Study Ref Eligibility Randomization  Allocation Groups Blinding of Outcome Intentionto  Between- Point Activity Relative Exercise Overall
Criteria Specified Concealed Similar at Assessors measuresin  treat group measures &  monitoring Exercise Volume TESTEX
Specified baseline >85% analysis statistical measures in control intensity and Energy
Participants comparisons  of group reviewed Expended
* reported** variability
reported

Alves (2011) 1 0 0 1 1 3/3 0 2/2 1 0 1 0 9
Belardinelli (1995) 1 1 0 1 0 2/3 1 2/2 1 0 1 0 10
Belardinelli (2006) 1 0 0 1 0 2/3 1 2/2 1 0 0 0 8
Belardinelli (2008) 1 1 1 1 0 3/3 1 2/2 1 0 0 0 11
Benda (2015) 1 0 0 1 0 2/3 0 1/2 1 0 1 1 8
Brubaker (2009) 1 0 0 1 1 2/3 0 2/2 1 0 1 1 10
Chrysohoou (2015) 1 1 1 1 0 1/3 1 2/2 1 0 0 0 9
Edelmann (2011) 1 1 0 1 1 3/3 1 2/2 1 0 1 0 12
Eleuteri (2013) 1 0 0 1 1 3/3 1 0/2 1 0 1 1 10
Fu (2016) 1 0 0 1 1 1/3 0 2/2 1 0 1 1 9
Giannattasio (2001) 1 0 0 1 1 1/3 1 0/2 1 0 0 0 6
Karavidas (2013) 1 0 0 1 1 1/3 1 2/2 1 0 1 0 9
Kitzman (2013) 1 0 0 1 1 3/3 0 2/2 1 0 1 1 11
Malfatto (2009) 1 0 0 1 0 1/3 0 0/2 1 0 1 0 5
Mehani (2013) 1 1 0 1 1 1/3 0 2/2 1 1 1 0 10
Palau (2014) 1 0 0 1 1 2/3 0 2/2 1 0 1 1 10
Parnell (2002) 1 0 0 1 1 1/3 1 0/2 1 0 1 0 7
Pu (2001) 1 0 0 1 1 3/3 1 2/2 1 0 1 0 11
Sandri (2012) 1 1 1 1 1 3/3 1 2/2 1 0 0 0 12
Smart (2012) 1 1 1 1 0 3/3 1 2/2 1 0 1 1 13
Stevens (2015) 1 0 0 1 0 2/3 0 2/2 1 0 1 0 8
Wisloff (2007) 1 1 1 1 1 3/3 0 2/2 1 0 1 0 12

TESTEX total out of 15 points. * Three points possible, ** Two points possible. A score of Zero (0) was allocated if it was unclear. If ITT was not specifically mentioned, but it was noted that no participants withdrew

and all analysed 1 point was awarded.
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Funnel Plots
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ABSTRACT

Background Well-constructed systematic reviews and meta-analyses are key tools in
evidenced-based healthcare. However, a common problem with performing a meta-analysis
is missing data, such as standard deviations (SD). An increasing number of methods are
utilised to calculate or impute missing SDs, allowing these studies to be included in analyses.
The aim of this review was to investigate the methods reported and utilised for handling
missing change SDs in meta-analyses, using the topic of exercise therapy in heart failure
patients as a model.

Methods A systematic search of PubMed, EMBASE and Cochrane Library from 1 January
2014 to 31st March 2018 was conducted for meta-analyses of exercise based trials in heart
failure. Studies were eligible to be included if they performed a meta-analysis of change in
exercise capacity in heart failure patients after a training intervention.

Results Twenty publications performed a meta-analysis on the effect of exercise therapy on
exercise capacity in heart failure patients. Nine (45%) publications did not directly report the
approach for dealing with missing change SDs. Approaches reported and utilised to deal
with missing change SDs included imputation, actual and approximate algebraic
recalculation using study level summary statistics and exclusion of studies.

Conclusion Authors need to clearly report the approach to be utilised for missing change SD,

and where data is imputed, sensitivity analysis should be conducted.

Keywords Heart Failure, Meta-analysis, Missing data, Standard Deviation, Imputation
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INTRODUCTION

Systematic reviews (SRs) and meta-analyses (MAs) serve key purposes; identifying,
synthesizing and critically reviewing evidence, answering a specific question[1, 2]. Well-
constructed SRs and MAs play a key role in evidenced-based healthcare helping inform
clinical guidelines and practice[3, 4]. Furthermore, and as importantly, they assist in
identifying knowledge gaps and research needs[4, 5]. When feasible, systematic reviews use
meta-analysis, the statistical method for combining two or more studies to provide an

estimate of the overall effect[2].

For meta-analysis of continuous variables, the standard approach requires information on
the mean, standard deviation (SD) or standard error (SE) and sample size, in order to
calculate an effect size[6]. There are multiple ways to calculate the effect size including
change score from baseline and follow-up scores. However, a common situation that arises
when the change score method is utilised is that change SD may not be reported[7]. While
the best approach is to obtain any missing data from the original study authors, this is not
always feasible or possible. The absence of and inability to obtain data from authors may
result in the omission of studies from the review and analysis. However, omission of studies
from a meta-analysis may reduce statistical power and potentially cause bias[7]. For this

reason, meta-analysts utilise a range of methods to estimate SDs [6-8].

The Cochrane Handbook provides guidelines on a number of methods that can be utilised to
calculate missing change SDs[6]. Reported summary statistics such as confidence intervals
(Cls), t-values and p-values can be used for algebraic recalculation of SDs[6]. In instances

when exact levels of significance are not reported, but significance is represented by an
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upper or lower limit, i.e., p<0.05, then a conservative approach using the limit provided, is
often utilised[6]. Where reported data does not allow for algebraic recalculation, SDs may
be imputed[6]. Recently, fifteen methods were identified for dealing with missing SDs in
meta-analyses[8]. This is in addition to the methods previously identified by Wiebe and

colleagues in 2006(7].

Heart failure remains a leading cause of morbidity and mortality worldwide. One of the
primary symptoms of heart failure is reduced exercise tolerance. As cardiorespiratory fitness
is linked to heart failure prognosis [9, 10], therapies that improve exercise capacity are of
interest to clinicians, patients and researchers. Results of primary research and secondary
level research via SRs and MAs of exercise therapy in heart failure, have led to exercise
therapy being a Class 1A recommendation for stable heart failure patients, due in part to its
ability to improve exercise tolerance[11]. Therefore, changes in exercise capacity from
baseline to post intervention represent a continuous outcome frequently measured and
analysed in this population and therefore is a suitable model upon which to investigate
methodological approaches utilised. The primary aim of this review was to investigate what
approaches were reported by meta-analysts for handling missing change SDs in the analysis

of exercise capacity after exercise therapy interventions in heart failure patients.

METHODS

Search Strategy

Potential studies were identified by conducting systematic searches of PubMed, EMBASE,
and the Cochrane Library from 1* January 2014 to 31° March 2018. Searches included a mix

of MeSH and free text terms related to the key concepts of heart failure, exercise and meta-

250



analysis. One reviewer (MJP) conducted the search and full articles were assessed for

eligibility by two reviewers (MJP and NAS).

Inclusion criteria

Publications were included if they were published in English between 1st January 2014 and
31* March, 2018. The search period was limited as there are numerous meta-analyses in
this field and new methods have been introduced, so we wished to provide a contemporary
approach. Meta-analyses were included if they analysed continuous variables of either
VOypeak, BMWT, peak power, exercise time or combined exercise capacity, in heart failure
patients undertaking exercise training. As the issue of missing SDs is generally more of a
problem when the MA is conducted using the mean difference or standardised mean
difference for change (pre-post intervention) between an intervention and control group,
for the purpose of this review we only included MAs that conducted statistical analysis using
the change score method; hence MAs that utilised follow-up methods for analysis were
excluded. Exercise training included any form of exercise therapy, including physical therapy
modalities of functional electrical stimulation and inspiratory muscle training. Meta-
analyses included studies of any design. Meta-analyses in which other interventions were
analysed, i.e., pharmacological therapy or diet, were only included if exercise was analysed
separately. Publications which identified themselves as a meta-regression analysis were
included only if they provided the methods, results and details of the associated meta-

analysis.
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Exclusion criteria

For the purpose of this review we excluded publications that focused solely on heart failure
patients supported by left ventricular assist devices or implantable cardioverter-
defibrillators. Meta-analyses were also excluded if they included populations in addition to
heart failure patients, even if heart failure patients were included and a separate analysis
and/or a sub analysis were provided on heart failure patients. Abstracts or articles not
available as full-text and non-English publications were excluded. Meta-analyses were

excluded if they did not analyse the specified outcomes.

Data extraction

Data extraction was performed by one reviewer (MJP). For each meta-analysis the following
information was extracted: 1) author, year of publication and Journal, 2) study designs
included in analyses, 3) type of intervention, 4) exercise capacity outcome measure, 5)
statistical methods applied for meta-analysis, and 6) details of methods reported and

utilised to handle missing SDs.

Data Analysis

The primary outcome to be assessed in the review was identification of the reported
approach in meta-analyses for dealing with missing change SDs. Meta-analyses, including
supplementary files were individually reviewed and categorised based on the approach
reported in the publications to handle missing change SDs. Meta-analyses were allocated to
one of four categories 1) No clear approach reported, 2) Algebraic or approximate algebraic
recalculation of SD, 3) Imputed SD, and 4) No imputation. Where no approach for handling

missing change SDs was reported, our secondary aim was to examine, where possible, a
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random selection of studies in the identified meta-analysis in an attempt to ascertain what

approach may have been adopted by the meta-analyst.

RESULTS

The initial search generated a total of 779 articles. After removal of duplicates and exclusion
of articles based on abstract and title, 37 full-text articles remained for screening. Full
screening resulted in 20[12-31] articles meeting the stated inclusion criteria (Fig. 1). Details

of MAs reviewed, but excluded are provided in Supplementary Table S1.
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Characteristics of included Meta-analyses

A general description of included analyses is provided in Table 1. Twenty [12-31] MAs
reported on change in exercise capacity. Meta-analysis of VOypeak Was performed in 19
publications[12-16, 18-31], 6MWD was analysed in 11 publications[12-17, 19, 20, 22, 25, 28]
peak power in two[12, 21] and exercise time in one[26] publication. Analyses examined a
range of exercise modalities across heart failure phenotypes, and Review Manager
(Revman) was the most popular software package utilised. Supplementary Table S2 and S3
provide additional details of included publications. The publications were spread across 13
journals.

Table 1. Summary of characteristics of meta-analyses included in review

Characteristics Number
Meta-analyses included in review 20
Associated Journals 13
Study Designs included in Meta-analysis
e RCTsonly 18
e RCTs & Controlled Trials 2
Year Meta-analysis published
e 2014 4
e 2015 4
e 2016 7
e 2017 3
e 2018 2

Exercise Training/Therapy Modalities included in MAs

e Aerobic only 3
e Resistance only 2
e Aerobic, Resistance and/or Combined Training 3
e Mixed modalities (aerobic, resistance, combined, yoga, tai chi, NMES 4
and/or IMT)
e TaiChionly 2
e Yogaonly 1
e  Hydrotherapy/Aquatic only 2
e IMTonly 1
e NMES and other Exercise 2
Exercise Capacity Outcome Measures in MAs
o VOjpeak 19
e 6MWT 11
e Peak Power/Workload 2
e Exercise Time 1

6MWT: 6-minute walk test, IMT: inspiratory muscle training, MAs: meta-analysis, NMES: neuromuscular electrical stimulation,
RCTs: randomised controlled trials
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Reported approaches for handling missing change SDs

A number of publications note contacting authors for missing and raw data; however, no
MA reported the specific details on any SD data requested, and if the requested information
was provided. A number of MAs within the review adopted more than one approach for
dealing with missing change SDs. Only one MA quantified the number of studies with
missing SDs, and how each of these studies was dealt with[21]. This was specifically in
regard to the pre and/or post SD required to calculate a change SD[21]. Two MAs [12, 29]
report the exclusion of studies if suitable data was not available, however, this appears to
be only in the case where both mean and SD were missing. Only one MA[21], specifically
reported excluding a study due to missing pre/post SD required to impute a change SD, and
no other MA utilising change values for meta-analysis made reference to the possibility of
missing pre or post SDs and how this would be handled. Table 2 provides a summary of

approaches as reported in the MAs to deal with missing change SDs.

Table 2. Summary of approaches to deal with missing change SDs as reported in the Meta-
analyses

Approach Method reported in Publication Number of
Publications
No details No clear method for handling missing change SDs reported in 9
reported/Unclear the paper
Algebraic or SD calculated using SE, t or F- statistics, 95% Cl, actual p-values 6
approximate algebraic or default p-values using upper or lower bound p-values and
recalculation non-significant p-values
Data extracted from figures/visual analysis 1
Imputation Imputation using a correlation value 4
Directly substituted SD — Baseline SD used as change SD 1
Imputation of mean+SD from non-parametric data 4
No Imputation Studies excluded from meta-analysis if data not available to 1
impute a SD
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1) No method of handling missing change SD reported

Overall nine [12, 17, 22, 23, 25-27, 29, 31] MAs failed to report anywhere within the
publication any clear approach to deal with missing change SDs. Further examination of the
nine MAs revealed a range of methods were utilised in these analyses, including actual and
approximate algebraic recalculations using actual or default p-values, post-intervention SDs

and imputed SDs using correlation values (Table 3).

Table 3. Summary of approaches utilised to deal with missing change SDs from the nine
publications where no approach was reported

Approach Method utilised Number of
Publications

Approach still unclear Approach still unclear after examination of a random 3
selection of individual studies included in MAs

Algebraic or SD calculated using SE, t or F- statistics, 95% Cl, actual 1

approximate algebraic p-values or default p-values using upper or lower bound

recalculation p-values and non-significant p-values

Imputation Imputation using a correlation value 2
Directly substituted SD — Follow-up SD used as change 4
SD

2) Algebraic or approximate algebraic recalculation of SD

One MA[28] noted that the t- value was utilised to calculate SD change. Five MAs [13, 14,
18, 19, 24] report utilising Cls, actual p-values or default p-values when an exact p-value was
not available. Hence, in the case of default p-values the SD value becomes an approximate
algebraic recalculation. Further individual examination of 4 MAs [13, 14, 18, 19] that noted
using actual or approximate p-values revealed that both actual and default p-values were
utilised. Further review of one MAs[24] indicated that while the Cl was reported as being
utilised, the post intervention SD was directly substituted for the change SD in the analysis.

One[21] MA noted the extraction of data from one included study using visual analysis.
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3) Imputation of SD

Three MAs[15, 16, 30] reported utilising a specific correlation value to calculate the change
SD. Values of 0.8[16], 0.5[15] and 0.7[30] were utilised, however, only the study that utilised
0.5 noted why, stipulating it was a conservative value[15]. One additional MA[21] noted
using the change score method to calculate the SD of each study; however, the correlation
value was not reported. Direct substitution was only reported in one MA[20], with the
baseline SD utilised. Four MAs [17, 24, 28, 29] noted the conversion of mean+SD when non-
parametric data was provided. Of these, one[17] calculated the SD using IQR/1.35, one[24]
stipulated using the method of Wan et al. (2014), one[29] utilised a formula provided in the

paper, while one MA[28] notes using a formula, but provided no details.

4) No Imputation
One MA[21] reported the exclusion of studies if SDs were not available to calculate the

change score SD.

Sensitivity analysis

No meta-analysis reported performing a sensitivity analysis specifically in relation to
imputed SDs in order to examine the impact of different imputed values. Three MAs[14, 18,
19] that adopted the approach of utilising default p-values when actual values were not
available, did however note that this approach was a limitation, which could “introduce

errors” into the analysis.
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DISCUSSION

This review examined methods currently reported and utilised to handle missing change SDs
in the statistical analysis of exercise capacity in heart failure patients after exercise therapy
interventions. While all publications in the current review included details of the applied
statistical methods for meta-analysis, reporting of the specific approach that would be
employed to handle missing change SDs was absent in 45% of publications. The omission of
an approach to deal with missing change SD is not to say that the approach or methods
applied by the meta-analysts are in anyway contrary to what is recommended. However it
does raise a number of issues when interpreting the results and drawing conclusions. Not
only does the interpretation of MAs become difficult with absent or ambiguous information,
but insufficient detail on methods and assumptions applied to handle missing change SDs

impacts the transparency and reproducibility of the meta-analysis[32].

An increasing number of methods to dealing with missing variance data, including SDs are
reported in the literature [7, 8, 33-35]. Of the MAs included in our review, use of algebraic
or approximate algebraic recalculations using study summary statistics, was the most
commonly reported approach. However, in the majority of cases, identification as to
whether MAs utilised actual or approximate algebraic recalculations and which summary
statistics, was only evident upon an individual examination of the studies included in the

MAs.

Three imputation methods were reported in the reviewed publications; use of a correlation
to calculate a change SD, direct substitution using an alternative SD (e.g., baseline or follow-

up SD), and conversion of non-parametric data. Missing change SDs can be calculated if pre
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and post SDs are available utilising an imputed value for the correlation coefficient[6]. The
correlation value can be acquired from a number of sources, including using data from a
similar study, from a similar meta-analysis, use of what is often considered a conservative
value (0.5), or an assumption of no correlation (0.0), which is the most conservative[6, 7].
However, only one of the included MAs to adopt a correlation value provided a reason for
the value. While non-parametric data is actual, and not borrowed data it is also considered
a method of imputation[7], and hence was included as an approach in our review. However,
the conversion and use of non-parametric data in MAs is usually in addition to parametric
data. Interestingly, while four MAs made note of the conversion of non-parametric data in

the methods, only two provided an approach to dealing with missing change SDs.

Only one[21] MA identified the studies with missing change SDs and how different
approaches were applied. The finding that the majority of the MAs did not specifically
identify which studies had imputed SDs or whether SD data was acquired from authors, is in
accordance with findings of Page and Colleagues (2018)[32] in their review of reproducibility

of research practices in systematic reviews.

In the case of approximate algebraic recalculation or imputation, no MA reported
performing sensitivity analysis in regard to these assumptions. While previous studies have
suggested that different methods of imputation for missing variances do not alter the
conclusion of MAs[36, 37], the results of these reviews in specific populations or involving
specific interventions, cannot be generalised and applied to all MAs. Importantly, as
imputation involves making assumptions, it is recommended that sensitivity analysis be

performed to assess the impact of changing assumptions [6-8].
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Given the large percentage of publications without a clear statement of approach to dealing
with missing change SDs, and in an attempt to create a more accurate picture of the range
of methods currently utilised, we reviewed a sample of individual studies included within
the identified MAs. Upon further investigation we were able to determine the methods
utilised by the majority of authors; which were consistent with the reported approaches.
We did not attempt to completely reproduce any meta-analysis, but identify what methods
may have been utilised in the case of missing change SDs. Interestingly, two studies[38, 39]
not meeting the inclusion criteria for the review, due to the use of follow-up scores for
statistical analysis, specifically noted the use of follow-up scores due to the lack of reporting

of change SDs.

One of the reasons for performing a meta-analysis is to increase statistical power and
provide context[2], and the omission of studies from a systematic review and meta-analysis
due to missing SDs may result in bias and reduce the overall power[7]. If meta-analysts
consider it inappropriate, for whatever reason, to calculate or impute missing SDs, it may be
appropriate to present studies not included in the statistical analysis in a non-pooled
tabulated format or provide an additional narrative review [6-8] so as not to exclude

possible valuable information.

While individual studies are essential for providing data, with the increasing volume of
studies, clinicians, researchers and policy makers have less time to sift through and make
sense of this primary research. Systematic reviews and MAs therefore play a key role;

however, a review is only as robust as the data supporting it; therefore rigor in design and
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reporting is crucial. A number of reporting guidelines exist to assist the meta-analyst, with
the PRISMA Statement[3] one of the most frequently used. Designed to improve the
transparency and reliability of systematic reviews and meta-analyses it states that authors
should make note of how missing data was handled, any data transformations that are to be
undertaken and which study results were not directly reported and required estimation[3].
In deciding on an approach to dealing with missing SDs, previously Wiebe and colleagues
(2006)[7] provided a brief guideline, to which Weir et al. (2018)[8] suggest an additional

step, and these guidelines represent a good starting point for the meta-analysts.

The identification of fifteen new methods for handling missing SDs[8], in addition to the
methods previously identified[7], highlight the expansion of statistical methodology applied
in meta-analyses. There is no consensus as to which approach for dealing with missing SDs is
best[34] and meta-analysts need to consider not only why the SD may be missing, but also
the best approach in order to provide a comprehensive and robust presentation of the
available evidence. Therefore, to improve the value of MAs, authors are encouraged to
accurately report what they did and what they found. Meta-analysts should not only report
the approach and methodology for handling missing change SDs in the methods section, or
supplementary material, but also detail the number of studies with missing change SDs and
identify the studies to which a particular approach has been applied. This can be done
annotated in tables or supplementary files. All of which increase the transparency and

reliability of the MA.
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Strengths and Limitations in the systematic review

To our knowledge this is the first review of reported methods for handling missing change
SDs in MAs of exercise training in heart failure patients. A limitation of this review was that
it only considered MAs that measured exercise capacity as a continuous outcome, however,
this is the most common continuous outcome reported to date in this population in regard
to exercise training. Meta-analyses of other continuous outcomes may have reported and
utilised additional methods to deal with missing change SD. Furthermore, the results of this
review are only applicable to the population and intervention investigated. In studies in
which no approach for handling missing change SDs was noted, we conducted a review of a
sample of studies included in the MA in order to identify possible methods that had been

applied.

CONCLUSION

Systematic reviews and meta-analyses are a key component of evidenced-based healthcare
and provide valuable information for researchers. Currently there is no one or standardised
approach utilised in dealing with missing change SDs when assessing continuous outcomes
and exercise interventions in heart failure. As a minimum Meta-analysts should clearly
stipulate how they will handle missing change SDs in the methods, and conduct sensitivity

analysis when SDs are imputed.
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S1 Supplementary Table Meta-analyses reviewed but excluded

Author

Reason for Exclusion

Anderson 2017
Cipriano 2017
Cornelis 2016

Ganga 2017
Grossman-Rimon 2018
Lee 2017

Lewinter 2015

Ostman 2017
Neto 2014

Pandey 2017
Sties 2018
Taylor 2014
Taylor 2015
Tu 2018
Uddin 2015

Wu 2018
Zwisler 2016

SR included other cardiovascular populations, as well as HF

No pooling of measure of exercise capacity in MA

Meta-analysis conducted using post-intervention mean#SD (i.e.,
follow-up scores)

HF patients with LVAD — an exclusion criteria for this review

HF patients with LVAD — an exclusion criteria for this review

No pooling of measure of exercise capacity in MA
Meta-analysis conducted using post-intervention meanSD (i.e.,
follow-up scores)

No pooling of measure of exercise capacity in MA
Meta-analysis conducted using post-intervention mean#SD (i.e.,
follow-up scores)

HF patients with ICDs — an exclusion criteria for this review

SR only, no MA

No pooling of measure of exercise capacity in SR

SR included other cardiovascular populations, as well as HF

No pooling of measure of exercise capacity in MA
Meta-analysis conducted using post-intervention mean#SD (i.e.,
follow-up scores)

No data pooling of 6MWT

Meta-analysis conducted using post-intervention mean#SD (i.e.,
follow-up scores)
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Supplementary Table S2 Meta-analyses included in review and details of methods for handling missing change SD as reported in publications

Study

Exercise Intervention
Modality

Exercise Capacity
Measure

Method for handling missing SD

Adsett (2015)

Aquatic training

VOypeaks 6MWT, Peak

Power

No clear detail of methods for handling missing SDs. It was noted that a number of studies
included in the SR were not included in MA due to insufficient raw data, but this appears to be
when both mean and SD not available.

Chan (2016)

Exercise training
(included: aerobic, combined,
IMT, FES)

VOapeas EMWT

Actual p values if available, otherwise default p values for NS or S, i.e., p value for S if p< 0.05,
becomes p=0.049. No mention of the number of studies for which SD was calculated or
performance of any sensitivity analysis.

Dieberg (2015)

Exercise training
(included: aerobic, combined,
IMT, FES)

VOypeak, EMWT

Actual p values if available, otherwise default p values Significant, i.e., p value for S if p< 0.05, p
becomes p=0.049. No mention of the number of studies for which SD was calculated or
performance of any sensitivity analysis. Use of default p-values is noted as a limitation and that
this could introduce errors.

Fukuta (2016)”

Exercise Training
(included: aerobic, combined)

VOypeak, EMWT

For studies in which did not report SD or change in SD correlation conservatively estimated at
0.5. No details of which studies or the number of studies to which this was applied. No mention
of any associated sensitivity analysis.

Giuliano (2017)

Resistance training

VOypeak, EMWT

SD of the change score was calculated from the baseline and follow-up SD by using a correlation
between baseline and follow-up scores estimated as 0.8. No mention of the number of studies
for which SD was calculated or performance of any sensitivity analysis

Gu (2017) Tai Chi 6MWT If data was Median and IQR, SD was calculated as IQR/1.35. No details provided of any other
methods to be utilised to handle missing SD and no mention of missing SD. Review notes one
failure to acquire raw data, but does no details what data this was in relation to.

Ismail (2014) Aerobic Training VO,peak Actual p values if available, otherwise default p values Significant, i.e., p value for S if p< 0.05, p

becomes p=0.049. No mention of the number of studies for which SD was calculated or
performance of any sensitivity analysis. Use of default p-values is noted as a limitation and that
this could introduce errors.

Jewiss (2016)

Resistance training

VOypeak, EMWT

Actual p values if available, otherwise default p values Significant, i.e., p value for S if p< 0.05, p
becomes p=0.049. No mention of the number of studies for which SD was calculated or
performance of any sensitivity analysis. Use of default p-values is noted as a limitation and that
this could introduce errors.
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Montemezzo (2014)

Inspiratory Muscle Training
(IMT)

VOapeats BMWT

When SD not available, SD of baseline used for meta-analysis. No details of which studies the
baseline SD was utilised for.

Neves (2014)

Neuromuscular Electrical
Stimulation (NMES)

VOjpeaks Peak Workload

SD of each study calculated using change score method. Doesn’t state correlation utilised or any
associated sensitivity analysis. Review notes that if no SD available to calculate change score,
study excluded. Review notes SD not given in 2 studies; one was extracted from visual analyses
and one was excluded and these studies are referenced and identifiable.

Neto (2018)

Aerobic Training

VOZpeak

When SD not available, but Cl was SD was converted using guidance of Higgins and Green. Non-
parametric data was converted to mean and SD using established methods of Wan et al. (2014).

Neto (2016)a

Neuromuscular Electrical
Stimulation (NMES)

VOypeak, EMWT

No details provided of any methods to handle missing SD and no mention of missing SD.

Neto (2016)b

Combined (endurance) training
and Inspiratory Muscle Training
(IMT)

VOypeak, Exercise Time

No details provided of any methods to handle missing SD and no mention of missing SD.

Neto (2015) Hydrotherapy VOypeaks EMWT No details provided of any methods to handle missing SD and no mention of missing SD.

Neto (2014)a Yoga VOypeak No details provided of any methods to handle missing SD and no mention of missing SD.

Pandey (2015) Exercise training VOjpeak No details provided of any methods to handle missing SD and no mention of missing SD.

(included: aerobic, combined) Baseline and post mean and SD data provided in supplementary material.

Ren (2017) Tai Chi VOjpeak, EMWT Review notes that one study did not report the SDs of the mean change, t-values used to
calculate the SD (study not identified). Non-parametric data converted for one study using
formula, but doesn’t state formula.

Santos (2018) Aerobic, Resistance, Combined  VOjpeak No specific details provided of any methods to handle missing SD and no mention of missing SD.

training Papers were to be excluded if absence of data in means and SD. Non-parametric data converted
(method provided in paper), one study identified to which this applied .
Vromen (2016) Aerobic training VO,peak No details provided in methods section, however, in limitations section it is noted that SD of

change was missing for several studies and that a correlation of 0.7 was used. No details of
which studies this was applied to. No details of any associated sensitivity analysis.
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No details provided of any methods to handle missing SD and no mention of missing SD. The
analysis method appears to be a comparison of pre-post change in the experimental groups and
not difference between control and exercise group, and no mention of any possible missing

follow-up SDs or any approach to deal with.

Zhang (2016) Exercise training VOspeak
(included: aerobic, resistance,
combined, tai Chi, yoga)

Analysis also included effect of drug trials, but exercise intervention analysis presented separately. MA: meta-analysis, SD: standard deviation, SE: standard error, SR: systematic review

(1)
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Supplementary Table S3 Additional details of included meta-analyses

Study Population Study Designs End Search Date Summary Statistical Methods Number of studies included in MA of Exercise
Included for exercise capacity Capacity
Adsett (2015) HFrEF RCTs, March 2014 CMA VOjpeak = 3 (4 included SR, but insufficient raw data of
Controlled, Hedges g for mean difference between one study for MA)
Single Group change in groups 6MWT = 2 (4 included SR, but insufficient raw data of
Studies Random Effects one study for MA)
Peak Power =3
Chan (2016) HFpEF RCT September 2015 Revman VOjpeak =5
MD change pre-post between groups 6MWT =5
Fixed Effects
Dieberg (2015) HFpEF RCT October 2014 Revman VOjpeak =5
MD change pre-post between groups 6MWT =5
Fixed Effects
Fukuta (2014) HFpEF RCT June 2014 CMA VOjpeak = 4
MD change pre-post between groups 6MWT =4
Fixed Effects
Giuliano (2017) HFrEF RCT & 10 July 2016 Stata VOopeak =9
Controlled MD change pre-post between groups 6MWT =4
Fixed Effects
Gu (2017) HF RCT 2 June 2016 Revman & Stata 6MWT =10
MD change pre-post between groups
Random Effects
Ismail (2014) HFrEF RCT 2012 Revman VOjpeak = 3 (High intensity)
MD change pre-post between groups VOypeak = 29 (Vigorous intensity)
Random Effects VOjpeak = 20 (Moderate intensity)
VOjpeak = 2 (Low intensity)
Jewiss (2016) HFrEF RCT May 2016 Revman VOpeak = 10 (combined)

MD change pre-post between groups

VOpeak = 4 (resistance)
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Random Effects

6MWT = 7 (combined)
6MWT = 2 (resistance)

Montemezzo (2014) HF RCT August 2013 Revman & CMA VOjpeak =4
MD change pre-post between groups 6MWT =4
Random Effects
Neves (2014) HFrEF RCT March 2014 Revman & CMA VOypeak = 7 (NMES v. Exercise)
MD change pre-post between groups Peak Workload = 2 (NMES vs. exercise)
Random Effects VO3peak = 9 (NMES v. Control)
Peak Workload = 3 (NMES vs. Control)
Neto (2018) HFrEF RCT October 2017 Revman VOjpeak = 13
MD change pre-post between groups
Random & Fixed Effects
Neto (2016)a HF RCT May 2014 Revman VO3peak = 6 (NMES vs. Aerobic)
MD change pre-post between groups VO3peak = 3 (NMES vs. Control)
Random Effects 6MWT =5 (NMES vs. Aerobic)
6MWT =6 (NMES vs. Control)
Neto (2016)b HF RCT April 2015 Revman VOjpeak =3
MD change pre-post between groups Exercise Time =2
Fixed Effects
Neto (2015) HF RCT May 2014 Revman VOopeak = 2 (Hydro vs. Control)
MD change pre-post between groups VOjpeak = 2 (Hydro vs. Aerobic)
Random & Fixed Effects 6MWT = 2 (Hydro vs. Control)
Neto (2014)a HF RCT December 2013 Revman VOjpeak = 2
MD change pre-post between groups
Fixed Effects
Pandey (2015) HFpEF RCT NR Stata (Metan & Metareg) & Revman VOjpeak =4

WMD change from baseline between
groups
Random Effects
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Ren (2017) HF RCT 16 Sep 2017 Revman & Stata VOjpeak = 3
MD change pre-post between groups 6MWT =7
Random Effects
Santos (2018) HFrEF RCT March 2016 Revman VOypeak = 46 (Exercise vs. Control)
MD change pre-post between groups VOypeak = 8 (Combined vs. Aerobic)
Random Effects VOypeak = 3 (Resistance vs. Aerobic)
Vromen (2016) HFrEF RCT 1% April 2015 WMD for change pre-post between VOypeak = 17
groups
Random Effects
Zhang (2016) HF RCT 2014 Revman & Stata VOjpeak = 20

MD of pre-post values for HF exercise
group only
Random Effects
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Supplementary Table S4. Sample EMBASE Search Strategy No. 1

Date Range 1.1.2014 —31.3.2018

Query No. | Query Results

16 #15 AND (2014:py OR 2015:py OR 2016:py OR 2017:py OR 2018:py) 276

15 #12 AND #13 AND ([cochrane review]/lim OR [systematic review]/lim OR 603
[meta-analysis]/lim) AND [humans]/lim AND [english]/lim

14 #12 AND #13 22,427

13 'heart failure':ab,kw,ti 245,835

12 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11 907,500

11 'kinesiotherapy'/exp OR 'kinesiotherapy' 70,653

10 'physiotherapy'/exp OR 'physiotherapy' 119,184

9 'physical activity'/exp OR 'physical activity' 407,335

8 'hydrotherapy'/exp OR 'hydrotherapy' 4,763

7 'inspiratory muscle training'/exp OR 'inspiratory muscle training’ 779

6 'functional electrical stimulation'/exp OR 'functional electrical stimulation' | 3,582

5 'tai chi'/exp OR 'tai chi' 2,690

4 'voga'/exp OR 'yoga' 7,901

3 'resistance training'/exp OR 'resistance training’ 15,787

2 'aerobic exercise'/exp OR 'aerobic exercise' 16,770

1 'exercise'/exp OR 'exercise' 498,080
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10 Chapter 10 - Conclusion

Throughout history the benefits of physical activity and exercise have been touted. Over the
last four decades heart failure patients have gone from bed rest to as far as high-intensity
interval training. Exercise training in stable heart failure patients is safe and a now a widely
recommended adjunct treatment due to a number of benefits it confers. This change in
opinion from a sedentary lifestyle to exercise has come from well-designed RCTs and
research synthesis via systematic reviews and meta-analyses. As the number of trials
investigating various aspects of exercise therapy in heart failure patients continues to grow,
systematic reviews and meta-analyses continue to have an important role. They are an
important research method that allows for information and data synthesis; informing

clinical practice, policy development and future research.

This thesis had two main aims:

1. Firstly to identify the current level of systematic review and meta-analysis research
activity dealing with the benefits and/or effects of exercise training; informing
research synthesis gaps; and

2. To undertake research synthesis using systematic review as the research

methodology and where appropriate apply meta-analysis to determine an effect size

An evidence map of current systematic reviews, which applied meta-analysis techniques
was undertaken to identify research synthesis gaps and areas in which an update of
research synthesis was deemed to be valuable. The results of the mapping exercise revealed
gaps in relation to endothelial function, autonomic function, inflammatory markers,
circulating biomarkers (both traditional and emerging), and diastolic function. Systematic

reviews and meta-analyses were then conducted.

Endothelial dysfunction is involved in the development and progression of heart failure and
predicts mortality risk. Data from the systematic review and meta-analysis (Chapter 3) on
the effects of exercise training for improved endothelial function revealed that flow-
mediated dilation (FMD), a measure of endothelial-dependent dilation was improved with

exercise training in HFrEF patients. Furthermore, results revealed that Endothelial
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Progenitor Cells (EPCs), which are involved in endothelial repair, are also improved with
exercise training, however, the number of studies to assess EPCs in heart failure patients
was small; hence more work in this area is required to confirm the improvement and effect
size in relation to EPCs. As the study was only conducted using HFrEF patients, the findings
cannot be generalised to HFpEF patients. While endothelial dysfunction is implicated in the
pathogenesis and progression of HF irrespective of ejection fraction, at the time of
conducting the analysis only two controlled exercise training studies had measured FMD,

hence more work is required in HFpEF patients in regard to endothelial function.

Now that exercise training is considered safe in stable heart failure patients, a number of
trials have attempted to identify optimal characteristics, with aerobic training intensity one
area of focus. Based on the favourable results demonstrated in Chapter 3, the aim of
Chapter 4 was to investigate whether aerobic training intensity reflected the magnitude of
change in FMD. Data synthesis indicated that both moderate and vigorous aerobic intensity
resulted in significant improvements. However, conclusive evidence as to whether one is
better than the other is still unclear as the difficulty in assessing any training intervention
based on intensity is that while many studies detail the prescribed training intensity, actual

training intensity achieved is not always reported.

Autonomic dysfunction; reflected as increased SNS activity and reduced PNS activity is a
characteristic of heart failure, and is associated with adverse outcomes. A number of
pharmacological treatments in HFrEF target the inhibition of the SNS and RAAS. Research
and data synthesis in Chapter 5 revealed that exercise training, an adjunct therapy in heart
failure, results in statistically significant improvements in direct (MSNA) and indirect (HRR
and HRV) measures of SNS activity and therefore reflects improved overall autonomic

function.

Elevated levels of inflammatory markers are associated with heart failure severity and
adverse outcome. Furthermore, the important role of inflammation in heart failure has
become more widely recognised, evidenced by trials investigating pharmacological
approaches to modify inflammatory status. Exercise is considered to have an anti-

inflammatory effect; therefore data synthesis presented in Chapter 6 reveals how aerobic
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and resistance training interventions affect inflammation in heart failure patients. While
meta-analyses indicated small but significant improvements in circulating levels of TNF-a
and IL-6, a descriptive synthesis of a number of non-pooled studies provides limited
evidence for any significant improvement. No significant improvement in acute-phase
reactants or vascular adhesion molecules was evident from pooled or non-pooled analyses,
however, there are limited studies dealing with Fibrinogen and vascular adhesion molecules
at this point in time. While the review and analysis does not provide strong support for
improvements in inflammatory markers from exercise training in the heart failure
population, it does not rule out benefits in regard to inflammation. A number of pathways
are involved in the immune and inflammatory process, and as our understanding of the role
of inflammation in heart failure is improving, more research is required considering
comorbidities, many of which are associated with inflammation, in addition to more trials,
which investigate local skeletal muscle inflammatory markers which may more accurately

portray the anti-inflammatory effect of exercise in this population.

Biomarkers have greatly improved our understanding of the pathophysiology of heart
failure and are currently utilised in the diagnosis, risk stratification and management of
heart failure. Chapter 7 provides an up to date synthesis and data analysis of evidence in
regard to the effect exercise therapy on BNP and NT-proBNP; biomarkers of myocardial
stretch. Meta-analysis indicated the both BNP and NT-proBNP are improved with exercise
therapy, but only when using traditional modes of therapy, however, a descriptive analysis
of a number of other studies indicated contrasting findings. As heart failure biomarkers
tend to be categorised according to the pathophysiological processes they inform, there has
been an increase in research in this area with the possibility that biomarker profiles may
help guide treatment strategies, including exercise. Only a minimal number of studies to
date have investigated the effect of exercise therapy on emerging biomarkers, such as Gal-
3, sST2, MR-proANP, MR-proADM and CT-proAVP, hence this is an avenue of future

research that may identify certain patients who will benefit more.

Chapter 8 provides research and data synthesis on the effects of exercise training on
diastolic function in heart failure patients. Diastolic dysfunction is evident in both HFrEF and

HFpEF patients and is associated with reduced exercise capacity. Statistically significant
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improvements in E/E’ were evident in HFrEF and HFpEF patients. Data synthesis did not
provide any conclusive evidence as to the positive effects of exercise training on indices of
diastolic dysfunction measured using conventional echocardiography (E/A, DT). As not one
non-invasive measure of diastolic function is a perfect marker of diastolic function, future
trials utilising the grade of diastolic dysfunction pre and post training may provide an
additional measure of diastolic function that can be used to assess the effect of the exercise

intervention.

As a result of the six systematic reviews and meta-analyses undertaken a number of
methodological issues presented themselves, the most frequent of which was the absence
of change standard deviations, required in the analysis of continuous outcomes when the
change score method is utilised. In light of this issue a systematic review of current methods
reported and utilised by meta-analysts was conducted, using meta-analyses of exercise
capacity changes in heart failure patients as a model and presented in Chapter 9.
Understanding how meta-analysts deal with missing data is important for many reasons,
one of which is the interpretation of findings. While meta-analysts included studies with
missing change SDs; of the publications examined, 45% did not report the exact method
utilised. Only after individual examination of samples of studies included in the meta-
analysis could the method utilised be determined; a time-consuming and skill-based task
that defeats one of the reasons a reader seeks out a meta-analysis in the first place. No one
method for dealing with missing variance data is currently recommended and a range of
methods were utilised in the analyses examined. Meta-analysts need to accurately report

methods utilised to increase transparency and reproducibility of analyses.

Generalisability

Currently women and non-Caucasians are underrepresented in heart failure trials (Colvin et
al., 2015; Nguyen et al., 2018) and this is also true of heart failure exercise therapy trials. In
the systematic reviews and meta-analyses included in this thesis, males and Caucasians
comprised the majority of patients in the included studies and it was not possible to conduct
subgroup analyses based on sex or race; therefore all results should be interpreted within
this context, as inadequate representation of specific populations impairs generalisability

(Nguyen et al., 2018).
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To date no meta-analysis has been conducted on women only or a comparison of women to
men. Women are generally older, more likely to have multiple comorbidities, a higher LVEF
(Corra et al., 2017), and a greater percentage of women present with HFpEF, then men. Only
a small number of trials have specifically considered women and these are also generally
small in sample size. From trials to date to specifically consider sex, aerobic training has
demonstrated improvement in VOjpeak, HRQOL and muscle strength in women (Haykowsky,
Vonder Muhll, Ezekowitz & Armstrong, 2005). No gender differences for improvements
were observed between men and women from progressive resistance and aerobic training
(Swank et al., 2010), and no gender differences have been noted for HRV (Murad et al.,
2012) and MSNA changes (Antunes-Correa et al., 2010) after exercise training. However, a
recent prespecified subgroup analysis of the HF-ACTION trial that reviewed outcomes by sex
in HFrEF patients (Pifia et al., 2014) found that while the change in VOjpeak in women was
similar to men, endurance training was associated with a 26% reduction in all-cause death
or all-cause hospital stay in women assigned to exercise (n=290) with no reduction in men
(n=682). Women achieved the greater reduction in the combined hard clinical end-points
despite lower baseline VO,,eak and exercise adherence (37% vs. 45%) than men, suggesting
women with HFrEF might particularly benefit most from exercise training (Pifia et al., 2014).
However, at this point in time the mechanism for this difference in the benefit is unclear

(Fleg et al., 2015).

In contrast to HFrEF, women make up the majority of HFpEF patients, and therefore the
number of female patients in these trials included in the thesis was generally greater than
men. Only one of the included studies for HFpEF patients included less than 50% of women
(Alves et al., 2012), while one study (Gary et al., 2004) included 100% women. However,
only a small number of trials to date have investigated the effect of exercise therapy in
HFpEF and no researcher has yet provided any statistical data of observed differences
between sexes as a result of exercise therapy, which is an important area that requires

addressing in designing future exercise therapy trials.

The reported reasons for underrepresentation of women and non-Caucasians are
considered multifactorial. Referrals to cardiac rehabilitation are lower in women (Colella et

al., 2015), they are less likely to enrol if referred and adherence rates are low if they enrol
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(Supervia et al., 2017). Specific barriers to participation in cardiac rehabilitation in women
include lack of social support, transportation, family responsibilities, multiple comorbid
conditions and lower level education (Supervia et al., 2017). Additionally, cardiac
rehabilitation characteristics and self-reported health beliefs have been identified as specific
barriers in women (Resurreccion et al., 2018). The majority of exercise trials to date have
utilised conventional modalities of exercise training (i.e., aerobic and/or resistance training),
however, women may be more likely to attend interventions such as Yoga and Tai Chi for
cardiac rehabilitation purposes (Liu et al., 2018; Salmoirago-Blotcher et al., 2017) and future
trial designs need to carefully consider the inclusion of newer and non-conventional
modalities. In non-Caucasians, barriers to participation in heart failure trials in general
include economic factors, communication, mistrust and lack of awareness (Colvin et al,

2015), which need to be factored into future trial design.

While exercise trials have included women and non-Caucasians, no meta-analyses have
been conducted in these specific populations to date. In order to be able to investigate the
effect of exercise therapy in specific heart failure populations and make robust conclusions
and evidenced-based recommendations, exercise trials and cardiac rehabilitation programs
need to be specifically tailored to each of these populations, taking into account the
identified barriers. While female representation in overall cardiology trials has started to
improve, it is considered that if the current trends continue in the underrepresentation of
women in general heart failure trials, it will take decades to resolve the gaps (Nguyen et al.,
2018). In terms of exercise training studies, until more trials with adequate representation
of women occur, a collaborative effort amongst researchers of past studies via an individual
patient data (IPD) meta-analysis could assist in providing some level of evidence as to any

possible differences between men and women and/or additional benefits.

Limitations

To assess study quality in each of the included meta-analyses, the validated TESTEX score
was utilised. A median score of 7.5/15 or greater was recorded for all reviews and analyses.
However, most studies included in the reviews, as reported in the publications, scored
poorly in relation to the provision of specific randomisation details (for RCTs), allocation

concealment (for RCTs), activity monitoring of the control group and review of relative
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exercise intensity and provision of enough data to accurately calculate energy expenditure
during trials. This does not imply that these areas were not addressed and dealt with by the
researchers; however, the details of these areas were not reported within the published

trial. Accordingly the findings of the thesis need to be interpreted with this in mind.

All meta-analyses included in the thesis were analyses of continuous outcomes, however in
some instances standard deviation data were missing. Where individual trial authors did not
supply missing standard deviations on request, these were calculated and inevitably
introduced errors of various magnitudes. However, all imputations or algebraic
recalculations utilised published and established measures, and where appropriate

sensitivity analyses were conducted.

In interpreting the results of this thesis it is important to recognise that adherence to
exercise regimes in heart failure patients is an issue that requires consideration. As seen
within the large HF-ACTION trial, adherence and control group participant crossover to
exercise were reported as major limitations and may have impacted the results (O’Connor
et al., 2009). Not all studies included within the reviews and meta-analyses within this thesis
provided information on intervention adherence. Adherence or non-adherence and control
group crossover to exercise may account for conflicting or non-significant results that may
be observed in studies and limit the ability to determine the true exercise dose utilised and
exercise dose from which any benefits were derived. Researchers need to accurately collect
and report adherence data so that more accurate data on the dose of exercise tested is

clear.

Implications for clinical practice, future research and policy

Aerobic exercise training is currently recommended as an adjunct therapeutic modality for
patients with stable heart failure based on its ability to improve functional capacity, quality
of life and reduce hospitalisation, with evidence derived from systematic reviews, meta-
analyses and RCTs (Ponikowski et al., 2016). Furthermore, a number of guidelines, position
statements and policy documents exist around the world for cardiac rehabilitation, some
specifically devoted to heart failure (Price et al., 2016). The most recent guidelines of the

National Heart Foundation of Australia and Cardiac Society of Australia and New Zealand:
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Guidelines for the prevention, detection and management of heart failure in Australia 2018,
provide a strong recommendation for moderate intensity exercise based on meta-analyses
demonstrating reduced hospitalisation, improved quality of life and functional capacity.
Evidence derived from the studies included in this thesis provide support for the use of
exercise therapy in heart failure patients based on its ability to exert statistically significant
beneficial effects on various pathophysiological pathways and processes, including
endothelial function, autonomic function, diastolic function and conventional biomarkers
(BNP/NT-proBNP). Based on these findings clinicians can provide patients with evidence for
the additional benefits that may be obtained from exercise therapy and future policy
makers can consider the evidence obtained when assessing the level and strength of

evidence for exercise therapy in future policy documents.

Furthermore, the results of the studies included in this thesis have highlighted a number of
areas, as presented in each of the publications that should be considered by researchers in
the future. These identified areas of future research should not be considered in isolation
but together with the noted underrepresentation of women and non-Caucasians in trials, as
trials, particularly RCTs, and meta-analyses represent key evidence that drives clinical
practice and future research (Nguyen et al., 2018). In particular, perhaps it is time to tailor
trials more specifically to a heart failure phenotype and specific populations in order to
provide more substantial and robust evidence that can only strengthen current policy in the

area of heart failure management utilising exercise therapy.

Summary

Overall this thesis provides a comprehensive collection of studies investigating exercise
training as a therapeutic modality for patients with chronic heart failure. The thesis utilised
systematic reviews and meta-analyses as the research methodology as they are an integral
component of evidenced-based medicine. This original body of work was designed to
identify and address gaps in research synthesis with regard to the benefits and/or effects of
exercise therapy in heart failure patients. While some of these effects are well established
(e.g. functional capacity, quality of life and clinical outcomes of morbidity and mortality),
several novel concepts have emerged. The series of systematic reviews and meta-analyses,

presented within this thesis provide a contemporary summary of this knowledge field, but
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also, as new evidence became available, fresh lines of pathophysiological enquiry. This work
therefore contributes a contemporary update to the established evidence base, but also
introduces the relatively new concepts of how exercise therapy can alter endothelial,
autonomic, inflammatory and emerging biomarker function in chronic heart failure.
Inevitably, attempts to answer a series of research questions, just leads to the identification
of new forms of enquiry. So the conclusion of this thesis leads to the ejection (pardon the
pun) of additional questions upon which we can conduct the next generation of research

inquests.
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APPENDIX

Addendum to Tables 1 & 3 in Chapter 2- An up-to-date Overview of Systematic Reviews
and Meta-analyses published 1% January 2017 to 30" April 2018

284



Table 5- Addendum to Table 1 Chapter 2 -Systematic Reviews with Meta-analysis - 1% January 2017 to 30" April 2018

Ganga (2017) Dec 2015 RCTs =3 205 HF - LVAD Exercise vs. Usual Care/Daily ~ VOjpear (n=4), QoL (n=4)
Observational =5 Activity/Recommendations
Exercise only

Giuliano (2017) 10 Jul 2016 RCTs/quasi = 8 240 HFrEF Resistance Training vs. Usual  1RM (n=4), Isokinetic Torque 60° /s (n=4), 180°/s

Care (n=2), VOypeak (n=9), BMWD (n=4), QoL (n=3)
Grosman-Rimon Nov 2015 RCTs=5 280 HF — VAD Exercise vs. Non-exercise VOspeak (N=4), BMWD (n=3), V¢/VCO, (n=2), VAT (n=2)
(2018) Observational =10

Quasi-Experimental = 1

Gu (2017) 2 Jun 2016 RCTs =13 901 HF Tai Chi vs. Usual 6MWD (n=10), QoL (n=8), LVEF (n=7), BNP (n=6)
Care/Aerobic Exercise

Haddad (2017) May 2016 RCTs =3 183 HF - LVAD Exercise vs. Standard VOjpeak (n=3), MWD (n=3)
Controlled =1 Therapy
Cohort =2
Lee (2017) Apr 2017 RCTs=6 268 HFrEF Exercise vs. Usual Serum TNF-a (n=3), serum IL-6 (n=2), serum GH (n=2),
Care/Normal Lifestyle serum IGF-1 (n=2)

Descriptive review of skeletal muscle outcomes

Neto (2018) Oct 2017 RCTs =13 411 HFrEF HIIT vs. MCT VO3peak (N=13), V¢/VCO, (n=6), MLHFQ (n=4)

Ostman (2017) Feb 2016 RCTs = 25 2385  HFrEF Exercise vs. Usual Care MLHFQ - total (n=22), MLHFQ — physical (n=8),
MLHFQ — emotional (n=8), MLHFQ - total (high
intensity n=2), MLHFQ — total (vigorous n=13), MLHFQ
(aerobic n=11), MLHFQ (resistance n=3), MLHFQ
(combined n=9)

Palmer (2018) Jul 2017 RCTs =27 5411 HF Exercise vs. Usual care Physical Function (n=18), 6MWD (n=16) QoL (n=31),
Cohort =13 MLHFQ (n=17)
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Pearson (2017)a(1) Jun 2016 RCTs =13 529 HFrEF Exercise vs. Usual Care FMD (n=16), EPCs (n=3), NMD (n=9)
Non-RCTs =3
Pearson (2017)b W Jun 2016 RCTs =10 458 HFrEF Exercise vs. Usual Care FMD (moderate intensity n=6 & 7), FMD (vigorous
Non-RCTs =3 intensity n=7 & 8), FMD (HIIT n=3), FMD (interval vs.
intermittent n=3), NMD (n=6)
Pearson (2017)c™ Jul 2016 RCTs = 1056  HFrEF & Exercise vs. Usual Care E/E’ (HFrEF n=6), E/E’ (HFpEF n=5)
Non-RCTS = HFpEF
Descriptive analysis of E/A and DT
Pearson (2018)a R Jun 2017 RCT= 15 1665  HFrEF & Exercise vs. Usual Care TNF-a (n=6), IL-6 (n=4), CRP (n=3), Fibrinogen (n=2),
Non-RCTs =3 HFpEF sVCAM (n=2), sICAM (n=2)
Descriptive analysis of markers in non-pooled studies
Pearson (2018)bm Mar 2017 RCTs =17 729 HFrEF & Exercise vs. Usual Care HRR; (n=4), HRR; (n=2), Short-term HRV [HFnu (n=3),
Non-RCTs =3 HFpEF HF sz (N=2), LF,, (n=3), LF/HF (n=5), RMSSD (n=3),
SDNN (n=3)], MSNAbursts/min (n=5), MSNAbursts/lOOhb (n=5)
Descriptive analysis of long-term HRV
Ren (2017) 16 Sep 2017 RCTs =11 656 HF Tai Chi vs. Usual Care/ or 6MWD (n=7), QoL (n=7), BNP and/or NT-proBNP (n=5),
Other Exercise LVEF (n=5), HR (n=2), VO;peak (n=3), TUG (n=2), SBP
(n=3), DBP (n=3)
Saavedra (2018) Feb 2017 RCTs =5 132 HFrEF Exercise vs. Usual Care MSNAburst/min (N=5), MSNA yrst/100mb (N=5)
Santos (2018) Mar 2018 RCTs =59 5046  HFrEF Resistance vs. Usual Care Resistance vs. Usual Care: VO,peak (n=5), LVEF (n=4),

Aerobic vs.

Combined vs. Usual Care

Combined
Resistance

Usual Care

vs. Aerobic
vs. Aerobic

LVEDV (n=2)

Aerobic vs. Usual Care: VO;peqk (N=28), LVEF (n=16),
LVEDV (n=8)

Combined vs. Usual Care: VO,peak (n=13), LVEF (n=11,
LVEDV (n=4))

Combined vs. Aerobic: VO,peak (n=8), LVEF (n=3)
Resistance vs. Aerobic: VOjpeax (N=3)
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Wu (2018) Nov 2016 RCTs =7 302 HF Inspiratory Muscle Training Pliax (n=6), V&/VCO, (n=5), Dyspnea (n=4)
Non-RCT =1 vs. Usual Care/Sham
Inspiratory Training or
Traditional Training

BNP: brain-type natriuretic peptide, DBP: diastolic blood pressure, EPCs: endothelial progenitor cells, FMD: flow-mediated dilation, GH: growth hormone, HF: heart failure, HFpEF: heart failure preserved ejection fraction, HFrEF:
heart failure reduced ejection fraction, HFnu: high frequency normalised units, HR: heart rate, HRR;: heart rate recovery at 1 minutes, HRR;: heart rate recovery at 2 minutes, HRV: heart rate variability, IGF-1: insulin like growth
factor-1, IL-6: interleukin 6, LVAD: left ventricular assistive device, LVEDV: left ventricular end diastolic volume, LVEF: left ventricular ejection fraction, MLHFQ: Minnesota living with heart failure questionnaire, MSNA: muscle
sympathetic nerve activity, NMD: non-endothelial mediated dilation, Pl.,.x: maximal inspiratory pressure, QoL: quality of life, RCT: randomised controlled trials, RMSSD: root square mean difference successive intervals, SBP: systolic
blood pressure, SDNN: standard deviation of normal to normal R-R intervals, TNF-a: tumor necrosis factor alpha, TUG: timed up and go, VAD: ventricular assistive device, VAT: ventilatory anaerobic threshold, Ve/VCO,: ventilatory
equivalent for carbon dioxide, VOypeak: peak oxygen uptake, 1RM: one repetition maximum, 6MWD: six-minute walk distance, * HF Phenotype — if inclusion criteria of studies were specifically identified as HFpEF or HFrEF, if not then
HF noted. (1) Reviews published from this thesis.

Table 6 - Addendum to Table 3 Chapter 2 - Systematic Reviews without Meta-analysis - 1* January 2017 to 3o™ April 2018

Shah (2017) ? RCTs = 6" 136 HF Swimming vs. Usual care/ or  HR, CO, SV, SVR, VOjpeak, LVEF, BMWT
Other Exercise

Sties (2018) 29 Jan 2017 RCTs =12 353 HF Exercise vs. Usual Care Oxidative stress

CO: cardiac output, HF: heart failure, HR: heart rate, LVEF: left ventricular ejection fraction, RCTS: randomised controlled trials, SV: stroke volume, SVR: systemic vascular resistance, VOypeak: peak oxygen uptake, BMWT:
six-minute walk test. (1) Excludes the acute studies
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