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Editorial on the Research Topic
Advances in the Prevention and Rehabilitation of Cardiovascular Diseases via Aerobic Exercise

The 21st century is a new era for the rapid development of the cardiac rehabilitation programs.
Publications in the field of cardiac rehabilitation research have grown greatly year by year in the
past two decades, from <100 per year in 2001-2003 to over 600 in 2019 (Yuan et al.). Cardiac
rehabilitation usually involves exercise training, psychological consultation, and lifestyle education
to reduce cardiovascular risk factors. Growing evidence demonstrates that aerobic exercise-based
cardiac rehabilitation plays an important role in the prevention and management of cardiovascular
diseases and is therefore recommended by the American Association of Cardiovascular/Pulmonary
Rehabilitation, American Heart Association, American College of Cardiology, as well as the
European Society of Cardiology (1).

This Research Topic on “Advances in the prevention and rehabilitation of cardiovascular diseases
via aerobic exercise” received an overwhelming number of submissions. The final collection
brings together 12 original research articles, including five basic and seven clinical studies, three
clinical trials containing one trial protocol and two trial reports, and eight review articles. This
collection of research aims to reveal appropriate training protocols and evaluation methods to
meet the requirements of both clinical and home-based rehabilitation programs. The articles
collected under this Research Topic tend to produce high quality and timely articles involving
advances in clinical applications and underlying molecular mechanisms from bench to bedside, and
beyond, to highlight the underrepresented areas in controlling cardiac risk factors and preventing
cardio-metabolic and cardiovascular diseases via exercise-based rehabilitation training. These
articles represent exceptional research achievements in this field and contribute significantly to
cardiovascular medicine and public health.

BASIC SCIENCE IN CARDIAC REHABILITATION

It is important to explore recent basic research in uncovering novel molecular mechanisms
and identifying new theories related to cardiovascular pathophysiology in response to aerobic
exercise. A research team tested cardiac-specific protein expression after a 4-week exercise using
mass spectrometry-based proteomics in a mouse model of ischemia-induced heart failure (Mi
et al.). Aerobic exercise-based rehabilitation training significantly up-regulated 597 proteins and
down-regulated 707 proteins in comparison to those in the sedentary control group. In which,

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6

March 2022 | Volume 9 | Article 858785


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.858785
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.858785&domain=pdf&date_stamp=2022-03-14
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:rycao@scrc.ac.cn
mailto:jyang@scrc.ac.cn
https://doi.org/10.3389/fcvm.2022.858785
https://www.frontiersin.org/articles/10.3389/fcvm.2022.858785/full
https://www.frontiersin.org/research-topics/18755/advances-in-the-prevention-and-rehabilitation-of-cardiovascular-diseases-via-aerobic-exercise
https://doi.org/10.3389/fcvm.2021.672913
https://doi.org/10.3389/fcvm.2021.732076

Cao et al.

Editorial

numerous proteins such as pyruvate dehydrogenase complex
El component subunit alpha and subunit beta, pyruvate
dehydrogenase kinase 2 and 4, and poly [ADP-ribose]
polymerase 3 were associated with mitochondrial energy
regulation, indicating that aerobic exercise might influence
energy metabolism in heart failure mice. Another research
team found that cardiac mitochondrial function in high aerobic
capacity disease resistant phenotype was lost after ischemia-
reperfusion insult in a rat model of coronary artery occlusion
injury (Alsahly-a et al.). These studies propose potential
molecular targets regarding mitochondrial regulation and
function for future mechanism exploration. It was demonstrated
that low capacity running rats had increased risk for ischemic
injury characterized by high expression of vascular endothelial
growth factor, endothelial nitric oxide synthase, and angiopoietin
2 after hind limb ischemia occlusion (Granier et al.). Therefore,
high intrinsic aerobic capacity is essential for adaptive response
to ischemic stress, though it may be influenced by gender
differences (Alsahly-b et al.). Another study evaluated the
influence of treadmill exercise on microglia polarization in a
rat model of cerebral ischemia-reperfusion injury and found
that exercise improved neurobehavioral outcomes, reduced
infarct volumes, and increased interleukin-4 expression, which
promoted M2 microglia activation along with the increasing of
p-JAK1 and p-STAT6 expressions (Lu et al.). In a few words, the
above-mentioned research demonstrates that aerobic exercise is
beneficial for cardiac and cerebral vascular health, evidenced by
using mice and rats as animal models.

CLINICAL PRACTICE IN CARDIAC
REHABILITATION

International collaborations promote the development of the
Physical Activity Readiness Questionnaire for Everyone (PAR-
Q+) from a concept to an evidence-based document for safe
engagement in the physical activity and fitness assessment (2).
Now PAR-Q+ is the gold standard in clinical practice for
pre-participation risk stratification and screening globally. The
translation, cultural adaptation, and reproducibility of the new
version of PAR-Q+ in the Brazilian Portuguese language may
facilitate a large number of Brazilians to participate in safer
physical activity (Schwartz, Oh, Takito et al.). The same research
team undertook in a critical review that also interprets and
synthesizes current approaches for the prevention of chronic
conditions such as being overweight and obesity with regard to
dietary guidelines and physical activity security, which will enable
a healthier and more active lifestyle for people in Brazil and
Canada (Schwartz, Oh, Perotto et al.).

Currently, cardiopulmonary exercise testing (CPET) is the
gold standard for the measurement and evaluation of the
cardiorespiratory system in response to stress during exercise
but requires costly instruments and well-trained technicians.
Some easy-to-handle methods such as the six-min walk test
(6MWT) and treadmill exercise testing (TET) are used as
alternative solutions to measure cardiopulmonary capacities.
Thus, it may open a door to develop additional methods besides

CPET for evaluating cardiopulmonary capacities before and
after rehabilitation training. For instance, researchers identified
determinants using 6MWT and generated two reference
equations for predicting 6 MWT distance in patients immediately
after coronary artery bypass and valve surgery (Radi et al.).
Moreover, the role of 6MWT guided by impedance cardiography
during rehabilitation in patients with knee arthroplasty was
proven to be effective in evaluating the recovery of lower
limb function and the improvement of exercise capacity in a
randomized controlled trial (Lin et al.). While other scientists
showed that TET was also able to assess exercise capacity
accurately besides CPET (Gao et al.). The maximum exercise
capacity measured by TET was negatively correlated with the
waist-hip ratio, implying that TET could represent physical
status. Thus, in addition to CPET, measurements of 6MWT
and TET are valuable methods for the evaluation of exercise
capacity in clinical practice. However, body positions may alter
measurements; for example, peak oxygen uptake in the upright
position is higher than that in the supine position and such
differences need further verification for clinical significance
(Wan et al.). Furthermore, the effects of exercise training
on cardiac structure, cardiac function, and cardiovascular risk
profiles can also be characterized by imaging metrics, including
parameters derived from echocardiography, magnetic resonance,
and Doppler ultrasound (Alhumaid et al.).

In addition to evaluation methods and measurements,
exercise intensity is also an important component in optimizing
outcomes in cardiac rehabilitation. A research group reviewed
and compared evidence for prescribing moderate-vigorous
intensity aerobic exercise and high intensity interval training in
cardiac rehabilitation programs and found that higher intensity
exercise contributed to greater improvements in peak oxygen
uptake than low-moderate intensity exercise; however, there was
no one-size-fits-all model for high intensity interval training
(Taylor J. L. et al.). The gradual introduction and progression
of higher intensity exercise can maximize an individual’s safety,
adherence, and physiological outcomes. In addition, exercise
prescription implementation rate may also have significant
effects on cardiovascular outcomes (Zhu et al.).

Enhanced external counterpulsation is a non-invasive
procedure that alleviates symptoms of angina and reduces
myocardial ischemia in patients with coronary artery disease
(3). A recent meta-analysis confirmed that enhanced external
counterpulsation could improve exercise capacity in patients
with chronic heart failure resulting from randomized controlled
trials (4). An original study explored acute hemodynamic
responses to enhanced external counterpulsation in patients
with coronary artery disease. They found that enhanced external
counterpulsation induced more significant acute responses of
vascular and blood flow characteristics in carotid arteries than
that in peripheral arteries with a gender difference, in which
acute improvement of flow rate in the brachial artery was only
shown in male participants and resistance index in carotid
arteries was only changed in female participants (Zhang et al.).
These results suggest that enhanced external counterpulsation
can regulate the vascular and blood flow characteristics of
conduit arteries and further ameliorate the carotid and probably
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peripheral vascular function in patients with coronary artery
disease but the gender difference remains to be elucidated.

Heart failure, the terminal stage of several cardiovascular
diseases with poor quality of life, is the major cause of morbidity
and mortality globally (5). Exercise-based rehabilitation training
has also been demonstrated to be suitable for heart failure
patients. A group of scientists showed that high intensity interval
training led to a similar inflammatory response as seen with
traditional training in patients with chronic heart failure (Taylor
A. G. etal.). A pilot randomized controlled trial of the Baduanjin
Eight-Silken-Movements with Self-Efficacy was conducted in
patients with chronic heart failure and proved to be feasible
and effective (Chen et al.). Moreover, other clinician scientists
designed a multicenter randomized controlled trial to test the
efficacy and safety of different aerobic exercise intensities in heart
failure patients with reduced ejection fraction (Shen et al.). The
successful completion of this trial could potentially provide a
basis for formulating appropriate exercise prescriptions for this
patient population.

REHABILITATION IN PATIENTS WITH
COMPLICATED CONDITIONS

Exercise-based rehabilitation is beneficial for not only
cardiovascular diseases but also other disorders. Low physical
performance in patients with chronic kidney disease concomitant
with heart failure was found to be associated with long-term
mortality in a retrospective longitudinal study (Weng et al.).
Moreover, the prevalence of chronic obstructive pulmonary
disease coexistence in patients with chronic heart failure is
challenging in developed countries with a large aging population
because patients with coexistence of these two diseases present
a further impaired exercise capacity, daily life activity, and
health status. It showed that in addition to the pharmacological
approach, cardiopulmonary rehabilitation, which could improve
aerobic capacity, respiratory and peripheral muscle strength,
was an optimized scheme to reduce hospital re-admission,
morbidity, and mortality for these patients in comorbid chronic
pulmonary disease and chronic heart failure (Borghi-Silva
et al.). A systematic review and meta-analysis evaluated the
structure and format of all kinds of exercise-based, multimodal
rehabilitation programs used in individuals with cancer and
showed that exercise-based rehabilitation could promote
cardiopulmonary fitness, improve the cancer-specific quality
of life, and reduce cardiovascular risk among cancer survivors
(Rickard et al.). Moreover, another systematic review and
meta-analysis supported the importance of exercise participation
with both aerobic and resistance training in adults living with
schizophrenia (Bredin et al.). Although disputed results of
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Cardiovascular disease (CVD) is a serious threat to global public health due to
its high prevalence and disability rate. Meanwhile, cardiac rehabilitation (CR) has
attracted increasing attention for its positive effects on the cardiovascular system.
There is overwhelming evidence that CR for patients with CVD is effective in reducing
cardiovascular morbidity and mortality. To learn more about the development of CR,
5,567 papers about CR and related research were retrieved in the Web of Science Core
Collection from 2001 to 2020. Then, these publications were scientometrically analyzed
based on CiteSpace in terms of spatiotemporal distribution, author distribution, subject
categories, topic distribution, and references. The results can be elaborated from three
aspects. Firstly, the number of annual publications related to CR has increased year
by year in general over the past two decades. Secondly, a co-occurrence analysis of
the output countries and authors shows that a few developed countries such as the
United States, Canada, and the UK are the most active in carrying out CR and where
regional academic communities represented by Sherry Grace and Ross Arena were
formed. Thirdly, an analysis of the subject categories and topic distribution of the papers
reveals that CR is a typical interdiscipline with a wide range of disciplines involved,
including clinical medicine, basic medicine, public health management, and sports
science. The research topics cover the participants and implementers, components, and
the objectives and requirements of CR. The current research hotspots are the three core
modalities of CR, namely patient education, exercise training and mental support, as well
as mobile health (mHealth) dependent on computer science. In conclusion, this work has
provided some useful information for acquiring knowledge about CR, including identifying
potential collaborators for researchers interested in CR, and discovering research trends
and hot topics in CR, which can offer some guidance for more extensive and in-depth
CR-related studies in the future.

Keywords: cardiac rehabilitation, cardiovascular disorders, COVID-19, mapping knowledge domains, CiteSpace

INTRODUCTION

Cardiovascular disease (CVD) is prevalent and is causing deaths worldwide, whether in developed
or developing countries. It was reported that about 485.6 million people suffered from CVD, and
17.8 million deaths were attributed to it in 2017 globally, an increase of 21.1 and 28.5% compared
with a decade ago, respectively (1). What is worse is that CVD is expected to account for >22.2
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million deaths by 2030 (2). In the United States, the overall
prevalence of CVD (comprising coronary heart disease, heart
failure, stroke, and hypertension) in adults >20 years of age is
48.0% in 2013 and 2016 (3). In China, according to the latest
estimate of the National Center for Cardiovascular Diseases,
there are 330 million CVD cases, resulting in 40% of the deaths
in the nation (4). On the other hand, advances in medical
technology and a younger age of onset have made a sharp increase
in cases surviving with CVD. All in all, non-communicable
diseases represented by CVDs, especially ischemic heart disease,
have become the leading cause of the growing global disease
burden in the past 30 years (5). Therefore, preventing the
occurrence and recurrence of CVD is a great challenge for the
public health systems worldwide. Hopefully, mounting scientific
evidences show that cardiac rehabilitation (CR) plays a positive
role in the secondary prevention of CVD, including lowering
cardiovascular risk and mortality, reducing relapse and hospital
admissions, and improving cardiopulmonary functions, quality
of life, and prognosis (6-12). CR has been an indispensable
part of modern cardiology, endorsed and recommended by
some authoritative organizations, such as the American Heart
Association (AHA), American College of Cardiology, and the
European Society of Cardiology (13, 14).

Actually, the development of CR is out of balance in
different regions and countries. According to a survey of
global CR availability and density, CR is available in only
half of the countries around the world, and the capacity is
grossly insufficient, where offered (15). Although it is difficult
to conduct a systematic epidemiological investigation on the
current situation of CR around the world, it does not mean we
cannot maximize knowledge gain about CR, nevertheless. Visual
analytics of the literature offers a valuable, timely, repeatable,
and flexible approach besides traditional systematic reviews so as
to track the new emerging trends and identify critical evidence
(16). In this review, visual analysis based on CiteSpace is applied
in published literatures on the topic of CR in the last 20
years to help learn the trends of this old and young discipline
in the new century and to promote extensive application in
CVD patients.

MATERIALS AND METHODS

Data Source and Search

The publications were obtained from the Core Collection
database of Web of Science (WoS) (http://apps.webofknowledge.
com) because it is considered the most prominent database of
scientific publications on many research topics. The strategy
used during the search was [TS = (“cardiac rehabilitation”
OR “heart rehabilitation”)] AND [Language = (English)]. A
total of 7,678 results were found from 2001 to 2020 (retrieved
on November 19, 2020). Then, the exclusion of publications
was performed according to document type; therefore, only
5,567 records (4,721 articles and 846 reviews) were used in
the final database. All the records, including the titles, authors,
abstracts, keywords, cited references, and so on, were then
imported to CiteSpace5.7. R2, a knowledge mapping tool based
on Java to visualize the patterns and trends in scientific
literature (17, 18).

Scientometric Analysis Methods

CiteSpace, a freely available Java-based application, was designed
to analyze and visualize trends and patterns in scientific
literature, presenting the structure and distribution of scientific
knowledge. It focuses on finding critical points in the
development of a field or a domain, especially intellectual
turning points and pivotal points (17). Once the literature has
been imported into CiteSpace, the first step is data cleaning. If
there are no duplicates, the original data can be used directly;
otherwise, the repeat ones should be removed before subsequent
analysis. CiteSpace supports structural and temporal analyses of a
range of networks derived from scientific publications, including
collaboration networks, co-occurrence networks, and co-citation
networks, and it also supports networks of hybrid node types
such as terms, authors, and countries. The results are displayed in
the form of visual graphs where nodes represent research items;
the more frequently the item appears or is cited, the larger is the
size of the node. Links between nodes describe a co-occurrence or
a co-citation between these nodes, and their thickness indicates
the strength of these correlations: the thicker the line, the closer is
the connection between them. The shade or tone of the node and
link color indicates the chronological order of occurrence of the
item (16). Burst detection is also one of the features of CiteSpace,
and a positive node after burst detection means a sharp change
in its frequency in a short period of time (19). Such nodes usually
suggest a shift in a certain field of research and are shown in red in
the knowledge map. In addition, CiteSpace also introduces some
common network topology parameters to describe the structure
of complex networks, such as betweenness centrality (BC) put
forward by the American sociologist Linton Freeman. The BC
of node X represents the ratio of the shortest paths between any
two different nodes through node X in all the shortest paths
of these two nodes in a fully connected network (20). At the
documental level, the betweenness centrality metric can be used
to partially assess the importance of each node in the network
(21). A node with BC >0.1 is displayed in terms of a purple ring.
The thickness of the purple ring increases as the degree of its
BC rises, which is a measure associated with the transformative
potential of a scientific contribution (16). What is more is that
cluster analysis is another important way of analyzing knowledge
networks easily in CiteSpace. More specifically, terms in the
literature are classified based on their similarity and are scored
by some specific algorithms, and then the term with the highest
score of each cluster is selected as the representative, that is,
the label of the cluster. The size of the cluster is the number of
grouped objects. CiteSpace distributes the ID #0 to the largest
cluster formed, the ID #1 to the second largest, and so on
(22). It should be noted that all running parameters were set as
defaults for the following analysis, except for the time slice setting
of 2 years.

RESULTS AND DISCUSSION

Annual Quantitative Distribution of

Publications
The annual number of published papers reflects the pace of
subject knowledge and is a significant indicator for studying the
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FIGURE 1 | Yearly quantity and document type of publications about cardiac rehabilitation (CR) and related research. (A) Annual quantitative distribution. (B)
Document type. Blue represents articles and yellow represents reviews.

trends in the field (23). The yearly quantity and the document  TABLE 1| Top 5 productive countries and top 10 productive authors of
type of publications of research on CR are visually displayed publications about cardiac rehabilitation (CR) and related research.
in Figurel. We can draw directly that the number of CR-

Rank Country/author Publication frequency Burst BC
related literature has increased year by year on the whole between
2001 and 2020, except for a slight decrease in 2006 and 2010 1 USA 1,629 8.51 0.24
(Figure 1A), indicating a steady development of CR. Especially 2 Canada 747 - 0.24
since the last 5 years, CR has stepped into a period of rapid 3 England 588 5.96 0.22
development, with the quantity of papers growing much faster 4 Australia 532 _ 017
than that in the previous decade, which shows that CR is getting 5 Italy 385 - 0.18
more and more attention. It may be attributed to the worldwide 4 Sherry L. Grace 158 _ 0.05
increase in CVD patients on the one hand and, on the other hand, Paul Oh 80 6.05 0.01
perhaps implies that the concept of CR is popularizing from local 3 Ross Arena 69 5.03 0.02
to global. Furthermore, articles account for about 85% in termsof Randal J. Thomas 66 4,45 0.05
document type (Figure 1B), which indicates the greater emphasis Carl J. Lavie 65 336 0.02
paid on clinical practice and that original studies such as case g4 Patrick Doherty 60 807 0.02
report and clinical trials are the mainstream in the area of CR. 2 Rod S. Taylor 56 567 0.05

8 Philip A. Ades 56 6.14 0.01
Country Ranking and Co-author Analysis 9 Susan Marzolini 46 - 0
Visualized knowledge mapping can provide information on  1g Anndorthe Zwisler 46 4.31 0.02

influential research teams and potential collaborators and help
researchers establish collaborative relationships (24). An analysis
of the country distribution of these publications shows that the
United States, Canada, and England are the most noticeable  an important contribution to the field of CR (Table 1), she
countries for co-authored papers, not only for the largest number ~ authored clinical practice guidelines internationally (25, 26) and
of articles written in collaboration but also for the highest led the development of the Canadian quality indicators for CR
betweenness centrality (Table 1), revealing that these countries (27, 28), as well as policy positions on systematic referral and
are highly outstanding in CR research, both quantitatively and  utilization (29). In the United States, Professor Ross Arena from
qualitatively. Indeed, it was these countries that were among  the University of Illinois at Chicago is a moving force in the
the first to focus on and implement CR, and several academic ~ world of cardiovascular rehabilitation. He is devoted to exercise
communities active in CR have been formed in these countries.  testing and training in patients diagnosed with cardiopulmonary
Sherry L. Grace, full professor in the Faculty of Health at  dysfunction, as well as healthy living initiatives and policies
York University of Canada, is one of the representative figures.  that promote the healthspan (30-32). More importantly, he
Professor Grace’s research centers on optimizing post-acute  has conceived of and oversaw the successful implementation
cardiovascular care globally, as well as outcomes (including of several innovative healthy living initiatives in the academic,
mental health). As the most prolific co-author who has made  clinical, and community settings (33). We can see that, however,

BC, betweenness centrality.
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there are far more links between the nodes representing authors
than between the nodes representing countries in Figure 2, which
means that the interaction and the corporation between countries
in the field of CR are relatively poor, and the form of partnership
is still dominated by corporation within academic teams in
each country.

Subject Categories Co-occurrence

Analysis

The subject category (SC) in the Web of Science is based on
journal-journal citation patterns and the judgment of domain
experts, and then it is assigned to periodical, and finally, the
papers included in the journal will be classified into the SC of the
journal. Although this classification is controversial (34), we still
use the subject co-occurrence function of CiteSpace to analyze

the fields as SC in the literature due to its wide application and
easy access (35), which contributes to constructing a correlation
network of CR that demonstrates the interconnectedness of the
disciplines and identifying high-impact disciplinary categories at
the meso level. CR, a typical interdiscipline, is a comprehensive
project for patients with CVDs (36), which is corroborated by
disciplinary co-occurrence analysis. The results show varying
degrees of interrelatedness between CR and lots of disciplines,
and the involvement and utilization are the highest in clinical
medicine, followed by public health management. Interestingly,
CR also shows a strong crossover with sports science, a non-
medical discipline (Figure 3 and Table 2). In Figure 3, the nodes
denoting cardiology, public, environmental, and occupational
health, and psychology are labeled with purple circles, namely
with good betweenness centrality (BC > 0.1), suggesting that they
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FIGURE 3 | Subject category co-occurrence of publications about cardiac rehabilitation (CR) and related research. Circle node represents subject category; link
between nodes represents interdisciplinary interaction of the literature.

are more impactful disciplines. The red nodes with positive burst ~ TABLE 2| Top 15 subject categories of publications about cardiac rehabilitation
detection are popular subjects for a certain period of time. For ~ (CR) and related research.
example, exercise prescription is a key component of CR, but

Rank Subject category Frequency Burst BC
clinicians experience difficulties in how to optimally prescribe
exercise for patients with different cardiovascular disease risk 1 Cardiovascular system and cardiology 2,611 - 021
factors (37), which requires sports medicine specialists to get 2 General and internal medicine 562 - o4
involved in order to develop a personalized exercise program 3 Nursing 516 - 007
tailored to the needs of CVD patients. People with CVD 4 Rehabilitation 490 _ 007
are often accompanied by mental disorders, such as stress, 5 Sport sciences 331 458 0.05
anxiety, and depression, and it is a major challenge for heart 4 Public, environmental, and occupational health 330 - 044
rehabilitation (38-40). For such patients, the intervention of a - Psychology 290 14.84 019
professional psychologist or psychiatrist is urgently needed. In g Health care sciences and services 248 _ 006
a word, CR has a comprehensive goal to aim for the optimal ¢ Peripheral vascular discase 185 _ 003
recovery of CVD patients physically, mentally, and socially. An 15 Geriatrios and gerontology 130 ~ 006
ideal CR therapy demands multidisciplinary cooperation and Psychiatry 130 834 002
integrative intervention, including medicine, exercise, nutrition,  ,, oo perimental medicine 116 691 008
education, and psychological and social support, thus posing ., Respiratory system 115 687 0.02
a huge chall'enge to interdisciplinary collab().rati'on around Physiology 84 - o4
CR. To obtain better development and application of CR, 5 Psychology, ciinical - ~ oo

what need to be strengthened are breaking down the barriers
between disciplines as well as accelerating the integration of  BC, betweenness centraliy.
transdisciplinary intelligence.

. L . . specific questions in the subject from a micro perspective. As
Topic Distribution Analysis Based on a highly condensed version of the paper’s content, to some
Keywords extent, keywords are able to summarize the theme of the paper
If subject co-occurrence is to explore research topics in a  simplyand directly. The keyword co-occurrence network is a text
field at a meso level, keyword co-occurrence is to answer the  content-based analytical approach. It sorts out the connections
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FIGURE 4 | Keyword co-occurrence and clustering. (A) Network of the main keywords in publications about cardiac rehabilitation (CR) and related research. (B) Top
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between the different topics in the discipline and helps readers
get more acquainted with it through analyzing the co-occurring
forms of keyword pairs in the same text. The co-occurrence
results of the keywords in publications of CR and related research
can be seen in Figure4. The cross in Figure 4A indicates the
keyword; the larger the size of the cross, the higher the frequency
of the keyword. In fact, when the number of keywords is too large,
it is difficult for us to generalize the research topics they belong
to, and cluster analysis could assist with this problem. Figure 4B
shows the top 10 keywords clustering based on the log-likelihood
rate (LLR) algorithm. They encompass plenty of concerns
in the field of CR, comprising participant (#5device patient,
#6stakeholder), implementer (#7Nurses perception), content (#1
Fat mass index, #2 Resistance exercise training program, and #4
Cognitive function), purpose (#0 Secondary prevention service),
requirements (#8 Test-retest reliability), and indications of CR
(#9 COVID-19 pandemic).

The primary item that must be mentioned is the coronavirus
disease 2019 (COVID-19) pandemic (cluster #9), which
continues to attract global eyes throughout 2020 and will
last for some time. As the pandemic is spreading all over the
world, there are increasing reports of cardiac system damage
and cardiovascular sequelae caused by COVID-19 (41, 42).
Obviously, CR can play a significant role in the fight against
this catastrophe, beneficial for patients with aggravation of
preexisting CVD or secondary cardiovascular impairment due
to COVID-19 (43). Secondly, most of the clusters involve the
core components of CR, also known as prescription for CR,
containing management of risk factors like overweight and
obesity (cluster #1), psychosocial support (cluster #3), and
exercise training (cluster #2), all of which are core modalities
of CR recommended by international guidelines (36, 44). Last
but not least, it is the evaluation of tests used for CR to ensure

the reliability, stability, and consistency of the test results, such
as the 6-min walk test, the 10-m incremental shuttle walk test,
and other common outcome measurements in CR, which is
crucial for the long-term validity of the tests for CR (45, 46).
At the same time, screening out tests with high retest reliability
makes it possible to compare and evaluate the efficacy in large
clinical populations of CVD after recovery in the future. In
brief, clustering based on keywords reveals the hot issues of CR
microcosmically and helps us have a better sense of the topic
distribution in the field of CR.

Reference Co-citation Analysis

Co-citation analysis was put forward by Small and Marshakova
in 1973 and later introduced into the analysis of co-citation
of references, a phenomenon of two or more references being
cited in the same literature (47, 48). By analyzing the clusters
and pivotal nodes in the co-citation network, the knowledge
structure of a research area and its changes can be uncovered.
Figure 5 shows the co-citation network and timeline view of
references on CR and related studies. The circular node in
Figure 5A represents the reference, and the larger the size of
the node, the higher is the citation frequency of the reference.
Obviously, there are three nodes with a purple circle in the
network; that is, the BC of the nodes is >0.1, which indicates
that they are the critical turning points driving the development
of CR. The first turning point occurred in 2003. A guideline
jointly released by two subcommittees of AHA provides a
clear definition of physical activity and exercise as well as
their dose and intensity, and a comprehensive summary of
prospective epidemiologic studies showing that physical activity
could reduce the incidence of CAD events over the past half
century (49). Therefore, it can provide clinicians with direct
and detailed guidance when prescribing exercise to patients
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with atherosclerotic cardiovascular disease (ACD). This guideline
broke the dilemma of having no guideline for prescribing exercise
for adults with ACD and greatly improved the status of exercise in

the prevention and treatment of CVD and the management of its
risk factors, laying a solid evidence-based medical foundation for
later recommending exercise as one of the core modalities of CR.
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The next two turning points both came in 2007. The former, again
a guideline, was jointly released by the AHA and the American
Association of Cardiovascular and Pulmonary Rehabilitation
(AACPR). This update presented the latest information on the
evaluation, interventions, and expected outcomes in each of
the core components of CR/secondary prevention programs
at that time, including baseline patient assessment, nutritional
counseling, risk factor management, psychosocial interventions,
and physical activity counseling and exercise training (36). Its
content is more abundant and systematic than that of the
guideline in 2003, providing more comprehensive guidance for
the application of CR. The latter is a study that uses Medicare
claims to evaluate national use patterns and predictors of CR
use. The results directly reveal the underutilization and regional
imbalance of CR in the United States, even though it is one of
the countries with the most advanced CR referral system (50).
To some extent, this survey served as a warning to healthcare
policy makers that accelerating the widespread and balanced
development of CR is imperative. In a word, these three crucial
turnarounds could be considered as landmark events in the field
of CR and have a profound impact on it.

CiteSpace also visualizes the research frontiers, knowledge
base and their time span, as well as the literature that has
played a key role in the evolution, in a unique way with a
timeline view. The timeline view is a visualization method
that combines the clustering and time slicing techniques. Items
are ranked according to their early or late appearance after
clustering, which both exhibit the topic distribution in the field
and depict the trends and interconnections of the research topics
over time. In Figure 5B, the cool-toned nodes (blue and green
ones) represent earlier literature and the warm-toned nodes
(yellow and red ones) represent more recent literature, with the
earliest one dating back to 1996. A straight line at the same
horizontal position indicates the set of all references belonging
to the cluster, and the label of the cluster is located at the
rightmost end of the line. The integrated network is divided
into co-citation clusters of references. Citers to these references
are considered as the research fronts associated with these
clusters. Each cluster represents the knowledge fundamental of
the underlying specialty. As can be seen in Figure 5B, in the early
stage, CR-related research was dominated by exploration of its
cardiovascular prevention and the importance of social support
(cluster #0 and cluster #4). As strong evidence accumulated, these
two questions were largely answered (51-53), so the research
focus of CR had shifted to other aspects.

Despite overwhelming evidence that CR reduces risks and
improves the quality of life and prognosis of CVD patients,
the uptake and adherence to such programs among CVD
patients remain below the recommended levels (54). Naturally,
primary health care, planned CR intervention, and so on
were immediately on the agenda (cluster #2 and cluster #11),
and their implementation contributed to promoting patient
participation and compliance in CR. Meanwhile, completing the
prescription content of CR, such as the management of obesity
and other risk factors (cluster #6), and tailoring rehabilitation
programs for patients with heart failure were also the hot
spots in this period (cluster #9). As stated in international

guidelines and expert consensus, education, exercise training,
and psychological support are three core modalities of CR (55).
These core components are the current hot topics (cluster #1,
cluster #3, cluster #4, cluster #8, and cluster #10), which are of
great significance to improve CR prescription and promote the
effective implementation of CR in the long run in this field. In
addition, with advances in Internet technology and ubiquity of
smart mobile devices, the availability of mobile health (mHealth)
application that provides medical information and services via
mobile devices such as pads and smart phones for CVD patients
has markedly increased in recent years. There is no doubt that
the elderly or mobility-impaired patients with CVD have the
potential to benefit considerably from interventions that utilize
mHealth (cluster #5 and #7). mHealth is extremely likely to be
a complement or even an alternative to the traditional facility-
based CR that is underutilized, and without much concern, there
is also evidence that older patients may be willing to adopt these
trendy technologies (56, 57).

In other aspects, the identification of core literature in a
certain field generally depends on the frequency of citations, and
references with the highest cited frequency, namely high-impact
literature, are usually the main focus of the researchers. Table 3
shows the top 15 cited references with the highest frequency;
their approximate content can be inferred from the titles. It
is not difficult to find that the content of these most cited
references is almost all centered on the clinical application of
CR, and their types are mainly systematic review and meta-
analysis and practice guideline or scientific statement. These
high-quality systematic reviews provide important data and
scientific evidence for the use of CR, especially exercise-based
CR, in the CVD population, and they confirm that exercise-based
CR lowers cardiovascular risk and mortality (6-8) and decreases
reinfarction after myocardial infarction and heart failure-related
hospital admissions (9, 10). Moreover, practice guidelines and
scientific statements drafted by experts also provide practical
advice and detailed guidance for the safe and effective application
of CR and its effectiveness evaluation (13, 14, 36, 58-60).
Clinical trial is one of the most important approaches of medical
research, such as randomized controlled trial and cross-sectional
study, assessing the participation, adherence, completion, and
the effectiveness of CR in order to offer useful information and
guidance for the long-term effective application of CR in the
future (61, 62). In short, the co-citation analysis of CR-related
references provides us with rich and valuable information to learn
more about the evolution of the knowledge structure and changes
of research hot spots in CR and helps to discover the core topic
and key focus in this area.

CONCLUSIONS

With the accelerated aging of the global population and the
dramatic increase in the number of patients surviving with CVD,
how to reduce the risk of relapse and improve the prognosis
of CVD patients is a major test for health care systems in all
countries. CR is a shift from the traditional disease-centered
model to a patient-centered biopsychosocial model, and its
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TABLE 3 | Top 15 most cited references of publications about cardiac rehabilitation (CR) and related research.

Rank Article title Year Total cited Average
frequency per year

1 Exercise-Based Cardiac Rehabilitation for Coronary Heart Disease 2016 675 168.75
Exercise-Based Cardiac Rehabilitation for Coronary Heart Disease: Cochrane Systematic Review and Meta-analysis 2016 172 43.00
Exercise-Based Rehabilitation for Patients with Coronary Heart Disease: Systematic Review and Meta-analysis of 2004 149 9.31
Randomized Controlled Trials

4 Secondary Prevention in the Clinical Management of Patients with Cardiovascular Diseases. Core Components, Standards 2014 148 24.67
and Outcome Measures for Referral and Delivery: A Policy Statement from the Cardiac Rehabilitation Section of the
European Association for Cardiovascular Prevention and Rehabilitation. Endorsed by the Committee for Practice Guidelines
of the European Society of Cardiology

5 2016 European Guidelines on Cardiovascular Disease Prevention in Clinical Practice: The Sixth Joint Task Force of the 2016 140 35.00
European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted
by representatives of 10 societies and by invited experts) Developed with the special contribution of the European
Association for Cardiovascular Prevention and Rehabilitation (EACPR)

6 Secondary Prevention through Cardiac Rehabilitation: From Knowledge to Implementation. A position paper from the 2010 124 12.40
Cardiac Rehabilitation Section of the European Association of Cardiovascular Prevention and Rehabilitation

7 Smartphone-Based Home Care Model Improved Use of Cardiac Rehabilitation in Postmyocardial Infarction Patients: 2014 103 17147
Results from a Randomized Controlled Trial

8 2016 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure: The Task Force for the Diagnosis 2016 103 25.75
and Treatment of Acute and Chronic Heart Failure of the European Society of Cardiology (ESC) Developed with the special
contribution of the Heart Failure Association (HFA) of the ESC

9 Cardiac Rehabilitation and Secondary Prevention of Coronary Heart Disease: An American Heart Association Scientific 2005 99 6.60
Statement from the Council on Clinical Cardiology (Subcommittee on Exercise, Cardiac Rehabilitation, and Prevention) and
the Council on Nutrition, Physical Activity, and Metabolism (Subcommittee on Physical Activity), in collaboration with the
American Association of Cardiovascular and Pulmonary Rehabilitation

10 Use of Cardiac Rehabilitation by Medicare Beneficiaries after Myocardial Infarction or Coronary Bypass Surgery 2007 99 7.62

11 Core Components of Cardiac Rehabilitation/Secondary Prevention Programs: 2007 Update: A Scientific Statement from the 2007 97 7.46
American Heart Association Exercise, Cardiac Rehabilitation, and Prevention Committee, the Council on Clinical Cardiology;
the Councils on Cardiovascular Nursing, Epidemiology and Prevention, and Nutrition, Physical Activity, and Metabolism; and
the American Association of Cardiovascular and Pulmonary Rehabilitation

12 Exercise Based Rehabilitation for Heart Failure 2014 96 16.00

13 Efficacy of Exercise-Based Cardiac Rehabilitation Post-myocardial Infarction: A Systematic Review and Meta-analysis of 2011 94 10.44
Randomized Controlled Trials

14 EUROASPIRE IV: A European Society of Cardiology Survey on the Lifestyle, Risk Factor and Therapeutic Management of 2016 86 21.50
Coronary Patients from 24 European Countries

15 Heart Disease and Stroke Statistics—2014 Update: A Report from the American Heart Association 2014 82 13.67

emergence is of great significance to patients with CVD. The
visual analytic tool we utilized in this review plays an active role
in supplementing traditional review and survey articles, and they
are valuable in finding critical developments in the vast number
of published studies.

In this review, our visual analysis of the literature on CR
and related research over the last two decades has shown
that CR has generally had a steady development during this
period, but its development is quite unbalanced between areas
and countries. Only a few developed Western countries such
as Canada, the United States, and the UK have developed
systematic and standardized CR models, as well as mature
and well-established CR referral systems; awareness of and
participation in CR are both insufficient in the vast majority of
developing countries and regions. Correspondingly, several of
the most active academic communities in CR have been formed
in these countries, such as Professor Sherry Grace’s team at
York University in Canada and Professor Ross Arenas team
at the University of Illinois in the United States. However, the

interaction and collaboration around CR are poor among these
leading countries and academic communities. In order for a
balanced and widespread development of CR globally, it is urgent
to strengthen transnational and cross-team cooperation, which
requires the involvement of more international organizations
specialized in CR. In addition, CR has a typical interdisciplinary
characteristic, and its long-term and healthy development cannot
be achieved without the coordinated development and mutual
integration of clinical medicine, basic medicine, psychology,
public health management, sports science, and even computer
science. It means that more attention should be paid to the
cultivation of compound talents with medical background in
future medical education.

The keyword clustering analysis of the original documents
and the co-citation analysis of the references reflect the trends
and hot spots of CR. Early CR-related studies mainly focused
on its cardiovascular prevention and social support, followed by
primary health care and planned CR interventions to refine the
social support for CR at the institutional and methodological
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levels. Then came the focus on specific populations, such
as patients with obesity or heart failure, emphasizing the
individualization of CR programs. The current hot spots are
the three core modalities of CR, namely education, exercise
training, and psychological support, particularly centering at
exercise prescription for CR, including weight management,
resistance exercise training program, and high-intensity interval
training. At the same time, mHealth, born from the wave of
Internet popularity, has started to emerge and become popular.
There is no doubt that this trend of “Internet plus healthcare”
will continue to prevail. Besides, it must be mentioned that
CR is likely to play a critical role in improving cardiovascular
damage and sequelae caused by COVID-19 as it continues
to spread worldwide. Finally, there were three pivotal turning
points that had driven the development of CR. The first was
the guideline on physical activity and exercise in patients
with ACD published by the AHA in 2003, followed by the
systematic guideline on CR jointly issued by AHA and AACPR
in 2007, and the last one is a study on the prediction of CR
utilization. They have gradually contributed to the development
of CR.

In conclusion, this work has provided some useful
information for obtaining knowledge about CR as a long-
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Background: In patients with chronic kidney disease (CKD), physical functional
limitations and heart failure (HF) are common, and each is associated with adverse
outcomes. However, their joint effects on mortality are not clear.

Design and Methods: Using administration data from the geriatric department in a
tertiary hospital, retrospective longitudinal analyses of patients aged >65 years with
CKD were consecutively enrolled from February 2010 to November 2015. Baseline CKD
stages, HF with reduced and preserved ejection fraction (HFrEF and HFpEF), Rockwood
frailty index, handgrip strength (HGS), 6-m walking speed, and timed up-and-go test
were used to predict the prevalence of frailty, physical disability, and all-cause mortality.

Results: Among 331 old patients with CKD, their mean age was 81.3 + 6.6 years.
CKD stages showed the following distributions: stage 3, 74.9%; stage 4, 15.7%; stage
5, 9.4%. The prevalence of HF was 23.3%, and Rockwood frailty was 74.3%. Rockwood
frailty and HF were both significantly associated with CKD stages. After a mean follow-up
period of 3.1 + 2.1 years, 44 patients died, and a crude analysis showed that stage
4, stage 5 CKD, low HGS, and Rockwood frailty index were associated with mortality.
Regarding the survival of these patients, the adjusted mortality hazard ratio for CKD
stage 5 was 3.84 against stage 3A [95% confidence interval (Cl) 1.51-9.75], 1.04
(95% CI 1.01-1.07) for higher Rockwood frailty score, 4.78 (95% CI 1.26-18.11) for
HFrEF, and 3.47 (95% CI 1.15-10.42) for low HGS. Survival analysis using Kaplan-Meier
survival plots showed that patients with both HF and poor HGS had the poorest survival.
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Conclusions: Our study shows that both low physical performance and HF were
common in old CKD patients and were associated with CKD stages. HF, frailty, and
HGS all independently predicted the mortality of these CKD patients. The mortality is
especially high amongst individuals with both HF and decreased HGS.

Keywords: comprehensive geriatric assessment, ejection fraction, handgrip strength, mortality, physical

functionality, timed up-and-go test

INTRODUCTION

Chronic kidney disease (CKD) is a public health problem
worldwide, especially in older populations. CKD has prevalence
ranging from 23.4 to 35.8% based on a systematic review
of population-based studies (1). The National Health and
Nutrition Examination Survey (NHANES 2007-2012) reported
a CKD prevalence of 33.2% for those aged >60 years (2).
Individuals with CKD have a mortality rate double that of the
general population, and more than half of the deaths in these
patients are from cardiovascular disease (CVD). CVD in CKD
patients includes the following: coronary artery disease (CAD),
acute myocardial infarction (MI), heart failure (HF), valvular
heart disease, cerebrovascular accidents (CVA), peripheral artery
disease (PAD), thromboembolic disease, and sudden cardiac
death with HF being the leading cause (3). The study on
Atherosclerosis Risk in Communities (ARIC) reports a threefold
higher risk of incident HF in those with estimated glomerular
filtration rate (eGFR) <60 mL/1.73m?/min compared with
those with eGFR >90 mL/min/1.73m?. Both the prevalence
and incidence of HF also increase with the severity of CKD.
CKD patients develop HF with reduced (HFrEF) and preserved
ejection fraction (HFpEF), but HFpEF is more common (4, 5).

It has been proposed that there is close interdependence
between CKD and chronic HF (CHF), and their common
pathophysiologic pathways can lead to function deterioration
and lower life expectancy (6, 7). Our previous study reports that
low eGFR is potentially and highly capable of distinguishing
between deaths in all patients and deaths in HF patients (8). Based
on the close relationship between CHF and CKD, individualized
treatments for patients with chronic systolic HF are applied
according to different stages of CKD (6). In addition to HEF
CKD also has a negative impact on physical functions and frailty.
Dalrymple et al. report a 24% prevalent frailty in those patients
with eGFR <45 mL/1.73 m?/min (9). In dialysis-dependent CKD
patients, the frailty prevalence is >60%, which is independently
linked with adverse clinical outcomes, including mortality and
repetitive hospitalization for all stages of CKD (9).

Comprehensive geriatric assessment (CGA), a
multidimensional diagnostic tool for determining the medical,
psychological, and functional capabilities in the frail population,
can predict prognosis for hospitalized old patients with HF
(10). Apart from these, walking speed (WS) (11) and the timed
up-and-go (TUG) test, the other two indicators for frailty, are
associated with quality of life and progress of NYHA functional
class in patients with congestive HF (12). Only a few studies have
yet investigated the joint effects of physical disability and HF on
outcomes in old patients with CKD (13).

Given the close relationship and adverse outcomes of CHF
and frailty in CKD, a better understanding of their individual
and combined impacts is important for planning interventions
to improve prognosis and reduce healthcare costs. In our present
study on old patients with CKD, we aimed to use CGA to evaluate
the prevalence of frailty and determine the independent and
composite prognostic effects of physical functions, HFpEF, and
HFrEF on all-cause mortality in old patients with CKD.

MATERIALS AND METHODS
Study Participants

Our study was conducted in a medical center Taichung
Veterans General Hospital (TCVGH), between February 2, 2010,
and November 26, 2015, based on the records of the case
management care system of the Hospital’s Center for Geriatrics
and Gerontology. The study was approved by the institutional
review board of TCVGH (No.CF20293). Participating patients
were eligible if they had visited the inpatient and outpatient
clinics of the geriatric department. The inclusion criteria were
age >65 years, without complicated neurologic disorders, with
a diagnosis of CKD with or without HF. After enrollment,
medical history, including basic personal information (age,
gender, history of chronic illness, education, and source of
referral) was recorded.

Diagnosis of HF and CKD

CHF was defined by the International Classification of Diseases,
9th Revision, Clinical Modification (ICD-9-CM) codes (428.0-
428.9, 402.91). Besides this, a 2-D echocardiogram (ECHO) and
N-terminal pro-B-type natriuretic peptide (NT-proBNP) were
obtained to diagnose and differentiate HFpEF and HFrEF under
a standard protocol (ASE or EACVI protocol) (14-16). By 2-
D ECHO, LVEF > 50% was defined as HFpEF and <50%
as HFrEF according to the American College of Cardiology
Foundation/American Heart Association guideline (17). Other
codes for relevant diseases were atrial fibrillation (AF) 427.31,
cardiac arrhythmia 427.0-427.9, and CKD 585.XX.

CKD patients were confirmed by the following criteria: eGFR
<60 ml/1.73m?/min, urine albumin/creatinine ratio (ACR) >30
mg/g (18), urine protein/creatinine (PC) ratio >0.2 mg/g (19),
or showing abnormal kidney images. Concomitant medication
data associated with HF were extracted according to the anatomic
therapeutic chemical (ATC) codes. Comorbid conditions were
measured using the Charlson comorbidity index (CCI), which
includes 19 chronic diseases weighted based on their associations
with mortality (20) but with some modifications as neither HF
nor CKD are considered within the CCI (10). Finally, clinical
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records were selected for the 331 enrolled patients concurrent
with 2-D ECHO examinations (254 non-HF and 77 HF patients
with 45 HFpEF and 32 HFrEF) and CKD (147 stage 3A, 101 stage
3B, 52 stage 4, and 31 stage 5 CKD patients).

CGA and Evaluation of Physical

Functionality

Trained research nurses administered a CGA with standardized
measures, of which the components were previously described
(21), including the mini-nutritional assessment (MNA) used
to identify old adults at risk for malnutrition (22). HGS was
measured by a dynamometer (Smedley’s Dynamometer, TTM,
Tokyo, Japan), and slowness was measured by the 6-m WS
(6MW). For the TUG test, participants were to stand up from
a 46-cm-high armchair with back support, walk in a straight
line for 3 m, turn around, walk back to the chair, and sit down
as quickly and safely as possible (23). The timing started when
the investigator said “go” and stopped when the participant
sat back down on the chair. Arbitrary cutoff points instead
of traditional values were used to define frailty parameters,
including TUG, HGS, and 6MW (8, 24). TUG values were
separated into quartiles, and the Chi-square test was used to
determine the appropriateness of 24s. The HGS values were
divided into tertiles, and the cutoff point was 20.4 kg for men and
15.435 kg for women. Values of 6MW were calculated as deciles
with a cutoft point of 22 s for men and 30 s for women.

Frailty Index

Frailty was defined according to the Asia-Pacific clinical practice
guideline (24). A modified Rockwood frailty index (25) was used
to measure frailty by utilizing health deficits collected in health
assessments, including 11 chronic diseases, four items (MNA-
SE TUG, HGS, 6MW) of CGA, and five abnormal laboratory
data. Categories were generated according to established
cutoffs in community-dwelling cohorts to match the Fried
physical phenotype: non-frail (0-0.1), pre-frail (>0.1-0.21), and
frail (>0.21) (26, 27).

Study Outcome and Follow-Up

The index date was the date of HF and CKD diagnosis.
CGA and 2-D ECHO were completed around the time of HF
diagnosis. The patient outcome was all-cause mortality obtained
from the Clinical Information Research and Development
Center, TCVGH, and the accuracy of death was validated
by Taiwan’s National Death Registry according to the ICD-
9 (ICD9 001.x-999.x) or ICD10 (A00.x-Z99.x). All participants
were followed up until death or June 19, 2018, to prevent lead-
time bias.

Statistical Analyses

For continuous variables, we used the Kolmogorov-Smirnov
test to test the normality of sample distributions. Continuous
variables were analyzed by the Kruskal-Wallis (more than a
dichotomy) and Mann-Whitney U (dichotomy) tests, generating
the median and interquartile range (IQR). Categorical variables,
expressed as percentages, were tested by chi-square or Fisher’s
exact test. All-cause mortality was delineated based on previously

defined high or low functioning status, the severity of HE
and stages of CKD. Then, Cox proportional hazard models
were finally applied in the multivariate analyses to estimate the
hazard ratios of study outcomes after adjusting for age and
gender. To determine cumulative effects of HF with preserved or
reduced EF, Rockwood frailty, and physical functionality (HGS,
TUG, 6MW) on survival, they were stratified into subgroups
according to the cutoff values (8). Kaplan-Meier (KM) plots
were generated to estimate the cumulative survival rate in
different subgroups by log rank (Mantel-Cox) and pairwise
comparison to judge which entity displayed significance; p-values
for non-linearity were calculated using the null hypothesis test.
Statistical significance was set at p < 0.05. Statistical analyses
were performed with the SPSS for Windows version 22.0 (SPSS
Institute Inc., Chicago, USA).

RESULTS

Clinical Characteristics of Patients

The mean age of the 331 CKD patients was 81.3 & 6.6 years with
a mean follow-up period of 3.1 & 2.1 years. The percentage of
CKD stage 3, 4, or 5 was 74.9, 15.7, or 9.4%, respectively. Among
them, patients from CKD stage 3A to 5 had similar distributions
for the following: gender, body mass index (BMI), CCI, LVEF,
cardiac arrhythmia, B-blocker, angiotensin-converting enzyme
inhibitor (ACEI) or angiotensin II receptor blockers (ARB),
and digoxin except for distribution of age, HE, HFpEE, HFrEF,
NT-proBNP, low-density lipoprotein (LDL), albumin, glycated
hemoglobin (Hbalc), eGFR, proteinuria, mineralocorticoid
receptor antagonist (MRA), and anticoagulants (Table 1).

Frailty and Physical Performance in CKD

Patients

The Rockwood frailty assessment showed 74.3% of CKD patients
were frail. Compared with patients of CKD stages 3A and 3B,
CKD patients with stages 4 and 5 showed lower scores of
MNA-short form (MNA-SF) but higher scores on the Rockwood
index and showed no differences with the TUG and HGS. The
Rockwood frailty index was significantly associated with CKD
stages (Table 2).

Heart Failure, HFpEF, and HFrEF in the

CKD Patients

In all these patients, the prevalence of HE, HFpEF, and HFrEF
were 23.3, 13.6, and 9.7%, respectively. Compared with non-HF
patients, HF patients in the CKD cohort had higher percentages
in the following: CVD, AE, MI, cardiac arrhythmia, lower LVEF,
and lower eGFR (data not shown). Patients with HF and CKD
had significantly high Rockwood frailty scores (p < 0.001)
but a marginally higher percentage of longer TUG test with
cutoft >24 s (p = 0.065).

Due to possibly mixing HFpEF and HFrEF in a mutual effect
on the endpoints, we differentiated between these two entities
(Table 3). In the geriatric assessment, lower HGS and longer
TUG time were observed in the CKD patients with HFrEF
although of no statistical significance. The Rockwood frailty
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TABLE 1 | Baseline characteristics of older patients with different staging of CKD.

Characteristics

CKD stage 3A (n = 147) CKD stage 3B (n = 101) CKD stage 4 (n = 52) CKD stage 5 (n = 31) p-value

Age, years 83.1 (77.1-86.3) 81.8 (76.0-86.7) 83.2 (79.0-87.1) 78.8 (73.3-83.6) 0.043
Male 101 (68.7) 71 (70.3) 39 (75.0) 21 (67.7) 0.846
BMI, kg/m?2 24.6 (22.6-27.3) 24.5 (22.1-28.2) 24.0 (21.8-27.0) 23.8 (21.2-26.1) 0.275
Heart condition 0.001

Non-heart failure 119 (81.0) 84 (83.2) 36 (69.2) 15 (48.4)

HFpEF 15(10.2) 12 (11.9) 10 (19.2) 8(25.8)

HFrEF 13(8.9) 5(4.9) 6(11.5) 8(25.8)
Atrial fibrillation 6 (4.1) 2(2.0) 3(5.8) 4(12.9) 0.080
CCl 2.0 (1.0-2.0 1.0 (1.0-2.0) 1.0 (1.0-2.0) 2.0 (1.0-3.5) 0.747
LVEF 59.0 (54.0-60.0) 58.0 (65.5-62.0) 56.5 (52.0-61.8) 59.0 (49.8-60.3) 0.742
Cardiac arrhythmia 10 (6.8) 6 (5.9) 4(7.7) 6(19.4) 0.094
Laboratory data

NT-proBNP, pg/mL 670.6 (366.0-4,119.0) 1,780.0 (337.2-3,925.5) 3,495.0 (1,162.0-16,312.5) 9,150.0 (1,610.0-33,050.0) 0.001

LDL, mg/dL 98.0 (82.0-121.0) 103.5 (81.3-119.0) 87.0(73.0-108.0) 79.5 (58.0-121.8) 0.037

Albumin, g/dL 4.0 (8.7-4.3) 3.9 (3.3-4.2) 3.8 (3.5-4.1) 3.6 (3.0-3.9) 0.001

Hbatc, % 6.1 (6.7-7.0) 6.3 (5.8-7.0) 6.2 (5.6-7.4) 5.6 (5.2-6.5) 0.010
Medications

Diuretics 108 (73.5) 72 (71.3) 47 (90.4) 24 (77.4) 0.054

MRA 31 (21.1) 16 (15.8) 18 (34.6) 15 (48.4) 0.001

B-blocker 88 (59.9) 60 (59.4) 41(78.9) 20 (64.5) 0.078

ACEl or ARB 110 (74.8) 77 (76.2) 43(82.7) 19 (61.3) 0.183

Anti-platelet agents 95 (64.6) 66 (65.4) 44 (84.6) 21 (67.7) 0.052

Anti-coagulants 24 (16.9) 13(12.9) 19 (36.5) 6(19.4) 0.003

Digoxin 17 (11.6) 11 (10.9) 10 (19.2) 7 (22.6) 0.197

Continuous data were expressed as median (IQR) and analyzed by the Kruskal-Wallis test. Categorical data were expressed as number and percentage and analyzed by the Chi-
Square test. CKD, chronic kidney disease; BMI, body mass index; HFpEF, heart failure with preserved ejection fraction;, HFrEF, heart failure with reduced ejection fraction; CCl, Charlson
Comorbidity Index; IQR, interquartile range; LVEF, left ventricular ejection fraction; NT-proBNF, N-terminal pro-B-type natriuretic peptide; LDL, low-density lipoprotein; Hbalc, glycated
hemoglobin; eGFR, estimated glomerular filtration rate; MRA, mineralocorticoid receptor antagonist; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blockers;
eGFR, calculated by using modified Modification diet of renal disease (MDRD) formula, was utilized to evaluate renal function.

TABLE 2 | Baseline physical functionality in older patients with CKD.

Characteristics CKD stage 3A (n = 147) CKD stage 3B (n = 101) CKD stage 4 (n = 52) CKD stage 5 (n = 31) p-value

MNA-SF (0-14) 13.0 (11.0-14.0) 13.0 (12.0-14.0) 12.5 (10.3-14.0) 12.0 (9.0-14.0) 0.025

Timed up-and-go test, sec 17.0 (13.0-24.0) 18.0 (13.0-24.0) 20.0 (15.3-26.0) 16.0 (13.0-24.0) 0.339
TUG, s >24 39 (26.5) 27 (26.7) 17 (32.7) 8(25.8) 0.838

Handgrip strength, kg 21.5(14.5-25.2) 18.0 (14.1-24.5) 21.8(18.6-25.5) 17.7 (14.5-24.9) 0.622

HGS, kg 0.461
F <15.435/M <20.4 59 (40.1) 55 (54.5) 22 (42.3) 17 (54.8)

Rockwood frailty index 26.7 (17.7-35.3) 29.4 (21.1-34.3) 20.7 (23.2-41.2) 36.8 (23.5-47.1) 0.003
Non-frail 9(6.1) 4 (4.0) 1(1.9 3(9.7) 0.233
Pre-frail 36 (24.5) 20 (19.8) 10 (19.2) 2 (6.5)

Frail 102 (69.4) 77 (76.2) 41 (78.8) 26 (83.9)

Continuous data were expressed as median (IQR) and analyzed by the Kruskal-Wallis test. Categorical data were expressed as number and percentage and analyzed by the Chi-Square
test. CKD, chronic kidney disease; MINA-SF, mini-nutritional assessment-short form; TUG, Timed Up-and-Go test; HGS, handgrip strength.

index scores were significantly increased in the CKD patients
with HFrEF.

significantly poorer HGS, and significantly higher Rockwood
frailty scores [median (quartiles) = 34.3 (25.0-43.9) vs. 27.8
(18.8-35.3); Table 4]. In addition, non-survivors in CKD patients
also had lower levels of serum LDL, albumin, and eGFR. More
of them also received medications of diuretics, MRA, B-blocker,
and digoxin (Table 4). When those patients were grouped into

Predictors of Survival in Patients With CKD

In terms of baseline characteristics of CKD survivors and
non-survivors, non-survivors had a relatively longer TUG,
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TABLE 3 | Comprehensive geriatric assessment in older CKD patients with and without heart failure.

Characteristics Non-heart failure (n = 254) HFpEF (n = 45) HFrEF (n = 32) p-value
Age, years 82.8 (76.4-86.5) 81.2 (77.2-85.6) 82.4 (76.5-86.9) 0.980
Male 174 (68.5) 34 (75.6) 24 (75.0) 0.518
BMI 24.3 (22.0-27.2) 24.3 (22.8-26.6) 24.5 (22.1-28.8) 0.533
CCl 1.0 (1.0-2.0) 2.0 (1.0-2.5) 2.0 (1.0-2.3) 0.641
LVEF 60.0 (56.0-62.0) 59.0 (56.3-60.8) 42.0 (31.0-49.0) <0.001
Cardiac arrhythmia 12 (4.7) 10 (22.2) 4 (12.5) <0.001
Atrial fibrillation 3(1.2) 9(20.0) 3(9.4) <0.001
Geriatric assessment

MNA-SF (0-14) 13.0 (11.0-14.0) 13.0 (12.0-14.0) 12.5(10.0-13.0) 0.053

Timed up-and-go test, sec 18.0(13.8-23.3) 17.0 (12.0-27.5) 18.5(15.3-29.5) 0.126

Timed up-and-go test >24, s 63 (24.8) 15(38.3) 13 (40.6) 0.108

Handgrip strength, kg 20.5 (14.2-25.0) 23.0 (15.3-27.3) 17.1 (14.3-19.2) 0.332
Handgrip strength, kg

F <15.435/M <20.4 110 (43.3) 20 (44.4) 28 (87.5) 0.054
Rockwood frailty index 25.0 (17.4-33.3) 41.2 (33.3-47.2) 42.1 (33.3-50.0) <0.001

Non-frail 17 (6.7) 0(0.0) 0(0.0) <0.001

Pre-frail 68 (26.8) 0(0.0) 0(0.0)

Frail 169 (66.5) 45 (100.0) 32 (100.0)

Continuous data were expressed as median (IQR) and analyzed by the Mann-Whitney U-test. Categorical data were expressed as number and percentage and analyzed by the Chi-
Square test. HFpPEF, heart failure with preserved ejection fraction;, HFrEF, heart failure with reduced ejection fraction; CCI, Charlson Comorbidity Index; LVEF, left ventricular ejection

fraction; MINA-SF, mini-nutritional assessment-short form.

the combined HF and frailty status, 77 were HF and frail,
none was HF and non-frail, 169 were non-HF and frail, and
85 were non-HF and non-frail (Table 4). During the follow-
up period [median (quartiles) = 3.1 (1.1 to 4.7) years], a
univariate Cox regression model (Table 5) showed that in CKD
stages 4 and 5 compared with stage 3A, the continuous and
discrete values of HGS were significantly associated with all-
cause mortality. In the multivariate Cox proportional hazards
model, poor HGS [model 1, Table5, adjusted hazard ratio
(aHR) = 0.91, 95% CI 0.84-0.99] and HFrEF (aHR = 4.78,
95% CI 1.26-18.11) were significantly associated with all-cause
mortality after adjusting for age/gender, a heart condition,
and different stages of CKD. When HGS was divided into
categorized values (model 2, Table5), those with low HGS
(female < 15.435kg / male < 20.4kg) had a significant risk
for all-cause death (aHR = 3.47, 95% CI 1.15-10.42). Patients of
CKD stage 5, when compared with stage 3A (aHR = 3.84,
95% CI 1.51-9.75) and high Rockwood frailty score (aHR =
1.04, 95% CI 1.01-1.07), were associated with high patient
mortality (model 3, Table 5). When patients were stratified into
subgroups with and without HF and Rockwood frailty and
abnormal physical functionality (HGS, TUG, 6MW), it was
shown that HF patients associated with decreased HGS had the
poorest survival, followed by non-HF patients with decreased
HGS, HF with fair HGS, and non-HF patients with fair HGS,
respectively (p = 0.018; Figure 1). However, there were no
additive effects between HF and frailty, TUG, or 6MW on
survival (Supplementary Figures 1A-C).

Survival Curves in the Subgroup Analyses
Among HFpEF, HFrEF, and Different Levels
of HGS, TUG, and 6MW in Patients With
CKD

The KM survival curves showed no difference between HFpEF
and HFrEF (p = 0.718) in the follow-up period (Figure 2A).
In addition, there were also no composite effects of HFpEF
and HFrEF with fair or poor HGS (p = 0.365; Figure 2B),
short or long TUG (Supplementary Figure 2A), and 6MW
(Supplementary Figure 2B) in old patients with CKD.

DISCUSSION

The principal findings on this retrospective cohort of old patients
with CKD are their probably high prevalence of HF, impaired
physical performance, and frailty, and mortality is significantly
associated with low HGS, high Rockwood frailty score, and HF
with reduced LVEF. The mortality is especially high among
individuals with both HF and poor HGS.

In our study, we found that HGS was directly associated with
survival in CKD patients, which was compatible with a previous
study demonstrating that HGS is an independent predictor
of composite renal outcomes in non-dialysis-dependent CKD
(CKD-ND) patients (28). HGS, an indicator of frailty, has
been used to approximate overall muscle function, particularly
in patients with impaired tolerance of physical exertion and
in hospitalized, deconditioned patients (29). Several potential
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TABLE 4 | Comparison between survivors and non-survivors in older patients with CKD.

Alive (n = 287) Death (n = 44) p-value

Age, years 82.6 (76.3-86.2) 83.4 (78.5-87.1) 0.250

Male 201 (70.0) 31 (70.5) 1.000

CKD 0.005
Stage 3A 135 (47.0) 12 (27.3)

Stage 3B 89 (31.0) 12 (27.3)
Stage 4 41(14.3) 11 (25.0)
Stage 5 22 (7.7) 9(20.5)

BMI, kg/m? 24.3 (22.2-27.3) 245 (21.2-26.8) 0.504

CCl 1.0 (1.0-2.0) 1.5(1.0-3.0) 0.242

Atrial fibrillation 10 (3.5) 5(11.4) 0.052

Heart condition 0.525
Non-HF 223 (77.7) 31(70.5)

HFpEF 38(13.2) 7(15.9)
HFrEF 26 (9.1) 6 (13.6)

LVEF 58.0 (54.0-61.0) 58.0 (54.0-60.0) 0.455

Geriatric assessment
MNA-SF (0-14) 13.0 (11.0-14.0) 13.0 (11.0-14.0) 0.807
Timed up-and-go test, sec 17.0 (13.0-24.0) 20.0 (15.3-28.8) 0.080
TUG, s >24 76 (26.5) 15 (34.1) 0.383

Handgrip strength, kg 21.2 (14.4-25.6) 17.7 (14.2-20.7) 0.102
HGS, kg 0.034
F <15.435/M <20.4 53 (42.4) 13 (72.2)

Rockwood frailty index 27.8(18.8-35.3) 34.3 (25.0-43.9) 0.002
Non-frail 17 (6.9 0(0.0) 0.092
Pre-frail 62 (21.6) 6 (13.6)

Frail 208 (72.5) 38 (86.4)

Group* 0.132
Non-HF & non-frail 79 (27.5) 6 (13.6)

Non-HF & frail 144 (50.2) 25 (56.8)
HF & frail 64 (22.3) 13 (29.5)

Laboratory data
NT-proBNP, pg/mL 1,897.5 (643.0-8,712.8) 2,735.0 (786.8-11,662.5) 0.405
LDL, mg/dL 97.0 (80.0-120.0) 85.0 (68.0-106.0) 0.017
Albumin, g/dL 4.0 (3.5-4.2) 3.5(3.1-3.8) <0.001
Hbatc, % 6.2 (5.7-7.0) 6.2 (56.5-7.0) 0.429
eGFR, ml/min per 1.73 m? 44.2 (32.5-52.4) 32.9 (17.7-45.4) <0.001
Proteinuria, mg/g 0.17 (0.10-0.42) 0.15 (0.07-0.39) 0.271

Medications
Diuretics 208 (72.5) 43(97.7) 0.001
MRA 61 (21.3) 19 (43.2) 0.003
B-blocker 173 (60.3) 36 (81.8) 0.010
ACEI or ARB 213 (74.2) 36 (81.8) 0.368
Anti-platelet agents 196 (68.3) 30 (68.2) 1.000
Anti-coagulants 49 (17.1) 13 (29.5) 0.077
Digoxin 32 (11.1) 13 (29.5) 0.002

*Frailty and non-frail older patients were classified according to the Rockwood frailty index. Continuous data were expressed as median (IQR) and analyzed by the Mann-Whitney U-test.
Categorical data were expressed as number and percentage and analyzed by the Chi-Square test. CKD, chronic kidney disease; HF, heart failure; BMI, body mass index; CClI, Charlson
Comorbidity Index; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction,; LVEF, left ventricular ejection fraction; MINA-SF, mini-nutritional
assessment-short form; TUG, Timed Up-and-Go test; HGS, handgrip strength; NT-proBNF, N-terminal pro-B-type natriuretic peptide; LDL, low density lipoprotein;, Hbalc, glycated
hemoglobin; eGFR, estimated glomerular filtration rate; MRA, mineralocorticoid receptor antagonist; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blockers;
eGFR, calculated by using modified Modification diet of renal disease (MDRD) formula, was utilized to evaluate renal function.
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TABLE 5 | Predictors of all-cause mortality in older CKD adults.

Univariate model

HR (95% CI)

Model 1

HR (95% CI)

Model 2

HR (95% CI)

Model 3

HR (95% CI)

1.06 (0.96-1.17)
1.15 (0.28-4.77)

Ref. -
1.48 (0.31-7.00)
4.78 (1.26-18.11)*

Ref. -
1.17 (0.39-3.47)
1.46 (0.36-5.91)
0.94 (0.11-8.20)

0.91 (0.84-0.99)*

1.06 (0.96-1.17)
0.87 (0.21-3.50)

Ref. -
1.27 (0.26-6.09)
3.66 (0.92-14.51)

ref. —
0.95 (0.32-2.85)
1.06 (0.27-4.27)
0.87 (0.10-7.69)

1.02 (0.97-1.08)
0.71 (0.35-1.42)

Ref. —
0.54 (0.21-1.41)
0.56 (0.19-1.67)

Ref. -
1.35 (0.60-3.03)
2.03 (0.87-4.73)
3.84 (1.51-9.75)"

Age 1.01 (0.96-1.06)
Male vs. Female 0.88 (0.46-1.69)
Heart failure 1.42(0.74-2.72)
Non-HF Ref. -
HFpEF 1.28 (0.56-2.91)
HFrEF 1.63 (0.68-3.92)
CKD

Stage 3A Ref. —

Stage 3B 1.53 (0.68-3.40)

Stage 4 2.63 (1.16-5.96)"

Stage 5 4.22 (1.77-10.03*
CCl 1.17 (0.95-1.43)
Geriatric assessment

MNA-SF 0.92 (0.81-1.05)

TUG, s 1.01 (0.99-1.04)

TUG =24, s 1.60 (0.86-2.99)

HGS, kg 0.92 (0.86-0.99)*
HGS, kg

F >15.435/M >20.4 ref. —

F <15.435/M <20.4
Rockwood frailty index

4.01 (1.42-11.34)"
1.04 (1.02-1.08)

ref. —
3.47 (1.15-10.42)
1.04 (1.01-1.07)*

'p < 0.05; "p < 0.001; Model 1: The Cox proportional hazards model was used to evaluate the association of all-cause mortality with multivariate analysis among different stages of
chronic kidney disease (CKD), the severity of heart failure (HF), and continuous levels of handgrip strength (HGS) in older adults. Model 2: The Cox proportional hazards model was used
to evaluate the association of all-cause mortality with multivariate analysis among different stages of CKD, the severity of HF, and categorized HGS in older adults. Model 3: The Cox
proportional hazards model was used to evaluate the association of all-cause mortality with multivariate analysis among different stages of CKD, the severity of HF, and Rockwood frailty
index in older adults. All multivariate analysis was adjusted for age and gender. HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction;
CCl, Charlson Comorbidity Index; MINA-SF, mini-nutritional assessment-short form; TUG, Timed Up-and-Go test; HGS, handgrip strength.

mechanisms were speculated to explain the association between
low HGS and poor outcomes in CKD patients. Lower HGS
may represent underlying chronic systemic inflammation that
may worsen patient outcomes by aggravating CVD and arterial
stiffness and increasing susceptibility to infection (30). Besides
this, the inflammation may be in association with acidosis,
vitamin D deficiency, and uremic toxins, which decreased insulin
sensitivity, leading to subsequent muscle wasting (30). Further
studies are needed to elucidate the exact mechanisms linking
HGS and outcome in CKD.

The findings of lower serum albumin and LDL values were
both significantly associated with patient outcomes in patients
with CKD;_5 or CKDj3},_5 in univariate analyses. A previous
study reports that a serum albumin level <3.7 g/dL was
independently associated with poor composite renal outcomes
(predialysis mortality and end-stage renal disease) in patients
with CKD-ND (31). As serum albumin is highly influenced by
inflammatory status, it is possible that the predictability of low
serum albumin levels reflected more prevalent comorbidities or
acute illnesses. Observational studies among apparently healthy
individuals or patients with pre-existing CVD have repeatedly
demonstrated a roughly linear relationship between serum total
and LDL-cholesterol (LDL-C) and risk of death from CVD (32).
Among patients with CKD, however, this relationship is much

less obvious. Low total and LDL-C levels were also associated
with higher mortality in patients with moderate to advanced
stages of CKD, who were not yet on dialysis (33). The inverse
association between low total and LDL-C levels and mortality
may be explained in part by the presence of the so-called
malnutrition-inflammation syndrome (32). It is suggested that
decision to initiate statin treatment in patients with CKD should
focus on the underlying cardiovascular risk and malnutrition-
inflammation status, not just the lipid profile.

In our study, it was shown that there was no difference
in HF and NT-proBNP between the group’s death rates, but
there was a significant difference concerning the use of diuretics,
mineralocorticoid receptor antagonist (MRA), and digoxin. In
addition, death risk was increased in patients with advanced
CKD associated with HFrEE, which was in line with previous
studies, indicating that concurrent renal disease and HF are
directly related to a worse prognosis. Because of the finding
that there were higher mortality risks among MRA, diuretics,
and digoxin in our study, death was similar to some previous
study reports (34-36) and probably attributable to several
reasons. MRA (e.g., Spironolactone) in conjunction with ACEI
and ARB may increase the risk of hyperkalemia in association
with subsequent hospital readmission for hyperkalemia and
in-hospital death (37). Furthermore, MRA may aggravate the
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FIGURE 1 | KM survival curves for mortality stratified by the different levels of HGS,
females >15.435 kg/males >20.4 kg.
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extent of acidosis, which further depresses cardiac contractility
and worsens HF (38). Although loop diuretics can alleviate
body fluid overload, they also reduce GFR with neurohormonal
activation and electrolyte disturbances. Besides this, it may
increase myocardial fibrosis, which may be associated with

disease progression and poor prognosis of HF (36, 39).
Digoxin is predominantly excreted by the kidneys, and
in impaired renal function, its pharmacokinetics can be
influenced, resulting in toxicity of nausea and vomiting, and
exacerbation of CKD (35).
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Our results show that death risk was increased in CKD
older patients associated with HE which corresponds to
previous studies indicating that concurrent renal disease and
HF are directly related to a worse prognosis (7). Cardiac and
renal diseases share common vascular risk factors, including
the hemodynamic interactions of the heart and kidney in
HE the impact of atherosclerotic disease across both organ
systems, neurohormonal activation, cytokines, the biochemical
perturbations across the anemia-inflammation-bone mineral
axis in CKD, and structural changes in the heart unique to
kidney disease progression. The term cardiorenal syndrome
(CRS) has been used to define different clinical conditions in
which heart and kidney dysfunction overlap (40, 41), among
which the classification of type 2 CRS is characterized by chronic
abnormalities in cardiac function leading to kidney injury
or dysfunction, and type 4 is characterized by cardiovascular
involvement in patients affected by CKD at any stage. In CKD,
it has been proposed that risks for HF include factors that affect
preload and afterload, cardiomyopathic factors including left
ventricular (LV) hypertrophy and fibrosis, and load-independent
factors (neurohormonal activation, impaired iron utilization,
anemia, demand ischemia, profibrotic factors, and inflammation)
(42). However, our study was limited in the causes, and time
sequences of CKD and CHF were not determined, and we
were unable to examine which of the two disease processes was
primary vs. secondary. Therefore, additional prospective studies
to determine the temporal profile/change to both kidney and
cardiac function over time with risk identification are necessary.

The diagnosis of HFrEF in the population with non-
dialysis CKD parallels that of the population without CKD.
The diagnosis of HFpEF in patients with non-dialysis CKD
is difficult and should be supported by multiple objective
measures, including HF symptoms and signs, typical clinical
demographics, diagnostic laboratory tests, electrocardiogram,
echocardiography, and function testing with exercise (16).
The literature concerning mortality in HFpEF and CKD is
inconsistent. Our study found that CKD was associated with
a little higher mortality in HFrEF than in HFpEF, which was
in line with previous studies, showing a lower mortality rate
and a lower association between CKD and death in patients
with HFpEF (43, 44). However, some studies report that, in
CKD, HFpEF was a more powerful predictor of death than in
HFrEF (45). As for reasons for the different prognosis of CKD
with HFpEF and HFrEE it was speculated that reduced EF
may be associated with more advanced CKD with sympathetic
and neurohormonal activation, which contributes to further
renal deterioration (46), whereas in HFpEE it may be due
to endothelial dysfunction and inflammation leading to both
cardiac and renal fibrosis (47, 48) and/or only reflections of the
greater age and comorbidity burden.

In old CKD patients, the additional impacts of frailty and HF
on prognosis were poorly known. Using the multivariate Cox
proportional hazards analysis, we found that HFrEF combined
with HGS resulting in severe or profound core activity limitation
was associated with all-cause death in old CKD patients although
TUG and 6MW insignificantly predicted mortality. As functional
frailty was common with heterogeneity in old CKD populations,
and it had prognostic implications, a joint evaluation on both

physical function and HF should be necessary to predict patient
outcomes more accurately.

The limitations of our study are as follows. First, this is
a retrospective study. Therefore, longitudinal and prospective
analyses are needed to further determine the effects of the
physical decline associated with HF in different severity on
mortality in these patients. Second, although the diagnosis
of HFrEF was less debatable in this study, the reliability of
the HFpEF diagnosis still needs further confirmation (15, 16).
Third, the average cutoftf values of TUG, HGS, and 6MW
were set arbitrarily due to diverse physical function in different
groups of patients with a major illness although reasonable
for statistical analysis. Further studies on multimorbidity, drug
history, lifestyle, or habits of a minimum volume of exercise
can help to clarify these issues. Finally, the study was limited in
that we did not have the direct causes of death, and knowing
the causes of death may help better understand the reciprocal
relationship between CKD, HE and frailty in old patients.

In conclusion, frailty and CHF were two common conditions
in old patients with CKD, and the two were associated with CKD
stages. Physical limitation, frailty, and HF all predicted prognosis.
Further, the combination of HF and poor HGS identified patients
with high mortality risk. Efforts should be made to identify
relevant factors of frailty and HF in these patients for better
management strategies to improve morbidity, mortality, and
patient-reported outcomes.
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Translation, Cultural Adaptation, and
Reproducibility of the Physical
Activity Readiness Questionnaire for
Everyone (PAR-Q+): The Brazilian
Portuguese Version

Juliano Schwartz ™, Paul Oh?, Monica Y. Takito®, Bryan Saunders*%, Eimear Dolan*,
Emerson Franchini®, Ryan E. Rhodes’, Shannon S. D. Bredin’, Josye P. Coelho®,
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Paulo, Brazil, ° Department of French, Hispanic and Italian Studies, University of British Columbia, Vancouver, BC, Canada,

19 Aurora Physio & Care, Physiotherapy Center, Campinas, Brazil

Background: The Physical Activity Readiness Questionnaire for Everyone (PAR-Q+) is
the international standard for pre-participation risk stratification and screening. In order
to provide a practical and valid screening tool to facilitate safe engagement in physical
activity and fithess assessments for the Brazilian population, this study aimed to translate,
culturally adapt, and verify the reproducibility of the evidence-based PAR-Q+ to the
Brazilian Portuguese language.

Method: Initially, the document was translated by two independent translators, before
Brazilian experts in health and physical activity evaluated the translations and produced a
common initial version. Next, two English native speakers, fluent in Brazilian Portuguese
and accustomed to the local culture, back-translated the questionnaire. These back
translations were assessed by the organization in charge of the PAR-Q+, then a
final Brazilian version was approved. A total of 493 Brazilians between 5 and 93 yr
(89.9 + 25.4 yr), 59% female, with varying levels of health and physical activity, completed
the questionnaire twice, in person or online, 1-2 weeks apart. Cronbach’s alpha was
used to calculate the internal consistency of all items of the questionnaire, and the Kappa
statistic was used to assess the individual reproducibility of each item of the document.
Additionally, the intraclass correlation coefficient and its 95% confidence interval (Cl) were
used to verify the general reproducibility (reliability) of the translated version.

Results: The Brazilian version had an excellent internal consistency (0.993), with an
almost perfect agreement in 93.8% of the questions, and a substantial agreement in
the other 6.2%. The translated version also had a good to excellent total reproducibility
(0.901, 95% CI: 0.887-0.914).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 33

July 2021 | Volume 8 | Article 712696


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.712696
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.712696&domain=pdf&date_stamp=2021-07-26
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:julianofisio@gmail.com
https://doi.org/10.3389/fcvm.2021.712696
https://www.frontiersin.org/articles/10.3389/fcvm.2021.712696/full

Schwartz et al.

PAR-Q+ in Brazilian Portuguese

Conclusion: The results show this translation is a valid and reliable screening tool,
which may facilitate a larger number of Brazilians to start or increase physical activity
participation in a safe manner.

Keywords: health, exercise, cardiovascular disease, physical activity, risk stratification, translation

INTRODUCTION

Physical inactivity is related to several health problems and
is estimated to lead to the premature death of ~9% of the
global population (1). Routine physical activity participation
protects against more than 25 chronic medical conditions,
such as cardiovascular disease, diabetes, some types of cancer,
depression, and osteoporosis, and significantly reduces the risk of
early mortality (2, 3). Owing to these benefits, governments and
health organizations around the world are investing in initiatives
for the promotion of regular physical activity, including changes
in the physical environment and public policies (4). However,
there are other factors associated with physical inactivity, such as
biological and psychological aspects (3, 5). In this respect, the fear
of injury, getting sick, and even dying are reported, among others,
as some of the most common barriers to physical activity (6-8).
These concerns are shared by health professionals who prescribe
supervised as well as unsupervised physical activity and exercise
to prevent and manage chronic diseases (8-10).

To address this issue the Physical Activity Readiness
Questionnaire (PAR-Q) was created in Canada in the 1970s,
as a pre-participation screening tool, based on experts’ opinion
(11, 12). With seven health-related questions to be answered as
Yes or No, the document was used extensively globally (13).
However, various limitations to the survey were acknowledged
(14-16). For instance, a major limitation of the PAR-Q was
that its use was restricted to people between 15 and 69 years
of age (17). Age restrictions on a front-line pre-participation
screening tool is a contemporary issue for physical activity
participation given population aging worldwide (18). Another
significant limitation was the conservative nature of the PAR-
Q, which led to many false positives (19). When an individual
answered Yes to one or more questions, they were advised
to consult a physician for clearance to participate in physical
activity (20, 21). However, obtaining physical activity clearance
from a physician may not be feasible in several jurisdictions
(22). On a global scale, access to medical professionals
can involve very long waiting lists for public services, and
access to private options is limited and unaffordable for
many (23, 24).

Given such limitations, a series of systematic reviews together
with an evidence-based consensus process were performed to
establish best practices in risk stratification for physical activity
participation (25-34). From this process, a new, evidence-
based pre-participation screening tool was created: The Physical
Activity Readiness Questionnaire for Everyone (PAR-Q+) (20).
In the current PAR-Q+, when the respondent answers No
to all seven evidence-informed initial questions, they are self-
cleared for unrestricted physical activity participation (35).

If the individual answers Yes to one or more of these
general health questions, they are required to complete follow-
up questions on specific chronic medical conditions. If the
individual responds No to all follow-up items, they are cleared
to become more physically active. If a respondent answers
Yes to one or more of these supplementary questions, they
are referred to the electronic Physical Activity Readiness
Medical Examination (ePARmed-X+; www.eparmedx.com), or
to consult with a health professional qualified to prescribe
exercise (19). Through this screening process, the vast majority
of participants are able to self-clear for physical activity or
exercise (36). Also, while the document has a total of 48 items,
completing the tool is straightforward and takes ~5min (19).
Additionally, this new questionnaire was recently published
in a digital format, thus providing the advantage of online
completion (37).

Although chronic medical conditions are the primary cause
of mortality in high-income countries, such as in Canada,
these diseases affect low- and middle-income countries in a
much higher proportion, with more than 75% of worldwide
deaths from such diseases occurring in these nations (38,
39). This is the case of Brazil, a middle-income country,
where chronic diseases are also a leading health problem
(40). Before the COVID-19 pandemic, the main causes of
deaths in the country were cancer and cardiovascular disease,
which are directly linked to obesity (41, 42). The prevalence
of obesity has been dramatically increasing in the country,
with 12% of the youth population, as well as 20% of adults
and 21% of older adults being considered obese in Brazil
(43, 44). In large part, this scenario is due to sedentary
lifestyles (45). Physical inactivity, a preeminent behavioral
risk factor for chronic diseases and early mortality, is one
of the most prevalent unhealthy behaviors in Brazilians (46,
47). According to studies about perceived barriers to physical
activity in Brazil, having a disease and being afraid of getting
injured are also among the main reasons preventing minors,
adults, and the elderly from becoming more physically active
(48-50). The country has one of the world’s fastest aging
populations, and over 70% of Brazilian seniors are considered
insufficiently active (51, 52). This prevalence is 61% for
adults (44) and over 80% for children and adolescents in the
country (53).

Since the fear of worsening their health condition is among the
main barriers to physical activity in Brazilians, an instrument like
the PAR-Q+, validated to Brazilian Portuguese, could be crucial
to allow numerous individuals to safely start or increase physical
activity participation. Accordingly, the purpose of this study was
to translate, culturally adapt, and verify the reproducibility of the
questionnaire to the Brazilian context.
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METHODS

This study was designed in two phases. Initially, the questionnaire
was translated and culturally adapted to the targeted language.
Subsequently, a test re-test procedure was adopted with different
age groups to verify reproducibility.

TRANSLATION AND ADAPTATION

Permission to develop the Brazilian Portuguese version of the
document was granted from the organization in charge of the
questionnaire (i.e., the PAR-Q+ Collaboration). The screening
tool was first translated into Brazilian Portuguese by two
independent translators who speak Brazilian Portuguese as their
native language. A group of Brazilian experts in health and
physical activity then came together to produce a combined
initial version. Overall, the experts involved in validating the
PAR-Q+ in Brazilian Portuguese agreed with the translators’
versions. Only a couple of minor phrasing adjustments were
necessary to culturally adapt the PAR-Q+ to the Brazilian
context. The next step was for two native English speakers,
fluent in Brazilian Portuguese and accustomed to the Brazilian
culture, with no previous exposure to the original PAR-Q+, to
back-translate the questionnaire into English. When assessing
these back-translations, the PAR-Q+ Collaboration noted a few
terms slightly different from the original document. These were
considered to have occurred due to the choice of terms in
Brazilian Portuguese to allow a better understanding of the
questionnaire by the Brazilian population, and these adaptations
did not modify the original meaning. After having its accuracy
ensured, a final version was approved (see Appendix 1).

FIELD TESTING

To assess the reproducibility of the translated version, Brazilians
living in Brazil and abroad responded to the questionnaire on two
separate occasions, 1-2 weeks apart. A total of 567 individuals
attending health and fitness facilities as well as members from the
general public, male and female from all age groups, were invited
to take part in this project. There were no exclusion criteria.
However, 74 individuals did not complete the questionnaire
for the second time, mainly due to schedule incompatibility.
Therefore, the sample was composed of 493 participants (59%
female), between 5 and 93 years old (39.9 + 25.4 yr). A total
of 114 were children and adolescents, 252 were adults, and 127
were older adults. The questionnaire was administered in person
to 84 individuals in a lifestyle management program focusing on
chronic disease prevention, 11 clients at a physiotherapy clinic,
24 participants of a fitness project, 14 members of a CrossFit gym,
and 43 patients from a rehabilitation center. The remaining 317
questionnaires were completed online. Respondents represented
a variety of health status cohorts such as clinical populations,
healthy individuals, athletes, and non-competitive exercisers. As
per the guidelines of the PAR-Q+, those under the legal age had
the questionnaire completed by their parents/guardians. In all
settings and forms of application the participants were welcomed
to provide comments, if any, about their understanding of the

document. Participants also reported the time taken to answer
the questionnaire for the first time.

Statistical Analysis

Data were analyzed with SPSS for Windows (version 27.0). Using
a 95% confidence interval, Kappa was calculated to evaluate the
reproducibility of each question between the two applications
(54). Additionally, the intraclass correlation coefficient (ICC) and
its 95% confidence interval (CI) were calculated to verify the
total reproducibility (reliability) (55). The sum of all positive
questions was compared between the first and the second
times the questionnaire was administered. The criteria for
agreement was as follows: 0.0-0.20 (poor), 0.21-0.40 (fair),
0.41-0.6 (moderate), 0.61-0.8 (substantial), and 0.81-1.0 (almost
perfect) (56). Internal consistency was calculated with Cronbach’s
alpha, using all initial and follow-up questions of the translated
version. Significance level was set at 5% for all tests.

RESULTS

The Brazilian Portuguese version of the PAR-Q+ had excellent
internal consistency with a Cronbach’s alpha of 0.993. In terms
of reproducibility, out of the 48 items of the questionnaire,
45 (93.8%) had an almost perfect agreement between the first
and second applications, and three (6.2%) had a substantial
agreement (follow-up questions 2a, 5e, and 8b). The translated
version of the questionnaire had a good to excellent general
reproducibility (ICC = 0.901, 95% CI: 0.887-0.914). Specifically,
as shown in Table1, every one of the seven general health
questions of the questionnaire had an almost perfect agreement.
The maximum of questions answered positively was 20. A
total of 405 (82.2%) participants provided the same answer
to every question they answered both times they completed
the questionnaire. Out of those, 229 answered negatively to all
questions. For those individuals who did not have the same
answer for all questions in both applications, 62 had one different
answer, 16 responded two questions with different answers, and
10 had three answers that did not match. Figure 1 shows the
comparison of the sum of questions answered positively between
the first and the second administrations of the questionnaire.
The time reported to answer the PAR-Q+ in Brazilian
Portuguese was 4.4 & 2.3 min. After answering the questionnaire,
a few participants provided their opinion about their

TABLE 1 | Kappa value for each general health question between two
applications of the Brazilian version of the PAR-Q+.

General health question Agreement between applications

0.949
0.915
0.927
0.950
0.976
0.882
0.904
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FIGURE 1 | Number of questions answered positively by participants (n = 493) in the first and second applications of the Brazilian Portuguese version of the PAR-Q+.

comprehension of the questionnaire. Two individuals taking
medication reported uncertainty about how to answer the
following question: Do you have difficulty controlling your
condition with medications or other physician-prescribed
therapies? (Answer NO if you are not currently taking
medications or other treatments). Since their health conditions
were under control, these individuals received clarification from
the researcher, explaining they should answer negatively. No
other concern was raised by any participant.

Specifically, the subsample of children and adolescents had
46 questions (95.8%) presenting an almost perfect agreement
and two questions (4.2%) presenting a substantial agreement:
follow-up items 1 and 5e. The group of adults also had 46 items
(95.8%) with an almost perfect agreement, and two items (4.2%)
with a substantial agreement, namely follow-up questions 7c and
8b. In the subsample of older adults, 45 questions (93.8%) had
an almost perfect agreement and three questions (6.2%) had a
substantial agreement: follow-up items 4a, 5a, and 6. All age
groups had excellent internal consistency. The group of children
and adolescents had a good general reproducibility, and the
other two subsamples, adults and older adults, had a good to
excellent total reproducibility. The time reported to answer the
questionnaire, the internal consistency, as well as the general

reproducibility for each one of the age groups are presented in
Table 2.

DISCUSSION

The Brazilian version of the PAR-Q+ showed strong
reproducibility, with all items demonstrating an agreement
between substantial and almost perfect in the whole sample, as
well as in each age group. This strong reproducibility is similar
to the one presented by the sample of Spanish speakers, which
also had all questions in these categories of agreement (57).

The PAR-Q+ was initially developed in two languages,
English and French, since it was created in Canada, which is a
bilingual country (58, 59). To date, the questionnaire has been
officially translated into Spanish, and multiple other translation
processes are in progress (57). The study about the Spanish
version analyzed the participants as a single group, which had
47 items presenting an almost perfect agreement and only
one presenting a substantial agreement. In the whole sample
of the Brazilian study this proportion was slightly different,
with 45 items presenting an almost perfect agreement and
three presenting substantial agreement. There are a number
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TABLE 2 | Time to complete the questionnaire, internal consistency, and total reproducibility according to each age group of individuals to validate the Brazilian
Portuguese version of the PAR-Q+.

Children and adolescents (5-17 yr) Adults (18-64 yr) Older adults (65-93 yr)
Time to complete (mean =+ standard deviation) 4.0+ 2.2min 41 +£2.6min 50+ 1.8min
Internal consistency (Cronbach'’s alpha) 0.980 0.993 0.997
Total reproducibility (ICC; 95% Cl) 0.819 (0.766-0.866) 0.905 (0.888-0.921) 0.885 (0.843-0.920)

of potential explanations for this variation. The Brazilian their health conditions. Furthermore, in their validation study of
Portuguese document was validated with almost triple the sample  the International Physical Activity Questionnaire in 12 countries,
size than the Spanish version (177 participants), and with  Craig et al. (65) noted that longer questionnaires can be seen
some individuals much younger and others much older than  as boring and repetitive. Although the PAR-Q+ has many more
the participants in that study (13-85 years old). Also, most  questions than the previous PAR-Q, this innovative format, with
individuals in the Brazilian version answered the questionnaire  the initial and the follow-up evidenced-based questions, is what
online. Both of these factors could be considered strengths  makes this new screening tool unique, in providing physical
of the current validation, given that the larger age range  activity clearance to 99% of its respondents without needing to
increases the representativeness of the population, while the  be referred to a physician (66). Nevertheless, we showed that the
online application allows for a more widespread application. It ~ Brazilian Portuguese version of the PAR-Q+, like the original
is also possible, however, that these aspects led to a couple of  document, takes approximately only 5 min to complete (19).
answers being less consistent, which could explain the slightly This questionnaire does not require that every individual
higher number of questions below an almost perfect agreement. ~ who answers positively to one or more of the health general
However, when providing feedback about their understanding  questions obtains clearance from a physician, making it a
of the questionnaire, other than two individuals requiring  convenient screening tool in high- as well as in low- and
further clarification about one question, no additional concerns ~ middle-income nations. In industrialized countries, where the
were raised. offer of medical services is usually sufficient for most the
For the whole sample and for each age group, all of the population, providing clearance for physical activity is often
seven initial questions of the Brazilian version had an almost  considered a time consuming and cumbersome process by
perfect agreement. However, it is possible that some participants ~ physicians (67). Removing unnecessary consultations with this
did not pay full attention to all follow-up questions when  health professional before participating in physical activity or
answering the questionnaire for the second time. This may in a fitness appraisal is especially important in lower-income
be a factor for those who answered the PAR-Q+ online by  countries like Brazil, since due to social inequities in health,
themselves, without the presence of a health/fitness professional. ~ a large number of individuals have limited access to medical
According to Kung et al. (60), a low rate of inattentive answers  professionals (68). In fact, there is a need for low-cost and
is expected in any research based on survey responses, and  accurate self-assessment tools related to physical activity that can
this rate can be higher if there is little or no incentive for  be utilized around the world in different cultures and ethnic
respondents to complete a survey. Although our participants  groups (69). Specifically, effective screening provides a significant
voluntarily accepted to participate in the study and received a  contribution to maximize physical activity engagement at the
sound and thorough explanation about the research’s importance ~ population level (16). Accordingly, having the PAR-Q+ properly
and how to proceed, they were not financially compensated.  translated and culturally validated to the Brazilian Portuguese
Additionally, according to Schneider et al. (61), who examined  language can contribute to greater numbers of individuals to
self-administered and internet-based questions on quality of life,  safely start or increase physical activity participation.
some individuals may provide careless responses when there is
a lack of personal, face-to-face interaction. This is supported by
Meade and Craig (62), who pointed out that the distance from  LIMITATIONS
the respondent to the professional in charge of the questionnaire
can lead to less accountability when completing the survey. An ~ While the present study has a considerable sample size, with
additional possible cause of some level of inattention is the need  individuals living in different locations, this cohort is not
to repeatedly answer the same questionnaire in a short period of =~ necessarily representative of the entire Brazilian population.
time (63, 64). This could have been a factor in the present study, =~ To address this issue, participants were recruited in the most
since the validation process required participants to answer the ~ populous city in the country (Sdo Paulo), which contains
same questionnaire twice, seven to 14 days apart. However, in  individuals from all Brazilian states. Participants were also
real-life situations, this repetitive process will not be necessary ~ recruited in two other major cities: Campinas and Vancouver
to start or increase participation in physical activity, as per the ~ (Canada). Another limitation was the fact that the cognitive
questionnaire guidelines individuals will only have to respond  debrief happened during the data collection instead of at a
once within any 12-month period, unless there is a change in  specific pre-test moment. The intention was to allow every
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participant to provide feedback about their understanding of
the questionnaire.

CONCLUSION

Based on the findings of this study it can be concluded that,
overall, Brazilians of different ages, male and female, healthy
or living with chronic medical conditions, had no difficulty
in understanding the translated and adapted version of the
questionnaire. The results also indicate that participants were
able to similarly complete the Brazilian Portuguese version of
the PAR-Q+ on two independent occasions, showing the strong
reproducibility of the questionnaire. Altogether, these outcomes
demonstrate that the PAR-Q+ in Brazilian Portuguese is a
valid and reliable screening tool. It is expected that nationwide
implementation of the questionnaire could allow a substantial
number of Brazilians to safely engage in more physical activity
participation, as well as in fitness assessments, providing ways to
enhance wellness and to contribute toward the prevention and
management of chronic diseases in this population.
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APPENDIX 1

PAR-Q+ em portugués

Questionario de Prontidao para Atividade Fisica para Todos
Os beneficios da atividade fisica regular para a satide sdo evidentes. Mais pessoas deveriam praticar atividade fisica todos os dias da semana. Fazer
atividade fisica € muito seguro para a MAIORIA das pessoas. Este questiondrio indicard se vocé precisa de orientacdo adicional de um médico OU
profissional de satide qualificado para atuar com exercicio fisico, antes de se tornar mais ativo fisicamente.

PERGUNTAS GERAIS SOBRE A SAUDE

Leia as 7 perguntas abaixo cuidadosamente e responda com sinceridade, assinalando SIM ou NAO. | 5,

Z
>
(@]

1) O médico alguma vez disse que vocé tem problema de coragéoD OU pressao alta[_]?

2) Vocé sente dor no peito em repouso, ao fazer suas atividades cotidianas comuns OU ao praticar
atividade fisica?

3) Vocé perde o equilibrio devido a tontura OU ficou inconsciente nos Ultimos 12 meses?
Responda NAO se sua tontura estiver associada a respiracio répida e/ou profunda (inclusive durante exercicios intensos).

doenca cardiaca)? LISTE AS CONDICOES AQUI:

5) Vocé esta tomando medicamentos prescritos pelo médico para uma condicao cronica de satde?
LISTE AS CONDIGOES E OS MEDICAMENTOS AQUI:

6) Vocé atualmente tem (ou teve nos Ultimos 12 meses) um problema dsseo, articular ou de tecido

mole (musculo, ligamento ou tendédo) que poderia se agravar se vocé se tornasse mais ativo

fisicamente? Responda NAO se vocé tiver tido um problema que hoje néo limita mais a sua capacidade de fazer
atividade fisica. LISTE AS CONDICOES AQUI:

[l
L]
[l
4) Vocé foi diagnosticado com alguma outra condi¢édo crénica de salde (que nao seja pressao alta ou ]
L]
[l

O o |o|jgo|tjo|no

7) O médico alguma vez disse que vocé sé deveria fazer atividade fisica sob supervisdo médica? U

Se vocé respondeu NAO a todas as perguntas acima, vocé esta liberado para fazer atividade fisica.
ﬂ Por favor assine a DECLARACAO DO PARTICIPANTE. Vocé nio precisa preencher as paginas 2 e 3.

® Comece a ser muito mais ativo fisicamente ~ comece devagar e aumente o ritmo aos poucos

® Siga as recomendacgdes da Organizacdo Mundial de Saude para a sua idade contidas em International Physical Activity Guidelines
(https://www.who.int/dietphysicalactivity/factsheet_recommendations/en/).
® Vocéesta liberado para participar de avaliacées de satide e condicionamento fisico.
® Se vocé tiver acima de 45 anos e NAO estiver acostumado a fazer exercicios intensos ou de esforco maximo, consulte um
profissional de saude qualificado para atuar com exercicio fisico, antes de participar de exercicios dessa intensidade.
® Caso tenha alguma duvida adicional, entre em contato com um profissional de satide qualificado para atuar com exercicio fisico.
DECLARAGAO DO PARTICIPANTE

Se vocé for menor de idade ou precisar do consentimento de um responsavel, seu pai, mae, responsavel legal ou cuidador também precisa
assinar este formuldrio.

Eu, abaixo-assinado, li, compreendi satisfatoriamente e preenchi este questiondrio. Reconhego que esta liberagdo para a prdtica de atividade
fisica é vdlida por no mdximo 12 meses a partir da data do preenchimento, e serd invalidada caso minha condi¢do de satide mude. Reconhego
também que o estabelecimento onde irei praticar atividade fisica pode guardar uma cdpia deste formuldrio para registro. Neste caso, ele
manterd a confidencialidade do mesmo, respondendo as leis e requlamentagées aplicaveis.

NOME DATA

ASSINATURA TESTEMUNHA
ASSINATURA DO PAI/MAE/RESPONSAVEL/CUIDADOR

| O Se vocé respondeu SIM a uma ou mais perguntas, PREENCHA AS PAGINAS 2 E 3. I

Deixe para ficar mais ativo mais tarde se:

Vocé tiver uma infecgdo aguda, como resfriado ou febre — é melhor esperar até se sentir bem.
Vocé estiver gravida - fale com um profissional de satide, um médico, um profissional de satide qualificado para atuar com
exercicio fisico, e/ou preencha o formulario ePARmed-X+ (www.eparmedx.com) antes de se tornar mais ativa fisicamente.

Sua satde mudar - responda as perguntas das paginas 2 e 3 deste documento e/ou fale com um médico ou um profissional de
sauide qualificado para atuar com exercicio fisico, antes de continuar com qualquer programa de atividade fisica.

Traduzido por Bianca Bold (tradutora profissional) e Juliano Schwartz Copyright © PAR-Q+ Collaboration 1/4
(CAPES/UBC), com apoio financeiro da University Health Network
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PERGUNTAS ADICIONAIS SOBRE PROBLEMA(S) DE SAUDE

1. Vocé tem artrite, osteoporose ou problemas de coluna?
Se a resposta for positiva, responda as perguntas Ta-1c Se Ni\OD pule para a pergunta 2
la. Vocé tem dificuldade em controlar sua condicdo com medicamentos ou outros tratamentos prescritos por S'MD NT\OD
médicos? (Responda NAO se nao estiver tomando medicamentos ou fazendo outros tratamentos no momento)
1b. Vocé tem problemas articulares que causam dor, uma fratura recente ou fratura causada por osteoporose ou
cancer, vértebra deslocada (como espondilolistese) e/ou espondildlise/defeito da pars interarticularis (fratura SIMD NAoD
no anel dsseo na parte posterior da coluna vertebral)?
T Vocé recebeu inje¢oes de esteroides ou tomou comprimidos de esteroides regularmente por mais de 3 meses? SIMD NAOD
2. Vocé tem algum tipo de cancer?
Se a resposta for positiva, responda as perguntas 2a-2b Se Ni\OI:] pule para a pergunta 3
2a. O seu diagnostico de cancer inclui algum destes tipos: pulmao/broncogénico, mieloma multiplo (cancer SIM|:| NAOD
de células plasmaticas), cabeca e/ou pesco¢o?
2b. Vocé esta recebendo tratamento para o cancer (como quimioterapia ou radioterapia)? SIM|:| NAOD
3. Vocé tem algum problema cardiaco ou cardiovascular? Isto inclui doenca arterial coronariana,
insuficiéncia cardiaca, anormalidade do ritmo cardiaco
Se a resposta for positiva, responda as perguntas 3a-3d Se Ni\OD pule para a pergunta 4
3a. Vocé tem dificuldade em controlar sua condicdo com medicamentos ou outros tratamentos prescritos por SIMI:l Ni\o|:|
médicos? (Responda NAO se ndo estiver tomando medicamentos ou fazendo outros tratamentos no momento)
3b. Vocé tem batimentos cardiacos irregulares que requerem acompanhamento médico S'MD NAOD
(como fibrilagao atrial, contragdo ventricular prematura)?
Be Vocé tem insuficiéncia cardiaca crénica? SIM|:| Ni\o|:|
3d. Vocé foi diagnosticado com doenca arterial coronariana (cardiovascular) e ndo praticou atividades fisicas I:l " I:l
regulares nos ultimos 2 meses? siM NAO
4. Vocé tem pressao alta?
Se a resposta for positiva, responda as perguntas 4a-4b Se NAOD pule para a pergunta 5
4a. Vocé tem dificuldade em controlar sua condicdo com medicamentos ou outros tratamentos prescritos por SIMD NI\OD

médicos? (Responda NAO se néo estiver tomando medicamentos ou fazendo outros tratamentos no momento)

4b. Vocé tem pressao arterial em repouso igual ou superior a 160/90 mmHg com ou sem medicagao? SIMD NAOD
(Responda SIM se vocé ndo souber sua pressao arterial em repouso)

5. Vocé tem algum problema metabdlico? Isto inclui diabetes tipo 1, diabetes tipo 2, pré-diabetes
Se a resposta for positiva, responda as perguntas 5a-5e Se NI“\OI:l pule para a pergunta 6

5a. Vocé costuma ter dificuldade em controlar seus niveis de acticar no sangue com a alimentagdo, com SIMD NI\OD
medicamentos, ou com outros tratamentos prescritos por médicos?

5b. Vocé costuma ter sinais e sintomas de pouco agticar no sangue (hipoglicemia) apds exercicios e/ou durante suas
atividades cotidianas? Sinais de hipoglicemia podem incluir tremores, nervosismo, irritabilidade fora do comum, SIM|:| NAOD
transpiragdo excessiva, tontura, confusao mental, dificuldade para falar, fraqueza ou sonoléncia.

5c: Vocé tem algum sinal ou sintoma de complicacées do diabetes, como doenca cardiaca ou vascular e/ou SIMD NAOD
complicagdes que afetam seus olhos, os rins OU perda de sensibilidade nos pés e dedos dos pés?

5d. Vocé tem outros problemas metabdlicos (como diabetes gestacional, doenca renal crénica ou problemas no SIMI:l NAOD
figado)?

Se. Vocé planeja fazer, num futuro préximo, exercicios que para vocé sdo mais intensos/vigorosos que o normal? SIM|:| NAOD

Traduzido por Bianca Bold (tradutora profissional) e Juliano Schwartz Copyright © PAR-Q+ Collaboration 2/4
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6. Vocé tem problemas de satide mental ou dificuldades de aprendizagem? Isto inclui Alzheimer, transtorno de
ansiedade, depressao, deméncia, transtorno alimentar, transtorno psicético, disfuncao intelectual, sindrome de Down

Se a resposta for positiva, responda as perguntas 6a-6b Se NAOD pule para a pergunta 7

6a. Vocé tem dificuldade em controlar sua condi¢do com medicamentos ou outros tratamentos prescritos por SIMD NAOD
médicos? (Responda NAO se nao estiver tomando medicamentos ou fazendo outros tratamentos no momento)

6b. Vocé tem sindrome de Down E problemas na coluna que afetam nervos ou musculos? SIMD NI\OD

7. Vocé tem alguma doenga respiratéria? Isto inclui doenca pulmonar obstrutiva crénica, asma, hipertensao arterial
pulmonar
Se a resposta for positiva, responda as perguntas 7a-7d Se NAOD pule para a pergunta 8

7a. Vocé tem dificuldade em controlar sua condicdo com medicamentos ou outros tratamentos prescritos por SIMD NAOD
médicos? (Responda NAO se néo estiver tomando medicamentos ou fazendo outros tratamentos no momento)

7b. O médico alguma vez disse que vocé tem baixos niveis de oxigénio no sangue em repouso ou durante SIMD NAOD
exercicios e/ou que vocé precisa de terapia de oxigénio suplementar?

7c. Se asmatico, vocé atualmente apresenta sintomas como sensagdo de aperto no peito, respiragdo sibilante, SIMD NAOD
dificuldade em respirar, tosse constante (mais de 2 dias/semana) ou vocé usou sua medicacao de resgate mais de
2 vezes na Ultima semana?

7d. O médico alguma vez disse que vocé tem presséo alta nos vasos sanguineos dos pulmées? SIMD NAOD
8. Vocé tem alguma lesao na medula espinhal? Isto inclui tetraplegia e paraplegia
Se a resposta for positiva, responda as perguntas 8a-8¢c Se NT\OD pule para a pergunta 9
8a. Vocé tem dificuldade em controlar sua condigdo com medicamentos ou outros tratamentos prescritos por SIMD NI\OD
médicos? (Responda NAO se nao estiver tomando medicamentos ou fazendo outros tratamentos no momento)
8b. Vocé costuma apresentar pressao arterial baixa em repouso a ponto de causar tonturas e/ou desmaios? SIMI:‘ NAOD
8c. O médico alguma vez mencionou que vocé apresenta surtos repentinos de pressao arterial alta (conhecidos SIMD NIT\OD
como disreflexia autondémica)?
9. Vocé ja teve derrame cerebral alguma vez? Isto inclui ataque isquémico transitério ou acidente vascular cerebral
J g
Se a resposta for positiva, responda as perguntas 9a-9¢ Se NAOD pule para a pergunta 10
9a. Vocé tem dificuldade em controlar sua condicdo com medicamentos ou outros tratamentos prescritos por I:‘ " D
médicos? (Responda NAO se nio estiver tomando medicamentos ou fazendo outros tratamentos no momento) siM NAO
9b. Vocé tem dificuldade para caminhar ou mobilidade comprometida? S'MD NAQD
9c. Vocé sofreu um derrame ou teve comprometimento nos nervos ou musculos nos ultimos 6 meses? SIMD NAOD

10. Vocé tem qualquer outro problema de satide nao listado acima, ou vocé tem dois ou mais problemas de satde?

Se tiver outras condi¢oes, responda as perguntas 10a-10c Se NAOD leia as recomendagées da pagina 4

O imos 53 meses O vock tave i concuseao Eerebral hognosticads nos tiimos 12 mesees - 20ee®  sm[] nao[]
gnosticada nos Ultimos 12 meses?

10b. Vocé tem um problema de satide que néo estd listado (como epilepsia, problemas neurolégicos, problemas renais)? sm[] NAoD

10c. Vocé tem atualmente dois ou mais problemas de satde? SIMD NAOD

LISTE OS SEU(S) PROBLEMA(S) DE SAUDE
E RESPECTIVO(S) MEDICAMENTO(S) AQUI:

Va até a pagina 4 para obter recomendacoes sobre sua condicao
atual de sauide e assine a DECLARACAO DO PARTICIPANTE.

Traduzido por Bianca Bold (tradutora profissional) e Juliano Schwartz Copyright © PAR-Q+ Collaboration 3/4
(CAPES/UBC), com apoio financeiro da University Health Network
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fﬂ Se vocé respondeu NAO a todas as perguntas ADICIONAIS (paginas 2-3) sobre problemas de satide, \
vocé esta apto a se tornar mais ativo fisicamente - Assine a DECLARAGCAO DO PARTICIPANTE abaixo.

® E aconselhavel que vocé consulte um profissional de sadde qualificado para atuar com exercicio fisico, para ajudé-lo a
desenvolver um plano de atividades fisicas seguro e eficaz para atender as suas necessidades de satde.

®» E recomendavel que vocé comece devagar e aumente o ritmo aos poucos — 20-60 minutos de exercicios de
intensidade baixa a moderada, 3-5 dias por semana, incluindo exercicios aerébios e de fortalecimento muscular.

® po progredir, tente acumular 150 minutos ou mais de atividades fisicas de intensidade moderada por semana.

» Sevocé tiver mais de 45 anos e NAO estiver acostumado a fazer exercicios intensos ou de esforco maximo, consulte um
profissional de saude qualificado para atuar com exercicio fisico, antes de participar de exercicios dessa intensidade. J

r@) Se vocé respondeu SIM a uma ou mais das perguntas adicionais sobre sua condicio de satde:

Vocé deve se informar melhor antes de se tornar mais ativo fisicamente ou de fazer uma avaliagdo fisica. Complete o programa on-line
de recomendagbes para triagem e exercicios, especialmente projetado para esses casos, o eParmed-X+
(www.eparmedx.com) e/ou consulte um profissional de satde qualificado para atuar com exercicio fisico, para trabalhar com vocé
. usando o ePARmed-X+ e para obter mais informacées. y

A\ Deixe para ficar mais ativo depois se:
7 Vocé tiver uma infeccdo aguda, como resfriado ou febre — é melhor esperar até se sentir bem.

Vocé estiver gravida - fale com um profissional de saide, um médico, um profissional de satude qualificado para atuar
com exercicio fisico, e/ou preencha o ePARmed-X+ (www.eparmedx.com) antes de se tornar mais ativa fisicamente.

Sua saude mudar - fale com um médico ou um profissional de saide qualificado para atuar com exercicio fisico, antes
de continuar com qualquer programa de atividade fisica.

@ Incentivamos que vocé faca uma cépia do PAR-Q+. Vocé deve usar todo o questionario, e alteracées NAO séo permitidas.

@ Os autores, a PAR-Q+ Collaboration, as organizagdes parceiras e seus agentes, ndo assumem qualquer responsabilidade
por pessoas que fazem atividades fisicas e/ou utilizam o PAR-Q+ ou o ePARmed-X+. Em caso de duvida apos preencher o
questionario, consulte um médico antes de fazer alguma atividade fisica.

DECLARACAO DO PARTICIPANTE
@ Pedimos a todos os que preencheram o PAR-Q+ que leiam e assinem a declaragao abaixo.

@ Se vocé for menor de idade ou precisar do consentimento de um responsavel, seu pai, mae, responsével legal ou
cuidador também precisa assinar este formulario.

Eu, abaixo-assinado, li, compreendi satisfatoriamente e preenchi este questiondrio. Reconhego que esta liberagdo para a
prdtica de atividade fisica é vdlida por no mdximo 12 meses a partir da data do preenchimento, e serd invalidada caso
minha condi¢édo de satiide mude. Reconhego também que o estabelecimento onde irei praticar atividade fisica pode
guardar uma cépia deste formuldrio para registro. Neste caso, ele manterd a confidencialidade do mesmo,
respondendo as leis e requlamentagées aplicdveis.

NOME DATA

ASSINATURA TESTEMUNHA

ASSINATURA DO PAI/MAE/RESPONSAVEL/CUIDADOR

Para mais informagoes, entre em contato com

www.eparmedx.com
E-mail: eparmedx@gmail.com

O PAR-Q+ foi criado usando o processo AGREE baseado em evidéncias (1) pela PAR-Q+
Collaboration, presidida pelo Dr. Darren E. R. Warburton com o Dr. Norman Gledhill, a Dra.
Veronica Jamnik e o Dr. Donald C. McKenzie (2). A produgéo deste documento tornou-se

Citagéo para o PAR-Q+ em portugués: ) ) possivel gracas a contribuigées financeiras da Public Health Agency of Canada e do BC
Schwartz J, Oh P, Takito MY, Saunders B, Dolan E, Franchini E, Rhodes RE, Bredin SSD, Coelho JP, i 3 ko X 5 ?

Santos P, Mazzuco M, and Warburton DER. Translation, cultural adaptation, and reproducibility of Ministry of Health Services. As opinides aqui expressas nao representam necessariamente os
the Physical Activity Readiness Questionnaire for Everyone (PAR-Q+): the Brazilian Portuguese : X L )

Version. Front. Cardiovasc, Med, doi: 10.3389/fcvm. 2021712696, 2021 pontos de vista da Public Health Agency of Canada ou do BC Ministry of Health Services.

Principais referéncias:
1. Warburton DER, Jamnik VK, Bredin SSD, and Gledhill N on behalf of the PAR-Q+ Collaboration. The Physical Activity Readiness Questionnaire for Everyone (PAR-Q+) and Electronic Physical Activity Readiness
Medical Examination (ePARmed-X+). Health & Fitness Journal of Canada 4(2):3-23, 2011.

2. Jamnik VK, Warburton DER, Makarski J, McKenzie DC, Shephard RJ, Stone J, and Gledhill N. Enhancing the effectiveness of clearance for physical activity participation; background and overall process. APNM 36($1):53-513, 2011,
3. Warburton DER, Gledhill N, Jamnik VK, Bredin SSD, McKenzie DC, Stone J, Charlesworth S, and Shephard RJ. Evidence-based risk assessment and recommendations for physical activity clearance; Consensus Document.

APNM 36(51):5266-5298, 2011.

4. Chisholm DM, Collis ML, Kulak LL, Davenport W, and Gruber N. Physical activity readiness. British Columbia Medical Journal. 1975;17:375-378.

5. Thomas S, Reading J, and Shephard RJ. Revision of the Physical Activity Readiness Questionnaire (PAR-Q). Canadian Journal of Sport Science 1992;17:4 338-345.
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Feasibility and Preliminary Effects of
the BESMILE-HF Program on
Chronic Heart Failure Patients: A
Pilot Randomized Controlled Trial

Xiankun Chen %%, Wei Jiang®*, Thomas P. Olson®, Cecilia Stalsby Lundborg’,
Zehuai Wen 2, Weihui Lu®*™ and Gaetano Marrone'

! Health Systems and Policy, Department of Global Public Health, Karolinska Institutet, Stockholm, Sweden, 2 Key Unit of
Methodology in Clinical Research, Guangdong Provincial Hospital of Chinese Medicine, Guangzhou, China, ° The Second
Affiliated Hospital of Guangzhou University of Chinese Medicine, Guangzhou, China, * Department of Cardiology, Guangdong
Provincial Hospital of Chinese Medicine, Guangzhou, China, ° Division of Cardiovascular Diseases, Department of Internal
Medicine, Mayo Clinic and Foundation, Rochester, MN, United States, ¢ National Centre for Design Measurement and
Evaluation in Clinical Research, Guangzhou University of Chinese Medicine, Guangzhou, China, " Heart Failure
Center/Department of Cardiology, Guangdong Provincial Hospital of Chinese Medicine, Guangzhou, China

Aims: The Baduanyjin Eight-Silken-Movements with Self-Efficacy building for Heart Failure
(BESMILE-HF) program is a contextually adapted cardiac rehabilitation program. It uses
a traditional Chinese exercise, Baduanijin, to solve the unmet demand of exercise-based
cardiac rehabilitation programs due to their scarcity and unaffordability in China. This pilot
study assesses BESMILE-HF’s feasibility and preliminary effects.

Methods: Eighteen patients with chronic heart failure were included: 8 in a BESMILE-HF
group (age: 67 + 5 years, EF: 40.4 £ 13.6%) and 10 in a control group (age: 70 + 13
years, EF: 42.9 + 12.5%). Both received the usual medications, with the intervention
group receiving additionally the BESMILE-HF program for 6 weeks. Feasibility was
explored by participants’ involvement in the intended intervention. Clinical outcome
assessments were conducted at baseline and post-intervention, while adverse events
were captured throughout the study period.

Results: The BESMILE-HF program was well-received by patients, and adherence to
the intervention was good. The intervention group completed all required home exercises
and total home-practice time was correlated with baseline self-efficacy (r = 0.831,
p = 0.011). Moreover, after 6 weeks, self-efficacy increased in the BESMILE-HF group
(p = 0.028) and the change was higher than in the control [mean difference (MD):
3.2; 95% confidence interval (Cl) 0.6-5.9, p = 0.004]. For the exercise capacity,
the control group demonstrated a significant decline in peak oxygen consumption (o
=0.018) whereas, the BESMILE-HF group maintained their exercise capacity (o = 0.063).
Although the between-group difference was not statistically significance, there was clear
clinical improvement in the BESMILE-HF group (1.5 mL/kg/min, 95% Cl, —0.3 to 3.2 vs.
minimal clinically important difference of 1 mL/kg/min). Throughout the study period, no
adverse events related to the intervention were captured.
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BESMILE-HF Pilot Study

Conclusions: BESMILE-HF is feasible for patients with chronic heart failure in Chinese
settings. A larger sample size and a longer follow-up period is needed to confirm its
benefit on clinical outcomes.
Clinical Trial Registration: ClinicalTrials.gov: NCT03180320.

Keywords: exercise-based cardiac rehabilitation, chronic heart failure, pilot randomized controlled trial, self-
efficacy for exercise, Baduanjin exercise

INTRODUCTION

A hallmark symptom of chronic heart failure (CHF) is impaired
exercise tolerance and poor quality of life. Exercise-based cardiac
rehabilitation (EBCR) is a proven therapy to improve exercise
capacity and quality of life in these patients (1, 2). However, the
sub-optimal use of EBCR remains troubling and warrants high
priority in global healthcare (3).

While many countries have reported gaps in patient referrals
to existing EBCR programs, China has faced an even greater
“upstream” challenge—a lack of available EBCR programs
(4). One national survey showed that only 24% of China’s
tertiary hospitals have EBCR programs (5). Unfortunately,
the type of comprehensive EBCR programs delivered in high
income countries are not feasible in China due to the dearth
of rehabilitation facilities, trained professionals, as well as
unaffordability (5).

Home-based exercises can empower patients to take
responsibility and accountability for their own disease
management (6). Most importantly, they increase patients
access to EBCR by confronting the challenge of limited
healthcare resources. This includes the paucity of rehabilitation
facilities, the lack of medical reimbursement, and sub-standard
access to hospital services in rural areas in China (7).

One possible solution tailored to the Chinese setting is
traditional Baduanjin exercise which is usually practiced at home.
Baduanjin, translated as Eight Silken Movements, is a form
of ancient martial arts that originated in China and has been
culturally accepted as being beneficial to one’s health in Chinese
society (8). This practice has evolved based on traditional Chinese
medicine theory and is characterized by interplay between
flowing circular physical postures and movements, mindfulness,
and breathing exercise in harmony (9). Baduanjin is easy to
learn and has minimal physical and cognitive demands because
it entails only eight simple movements.

A novel and contextually adapted EBCR program using
Baduanjin, BESMILE-HF, has recently been developed at
the Guangdong Provincial Hospital of Chinese Medicine

Abbreviations: BESMILE-HE, Baduanjin Eight-Silken-Movement wlth SeLf-
Efficacy building for Heart Failure; CHE, Chronic heart failure; CI, Confidence
interval; EBCR, Exercise-based cardiac rehabilitation, GPHCM, Guangdong
Provincial Hospital of Chinese Medicine; hsCRP, High sensity C-reactive
protein; LVEE Left ventricular ejection fraction; MACEs, Major adverse
cardiac events; MD, Mean difference; MLHFQ, Minnesota Living with Heart
Failure Questionnaire; NT-proBNP, N-terminal B-type natriuretic peptide;
NYHA, New York Heart Association functional; RCT, Randomized controlled
trial; SD, Standard deviation; SEE, Self-Efficacy for Exercise; VOppeak, Peak
oxygen consumption.

(GPHCM)—a tertiary care hospital and one of the oldest
and largest Chinese medicine hospital groups in China (10).
BESMILE-HF is an acronym for the Baduanjin Eight-Silken-
Movement wlth SeLf-Efficacy building for Heart Failure (10). In
this program, Baduanjin has been applied as the core constituent
in a multi-component EBCR including evaluation, consultancy,
and education, as well as a series of self-efficacy building strategies
to increase adherence, and to maintain exercise compliance
over time.

However, uncertainties remain regarding the use of Baduanjin
in an EBCR program. Therefore, we conducted a pilot study to:
(1) assess the feasibility of the BESMILE-HF program regarding
patients’ adherence to their intended intervention protocols; and
(2) attain initial estimates of the effects of the program on
clinical outcomes.

METHODS

The study was conducted in accordance with the Declaration
of Helsinki, and the BESMILE-HF study has been approved by
the Ethics Committee at the GPHCM (number: B2016-202-01)
and registered (ClinicalTrials.gov: NCT03180320). All patients
were informed about the study, were given the possibility to ask
questions and provided consent before participating in the study.
Participants were told they could withdraw at any time.

Design

This pilot study was a prospective, randomized controlled
trial (RCT). This report includes the recommended elements
elaborated upon in the reporting guidelines for pilot RCTs
(Appendix 1: CONSORT checklist) (11).

Setting

Guangzhou is the capital of Guangdong province and the 3rd-
largest city in China. It is located in Southeastern China and
has a permanent population of 13.5 million with over 7 million
permanent residents in its urban areas (12). GPHCM is a tertiary
care public hospital and has four branches in different urban
districts of Guangzhou. In this hospital, cardiac rehabilitation is
delivered one-on-one to individuals in the hospital outpatient
clinic and includes exercise training. The most commonly used
exercise is cycle ergometer. However, this service relies on out-
of-pocket payment systems. This leads to a financial burden
for most patients and results in low participation rate in
cardiac rehabilitation.
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Participants

Recruitment took place at GPHCM from August to November
2017. Potential participants were identified for eligibility
assessment by (1) on-site screening at clinic visits; (2) regular
screening of potential participants using electronic medical
records; and (3) referrals from physicians (10). Participants were
included if they had clinically stable CHF with a New York Heart
Association functional (NYHA) classification of II or III without
restriction on left ventricular ejection fraction (LVEF) class. The
complete list of inclusion and exclusion criteria has been reported
previously (10) and is listed in Appendix 2.

Schematic Process of the Pilot Study
The schematic process of the pilot study is shown in Figure 1. Itis
in accordance with the study protocol described previously (10).

Randomization, Allocation Concealment, and
Blinding

Patients were informed and provided the possibility to ask
questions before they signed a consent form. Eligible patients
were randomized into either a BESMILE-HF group or a control
group. A block randomization sequence was generated by SAS
9.2 (SAS Institute Inc., Cary, NC, USA) in a 1:1 ratio. In the
pilot RCT, treatment allocation was conducted using sealed and
numbered envelopes. We had made 20 numbered envelopes (a
target sample size of 20 participants). As we were able to include
18 participants, hence only the first 18 envelopes were used.
Given the nature of the intervention, it was not possible to blind
the patients and personnel involved in conducting the programs.
Outcome assessors, laboratory technicians, data managers, and
statisticians were blinded to treatment allocations.

Intervention and Control

A graphical depiction of the intervention is shown in Figure 1
and the Baduanjin exercise video used in this study can
be found online (13, 14). Both groups received the usual
medications in accordance with national guidelines for 6 weeks
(15). In the BESMILE-HF group, patients also received the
pilot BESMILE-HF program. It included the core components
of the full-scale 12-week BESMILE-HF program. Before the
start of the 6-week home-exercise period, participants attended
an exercise course to learn the eight postures at the hospital.
A professional coach confirmed their performance. Following
the exercise course, participants attended an educational course
covering topics related to CHEF as well as exercise on the
same day. Initial evaluation was conducted by the cardiologist
by reviewing medical history, clinical examination results,
and Baduanjin performance. Once the evaluation report was
finalized, the initial consultation session was conducted by the
cardiologist and the cardiology nurse. They would explain the
exercise prescription and the results for the initial evaluation
following pre-defined outlines. This was followed by 6-weeks
of home exercise with guidance and instructions from a
Baduanjin exercise demonstration video, a graphical exercise
brochure, and weekly follow-up. Participants were generally
required to do Baduanjin 30 min per day, 5 days per week,
resulting in a total of 150 min per week. This was tailored

according to individual evaluation results. Patients were asked
to record their exercise performance in an exercise log
(including duration in minutes and frequency) daily throughout
the study period. After 6 weeks, participants were contacted
to return to the hospital to attend the closure evaluation-
and consultation-sessions.

Data Collection

Baseline Data

The following baseline data were collected by questionnaires
and through medical chart review: (1) socio-demographics; (2)
medical history; and (3) anthropometric variables.

Patient Adherence to the Intervention

Exercise compliance was collected from the self-reported exercise
log. This information, along with course attendance rate,
assessment- and consultation-session attendance rate, allowed
characterization of patients’ adherence to the intervention.

Clinical Outcome Measures From Both Groups

The following clinical outcomes proposed for a future full-scale
study were collected at baseline and follow-up at the 6th week
during an assessment appointment at GPHCM’s Heart Failure
Center. We used a cardiopulmonary exercise test to measure
exercise capacity; a timed up-and-go test to measure balance
and mobility; echocardiography to measure cardiac function;
as well as biomarkers including N-terminal B-type natriuretic
peptide (NT-proBNP), high sensitive C-reactive protein (hsCRP),
hemoglobin, and lipid profile. For psychological aspects, we
measured quality of life using both a validated disease-
specific questionnaire, the Minnesota Living with Heart Failure
Questionnaire (MLHFQ) and a generic questionnaire, the EQ5D-
visual analog scale; we used the Self-Efficacy for Exercise scale
(SEE) to measure exercise self-efficacy; as well as the Hospital
Anxiety and Depression Scale to measure depression and anxiety
status. Clinical events, such as hospitalizations and major adverse
cardiac events (MACEs) and safety outcomes (adverse events),
were captured throughout the study period. Details of outcome
measurements have been reported previously (10) and are listed
in Appendix 3.

Statistical Analysis

Baseline socio-demographic and clinical characteristics were
summarized for both intervention and control groups.
Continuous data were summarized as mean and deviation
(SD), or as median and interquartile range (IQR); categorical
data were summarized as counts and percentages. For
outcome variables, a Wilcoxon signed-rank tests was used
to examine changes from baseline to the 6th week within
the groups. In addition, the analysis of the baseline, the
6th week, and change from baseline to the 6th week in
the intervention group vs. control group was conducted
using the Mann-Whitney U test. Moreover, Spearman
correlation was used to explore the relationship between
baseline self-efficacy and patients’ total exercise time. Statistical
analysis was performed in PASW Statistics 18.0 (IBM SPSS
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Baseline visit Socio-demographics, medical history, anthropometrics variables, outcome variables

(-1~0 week) @

A\

Usual medications: cach

Details of delivered activities and materials

1) evaluation is conducted by cardiol and phy
2) evaluation is based on reviewing | history,
heart rate and oxygen consumption during their practice);

3) evaluation results will guide the goal setting process during consultation

g

@ Al: Assessments of patients” initial exercise capacity:

T T T T
| | | |
| | | |
| | | |
| 1 | 1
| | | | q 3
1 week | | | | participant was given usual
~ | | | |E| | A medications according to
6 week : : : : national guidelines in both
f f f t groups
Post-phase : : @ : @ : if
(+1 week) | | | |
| | | |
Closure visits Measurement of outcome variables

diop y ise test’s results, and performance of Baduanjin ise (r ding

A2: Assessments after intervention:
1) re-assessment of exercise capacity and performance of Baduanjin exercise;
2) clinical conditions and relevant physical examinations

B1: Baduanjin training class
1) We will employ two professional coaches with at least five years of Baduanjin teaching
experience to teach and guide participants’ training.
2) Patients will be required to learn Baduanjin until they master it, as will be confirmed by the
professional coaches.

B2: Baduanjin exercise at home:
1) home ise: particip will be ged to do Baduanjin at home with the instruction
of a picture-based brochure;
2) alternatively, for those who would like to practice in a classroom setting, they will be able to
attend a coach-guided class held at the rehabilitation center after making appointments with the
research assi In the class, professional coaches will d ate i hni
evaluate the participants’ performance, and provide personal feedback.

B3: Baduanjin exercise log is given
to each participant to record each
exercise session daily (duration and
frequency).

B4: Baduanjin picture-based
brochure is given to each participant
who is encouraged to do Baduanjin
under its instruction.

B5: Baduanjin exercise video is
given to each participant who is

evaluation and rules as following:

week @ 3);

capacity > 3 METs can start with standing-form Baduanjin.

2) and probl

3) Baduanjin classes will be available at a variety of times, including weekdays, kends, and encouraged to do Baduanjin under its
evening sessions, throughout the study period. instruction.
C1: An initial consultation lasting 20-30 mi will be conducted by cardiologists and nurses:
@ 1) development of exercise prescription: cardiologists and nurses will work collaboratively with patients to set goals, which is guided by the initial

e in general, the recommended exercise volume is to practice Baduanjin for 30minutes per day, five days per week with a total of 150 minutes per
e patients should be encouraged to progressively increase exercise duration, as tolerated, until they will be able to tolerate one bout of 30minutes
e patients with a baseline exercise capacity <3 METs should be encouraged to start with the sitting-form Baduanjin and patients with exercise

olving of symptoms and signs during exercise.

C2: Closure consultations:
1) difficulties in goal accomplishment and revision of exercise prescription;

2) medicati ition and probl olving of symp and signs during exercise.

D: Development of self-efficacy strategies: 1)Initial d ation of exercise technique by coaches in class (role modeling); 2)A Baduanjin picture-

based educational brochure will be available (role modeling); 3 ) Essential instructions and feedback from coaches in class (positive feedback);
4) Evaluation of Baduanjin performance (positive feedback); 5)Exercise can be delivered in a sitting- form or a standing- form (performance
accomplishment); 6)Exercise goal setting with cardiac nurses or cardiologists by phone, weekly (performance accomplishment); 7)Review of goal

signs and problem-solving).

ac p and encc on progress from cardiac nurses by phone, weekly (positive feedback); 8)Patient records participation
in the exercise log (performance plist ); 9)Patient d i dication, and adverse events in the exercise log (recognition of

1) basic knowledge of chronic heart failure, and

@ E1: Education course which covers the following topics:
2) basic knowledge of exercise-based cardiac rehabilitation.

E2: Education course which covers the following topics:
1) long-term maintenance of exercise; and
2) disease management in daily life.

(=]

E3: Education booklet which has
relevant contents to the education
course

legend gives a brief description of each component.

FIGURE 1 | Graphical depiction of the BESMILE-HF program and the research schematic process for both groups, and data collection. Each component of the
BESMILE-HF program is depicted separately. We regard components either as activities or materials planned to deliver to the patients. Activities are represented by
circles (to reflect their flexibility) and materials by squares (to reflect their fixed nature). Different components are labeled with different letters. Below the diagram, a
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Not eligible (n=11)
Exacerbation stage (n=5)
Unable to take the CPX (n=1)
PCI within 3 months (n=3)

Not CHF sn=2)

Declined to participate (n=18)
-~ Distance to hospital (n=9)
Unwilling to take tests (n=3)
Unable to walk (n=6)

Allocation

Follow-up visit
(6th week )

FIGURE 2 | Flowchart of the pilot study. CPX, Cardiopulmonary exercise test; MLHFQ, Minnesota Living with Heart Failure Questionnaire.
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TABLE 1 | Baseline characteristics of 18 participating patients. TABLE 1 | Continued
All Intervention Control All Intervention Control
n=18 n=8 n=10 n=18 n=8 n=10
Demographics Diuretics, n 10 (56) 3(38) 7 (70)
Age, years 68 + 10 67 +5 70 +£13 Digoxin, n 5 (28) 3(38) 2 (20)
Male, n 17 (94) 8 (100) 9 (90) Calcium antagonists, n 4 (22) 1(13) 3(30)
BMI, kg/m? 23+ 3 23+ 3 24+ 3 Anticoagulant, n 3(17) 0(0) 3(30)
Smoking

Results are presented as mean + SD or n (%).
Never smoke, n 9 (50) 5(63) 4 (40) BMI, Body Mass Index; NYHA, New York Heart Association; EF, ejection fraction;

Previous smoker, n 7 (39) 2 (25) (50) HFrEF, heart failure with reduced ejection fraction;, HFmrEF, heart failure with mid-
Ouent smoker, 200 109100 G ieus conay nienenton. D, mpéntabe cardoverer catoreton,
Marital status CRT/CRT-D, cardiac resynchronization therapy/with defibrillator; V-/A-, ventricular-or
Married, n 17 (94) 8 (100) 9 (90) atrial-; COPD, chronic obstructive pulmonary disease; ACEI/ARB, angiotensin-converting
. enzyme inhibitors/angiotensin receptor blocker.
Widowed, n 1) 0(0) 1(10)
Education
Primary or less, n 6 (39) 3(38) 3(30) Inc., Armonk, New York, USA). p < 0.05 was considered
High school or above, n 12 (67) 5(62) 7(70) statistically significant.

NYHA class
NYHAIL, n 9 (50) 5(63) 4 (40) RESULTS
NYHAI, n 9 (50) 3(39) 6 (60)

LVEF class A total of 322 individuals were identified. After exclusion of
HFYEF (EF < 40%), n 9.(50) 5(69) 4 (40) obvious exclusion criteria, such as contraindications to exercise
HFmrEF (EF 40-49%), n 402 00) 4(40) or exercise test, not in the clinice}lly .st.able stage, 47 (14.6%) were
HFOEF (EF > 50), n 508 369 220) approache.d a.nd screened for E%hgl.blllty, and .3§ (77%) m.et pre-

Cardiac interventional procedure/surgical treatment defined criteria. They were all invited to part1c1PaFe in this pilot

study and half of them (n = 18) refused to participate. Reasons
PCl, n 1161 6(79) 5(80) were as followed: distance to the hospital (n = 9), unable to walk
Pacemaker, n 4(2) 19 8(30) (n = 6), and unwilling to take the tests (n = 3). Female were more
IGD, n 10 0(0) 1010 likely to refuse participations in our study (72.2% of the refused
CRT/CRT-D, n 1) 00 1010 participants). Finally, a total of 18 (50% of those eligible) patients
Valvular surgery, n 1(6) 1(13) 000 agreed to participate and were then randomized (Figure 2).
Repairment of V-/A-septal 1(6) 1(13 0(0) Baseline characteristics of the included participants are shown
defect, n in Table 1. The majority of the participants were male (94%) with

Comorbidity a mean age of 68 (SD: 10). Clinically, half were NYHA Class II,

Average comorbidities per patient, mean 4 + 2 540 341 and the other half were NYHA Class I1I; 9 (50%), 4 (22%), and 5
Goronary heart diseases, n 13 (72) 8 (100) 5 (50) (28%) patients had reduced, middle-ranged, and perceived LVEEF,
Hypertension, n 11 61) 6(75) 5 (50) respectively. Beta-blockers were used by 89% of the participants.
Atral fiorilation/futter, 1 633) 38) 330) The intervention and control groups were comparable on all

_— demographic and clinical characteristics, expect for history of
Myocardial infarction, n 3(17) 2 (25) 1(10) .

‘ coronary heart disease.

Stroke (Ischemic), n 2(11) 2 (25) 0 (0)
Hyperlipoidemia, n 5(28) 3(38) 2 (20) High Fidelity to Intervention
Type2-Diabetes, n 116 569 6(€0) Participants involved in the BESMILE-HF program regarding
Hyperuricemia, n 1161 5(63) 6 (60) the self-reported home exercise and attendant rates in other
COPD/Asthma, n 16 1039 00) scheduled sessions are shown in Figure 3. Our results showed

Current cardiac relevant medications that the BESMILE-HF program was feasible with relatively high
ACEI/ARB, n 17 (94) 7(88) 10(100)  adherence. As a home-based EBCR program, the intervention
Beta-blockers, n 16 (89) 8(100) 8 (80) group demonstrated good compliance with the required
Aldosterone blockades, n 16 (89) 7(88) 9(90) exercises. On average, participants exercised 27.5 (SD: 11.4)
Statins, n 16 (89) 8 (100) 8(80) minutes/day and 5.6 (SD: 2.6) days/week for 6 weeks, reaching
Platelet anti-aggregants, n 14 (78) 8 (100) 6 (60) both the general required daily exercise time (30 min/day)

and exercise frequency (5 days/week), respectively (Figure 3).
(Continued) ~ Moreover, the total home-practice times (mins) had a significant
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BESMILE-HF
Baduanjin Eight-Silken-M wlth Self- Efficacy building for Heart Failure
Exercise course| Evaluation 1 Home-based Baduanjin self-exercise based on exercise log Evaluation 2
Last for 120 min | Last for 40~60 min - Exercise time: [ 27.5 minutes per day, 5.6 days per week | Last for 30~60 min
e mlc, el - Exercise time was associated with initial self-efficacy for exercise [ r=0.831, p=0.011 ] el s
[ 75 1% [ 100 % [ 87.5 1%
)
" 3
Participants Ed = Consultation i “ =
involvement ) qcatloq 0n§u t‘mon. 00 M
. Last for 90 min Last for 10~30 min Last for 20~50 min
in the attend rate attend rate m ttend rat
attel ate atte! rate { 4 atiend rate
BESMILE- [ 87.5 1% [ 100 ]% AR [ 875 1%
HF program ‘o
Self-efficacy building strategies
Self-efficacy for exercise: [ SEE scores increased significantly in the intervention group (MD: 2.3 points, 95%CI: 0.7, 3.9) |

FIGURE 3 | Participants involvement in the BESMILE-HF program (n = 8). Participants’ involvement in the BESMILE-HF program regarding the self-report home
exercise and attendant rates in other scheduled sessions are shown in red. The intervention group had done the required home exercises and total home-practice
time was significantly related to baseline self-efficacy. SEE, Self-efficacy for exercise; MD, mean difference.

positive relationship with their baseline self-efficacy scores (r =
0.831, p = 0.011).

In terms of other part of the BESMILE-HF program, all
patients participated in the Baduanjin course which lasted for
about 120 minutes and their performances were confirmed by
the professional coach, except for 2 patients who preferred
to learn the exercise via the video (attendance rate: 75%).
All patients took the education course at baseline and at 6th
week except one patient (overall attendance rate: 87.5%). All
patients underwent baseline evaluation-session which included
the collection of general assessments as well as individual
cardiorespiratory data of Baduanjin exercise performance, except
for two patients had only the general assessment data. All patients
participated to the baseline consultation-session which mainly
includes development of exercise prescription. For the closure
evaluation- and consultation- sessions, all patients participated
except one who died within 6-week (attendance rate: 87.5% for
both sessions).

Effects of the BESMILE-HF Program

In terms of the exercise capacity, the control group demonstrated
a significant decline in VOjpeqc (MD: —2.6, 95% CI —4.3
to —0.9), whereas, the BESMILE-HF group maintained their
exercise capacity (MD: —1.2, 95% CI —1.2 to 0). Although the
between-group difference was not statistically significance, there
was a clear clinical improvement in the BESMILE-HF group (1.5
mL/kg/min, 95% CI: —0.3 to 3.2 vs. minimal clinically important
difference of 1 mL/kg/min; Table 2.1).

After 6 weeks, SEE scores improved significantly in the
BESMILE-HF group [mean difference (MD): 2.3, 95% confidence
interval (CI) 0.7-3.9, p = 0.014; Table 2.2], but decreased slightly
in the control group (MD: —0.9, 95% CI —3.2 to 1.4, p = 0.377;
Table 2.2). When comparing the score changes between the two
groups, a significant difference was found (MD: 3.2; 95% CI
0.6-5.9, p = 0.004).

For other clinical outcomes, no significant differences
between groups, for either post-intervention values or changes,
were observed for: most of the echocardiography parameters
(Table 2.3); biomarkers such as NT-proBNP and hsCRP
(Table 2.4); balance/mobility as measured by Timed up-and-
go test (Table2.5); quality of life (Table2.6), or status of
depression/anxiety (Table 2.7).

Safety of the BESMILE-HF Program

Throughout the pilot RCT, no adverse events related to the
intervention were captured. However, we documented several
MACEs during the study period, one patient in the BESMILE-
HF group died due to heart failure exacerbation, and two
patients from the control group experienced acute heart failure
exacerbation resulting in hospitalization.

DISCUSSION

The findings of this pilot study support the feasibility of the
contextually adapted BESMILE-HF program using traditional
Baduanjin exercise for patients with CHF in China. The
BESMILE-HF program was well-received by patients. As a home-
based EBCR program, the intervention group demonstrated
exceptional compliance with the required exercises. We also
found that one’s initial self-efficacy had a positive effect on
the total exercise time. More importantly, intervention can
improve participants’ exercise self-efficacy and may have benefit
on exercise capacity.

The BESMILE-HF program’s feasibility is primarily attributed
to its in-home nature and the use of traditional Baduanjin
exercise. According to a recent consensus statement on EBCR
delivery in low-resource settings, safe, equipment-free, low-cost,
and easy-to-implement exercise modalities provide the most
practical options for Chinese settings (16). Compared to other
low-cost outdoor activities such as walking, biking, running, and
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TABLE 2 | Clinical outcomes in each group and between-group comparison (n = 18).

Outcomes Control Intervention P-value®
Baseline 6th week Baseline 6th week
1. CPX parameters
Exercise test time, seconds 399 (309.8, 408.3) 329 (253, 419) 501 (400.8, 538.5) 404 (387, 488) 0.902
Wordload, watt 66 (53.3, 77.8) 70 (53, 85) 82.5 (65.8, 89.3) 82 (80, 85) 1
RER 55.5 (43.7, 59.5) 52.2 (40.3, 67.1) 60 (53.5, 68) 62.6 (62, 65.4) 1
VOoat, mL/kg/min? 1(1,1.1) 1.1(1,1.9 1.1(1,1.2) 1.1(1,1.2) 0.165
VOopeak, ML/kg/min? 10.9 (8.9, 14.1) 9.7 (6.1, 11.6)° 12.9 (11, 13.6) 11(10.3, 12.1) 0.128
VOopeak %opred, % 14.3(10.2, 17.4) 13.6 (8.6, 15.2)° 15.9 (15.1, 16.8) 14.3 (13.6, 16.4) 0.295
HRR, bpm? 54.4 (49.4, 62.2) 47.6 (30.7, 51.7)° 59.2 (56, 62.6) 59.2 (50.6, 61.1) 0.128
Peak O, pulse, mL/beat? 29.5(14.5, 42.5) 25 (11, 34) 35 (25.3, 47) 26 (16, 40) 0.097
Ve/VCOy, slope® 8.1(7, 10) 7 (6.4, 9° 8.9 (7.6, 10.7) 10 (7.7, 11.1) 0.805
dVO,/dWR, mL/min/W? 32.7 (29.1,41.2) 36.7 (33.3, 42.9)° 32.9(24.3,35.9) 33.6 (28.2, 35.4) 0.073
FEV1 %pred, %2 7.4(6.3,8) 8.3 (4, 8.8) 7 (5.5, 8.7) 10.3 (9.4, 11.4)¢ 0.165
MWV %pred, %? 71 (60.8, 83.3) 68 (56, 87) 74 (54.5, 85) 78 (63, 82) 0.053
2. Self-efficacy for exercise
SEE? 3.9 (3.1, 6.6) 4.3(2.7,5.1) 3.5(1,6.8) 7.2 (4, 9.9 0.04
3. Echocardiography
LVEF, %? 41 (35, 47.8) 36.5 (34, 39.5) 34.5 (30.5, 50) 45 (36, 53) 0.281
FS, %? 24 (19.5, 30) 19 (17, 22.5) 21(17.3,28.8) 27 (18, 29)¢ 0.04
SV, mL/bit? 80 (64, 83.5) 82.5(63.8, 92.8) 66 (57.8, 86.8) 83 (70, 97) 0.165
LVEDD, mm? 60 (51.8, 63.5) 64 (59, 67.5) 60 (49.5, 70) 59 (51, 67) 0.281
PASP, mmHgP 31 (19, 45) 26 (20.3, 36.5) 31(25.8, 43.9) 27 (25, 32) 0.536
4. Biomarkers
NT-proBNP, pg/L° 1,177 (717.8, 2351) 872.9 (489.7, 4191.5) 1,346 (268.5, 2686.3) 703 (289, 1062) 0.397
hsCRP, mg/L° 5.4(1.1,10.8) 6.2 (1.8, 15.9) 2.4(0.5,5.7) 1.6 (1, 4.4 0.694
Total cholesterol, mmol/L 4.3 (3, 4.6) 3.7 (3.3, 4.2) 4.2 (8.5, 4.4) 4.1 (3.6, 4.7) 0.072
LDL-C, mmol/LP 2.4(1.7,3) 22(1.7,2.7) 2.4(22,29) 2.7(1.9,3) 0.336
HDL-C, mmol/L? 1.2(0.8,1.6) 1.1(0.8,1.6) 1(1,1.2) 1(0.9,1.3) 0.152
Triglycerides, mmol/LP 1.3(0.6, 1.8) 1.1 (0.7, 1.5) 15(1.1,2.2) 12(1,1.7) 0.536
Hemoglobin, g/L? 130.5 (124.3, 141.8) 137 (127, 147)° 134 (125.5, 142) 135 (131, 142) 0.731
5. Exercise performance
Timed-Up and Go, seconds® 8.1 (6.5, 10.8) 8.6 (7.8, 10.7)° 7.1(6.6,9.8) 7.7 (6.9, 8.7) 0.094
Left-hand grip strength, kg? 28.6 (20.8, 35.5) 28.7 (22, 37.3) 29.7 (23.5,32.2) 31.2(26.1, 33.1) 0.536
Right-hand grip strength, kg? 31.8(22.9, 37.6) 27.6 (23.9, 35.3) 29.9 (26.4, 33.1) 27.4 (23.6, 27.5)° 0.397
6. Quality of life
MLHFQ total score® 20.5(13.8, 65.5) 16.5 (3.3, 23.5) 12.5(5.5,31.9) 12 (1, 26) 0.779
EQ-5D-VAS score? 80 (73.8, 90) 86.5 (80, 98.8) 85 (64.8, 93.8) 75 (70, 100) 0.232
7. Depression and anxiety status
HADS-anxiety score® 1.5(1,7) 1(1,3) 0.5 (0, 3) 1(0, 6) 0.867
HADS-depression score® 1(1,3) 2.5(1,5.5) 1(0, 6) 00,1 0.072

Continuous data are summarized as median and interquartile range (IQR).

CPX, cardiopulmonary exercise test; RER, respiratory exchange ratio; METs, metabolic equivalents; VOza:, 0Xygen uptake at AT; VOopeak, peak oxygen uptake; HRR, heart rate reserve
1 min post exercise; Ve/VCOo, minute ventilation-carbon dioxide production; dVO,/dWR, the rate of increase in VO relative to work rate;FEV1 %pred, percentage of predicted value
of forced expiratory volume in 1 min; MVV %pred, percentage of predicted value of maximum voluntary ventilation; LVEF, Left ventricular ejection fraction; FS, fractional shortening;
SV, stroke volume; LVEDD, left ventricular end-diastolic diameter; PASF, pulmonary artery systolic pressure; NT-proBNP, N-terminal B-type natriuretic peptide; hsCRF, high-sensitivity
C-reactive protein; LDL-C, low density lipoprotein-cholesterol; HDL-C, high density lipoprotein-cholesterol; MLHFQ, Minnesota Living with Heart Failure Questionnaire; EQ-5D-VAS,
EQ-5D-visual analog scale; HADS, Hospital Anxiety and Depression Scale; SEE, Self-efficacy for exercise questionnaire.

aHigher value more favorable.

b1 ower value more favorable.

°p < 0.05, refers to the comparison with baseline using Wilcoxon signed-rank tests.

9p < 0.05, refers to the comparison with the control group using Mann-Whitney U test at the 6th week.

€Comparison was conducted for the change from baseline to the 6th week in the intervention group vs. control group was conducted using the Mann-Whitney U test.
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swimming, a home-based modality might be a more attractive
and sensible option for optimal EBCR flexibility, given the fact
that one-third of Chinese HF patients had difficulty or were
unable to leave their homes due to their symptoms (17). In
addition, Baduanjin exercise is an adaptable form of exercise that
can be practiced in any place, and at any time. It also requires no
special equipment and is not time-consuming. Hence, it is easy
to be incorporated into daily routines.

Generally, adherence to exercise programs is low among CHF
patients, which may limit its effect on clinical outcomes (18). In
practice, self-efficacy plays a crucial role in adherence (19). In this
study, a statistically significant positive relationship was found
between baseline self-efficacy scores and individual exercise time.
This result is supported by emerging literature in which self-
efficacy is reported as the dominant factor in exercise uptake
and maintenance among the CHF population (20). Therefore, it
is reasonable to assume that the BESMILE-HF program might
increase participants’ adherence and maintenance of exercise
compliance over time.

It is important to highlight that there was a significant
improvement in self-efficacy score in the intervention group,
but not in the control group. The between-group difference
was found to be statistically significant, even within the context
of this pilot study. However, the lack of periodic contact with
doctors or nurses in the control group could have resulted
in bias since the frequent contact with rehabilitation staff
may explain some of the improvement in the intervention
group. Nevertheless, a recent RCT reported that the 16-week
Baduanjin training could improve self-efficacy for managing
chronic diseases in community-living adults, such as increased
confidence to mitigate fatigue, physical discomfort/pain, and
emotional distress, and to be able to accomplish various tasks and
activities (21). Our results also dovetail with previous evidence
which shows that Tai Chi, a similar style of exercise, can improve
CHEF patients’ self-efficacy (22).

Self-efficacy is defined as “the perceived confidence in the
ability to take successful action and perform a specific task.”
It is centered on four core elements: “role modeling,” “positive
feedback;,” “performance accomplishment;” and “recognition
of problems and problem-solving” (23). In the BESMILE-HF
program, specific adherence strategies for each of the four
elements of self-efficacy were adopted and delivered as adjuncts
to the Baduanjin exercise. Examples include an exercise course
with an initial demonstration of exercise techniques by a
coach and a graphic exercise brochure (role modeling); an
evaluation session with feedback on Baduanjin performance and
a weekly phone-call follow-up to review the progress by cardiac
nurses (positive feedback); an exercise log to record individuals’
own daily home-exercise (performance accomplishment); an
educational course about disease management in daily life
(recognition of problems and problem-solving).

The BESMILE-HF program is a complex intervention with
several interacting components. This means that there will be
a certain number of behaviors required by those delivering
or receiving the intervention, as well as difficulties. Moreover,
flexibility and tailoring of the intervention was permitted, as
ensuring strict fidelity to a protocol may have been inappropriate.

Evaluations of clinical outcomes are often undermined by
problems such as delivery of the intervention, recruitment and
retention, and smaller-than-expected effect sizes (24). Our small
sample size was under-powered to reach a statistically significant
effect on clinical outcomes such as VOjpeq. However, there
was a favorable trend with a clinically significant difference
between two groups at the week 6 follow-up. In addition,
our research team has recently confirmed that Baduanjin
training intensity fulfilled ACSM’s recommendations for bodily
stimulation resulting in physiologically oriented outcomes
(25). Moreover, previous studies have reported that Baduanjin
improves exercise capacity (26-31). Therefore, the benefits
of Baduanjin on exercise capacity should be expected from
continued practice. Of note, Baduanjin can also be practiced in a
sitting-form. Hece, for those patients with orthopedic limitations
or other concomitant illness, the clinicians can also proposed this
exercise to their patients to practice at home.

LIMITATIONS

As with all studies, there are potential limitations to note.
Firstly, the generalizability of the results might be limited by
the characteristics of the included patients: NYHA II and III
CHEF patients who are relatively young and suffer from heart
failure of mild-moderate severity. However, we still believe that
our main findings described above are mostly applied to other
parts of China. This is because the demographic and clinical
characteristics of the study participants are similar to the those
CHEF patients undergoing a cross-sectional survey in Guangzhou
(32) and in China as a whole (17). In addition, although we only
recruited CHF patients with NYHA classification of II or III, the
findings on Baduanjin intensity also apply to CHF patients in
general. This is because patients with NYHA classification of II
or III account for 83% of the HF patients in the stable stage in
this setting (17). Secondly, 94% of the pilot study population was
male. Sex has been showed to be an influencing factor in the
change of VO,p,cq and time spent on exercise (18, 33). Additional
studies should strive to include an equal distribution of men and
women. Thirdly, due to the nature of the intervention, blinding
of patients and implementors was impossible. Trials with
inadequate blinding are likely to exaggerate treatment effects,
especially with regard to subjective results (such as SEE) and
with participants with knowledge of traditional Chinese culture
(34). However, we have blinded outcome assessors to minimize
the detection bias. Fourthly, although the intervention group
completed the required home exercises as reported through
exercise logs, it should be noted that self-reported practice
exercise tends to be overestimated (20). Assessing and ensuring
adequate levels of intervention adherence is a challenge in most
self-directed home-based interventions. However, self-reported
exercise records, because of their ease of use, remain one of the
most common tools for recording exercise data (20). Future, full-
scale clinical trials should consider use of objective data collection
methods to validate self-reported exercise data. Finally, given
the scope of the pilot study and limited resources, the sample
size was small. Therefore, the pilot RCT was not powered to
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test efficacy. However, the primary aim of the pilot study is
to explore intervention feasibility, such as the recruitment rate,
data collection process, and retention rate. Moreover, this small
size study can still provide us some information regarding the
preliminary efficacy of this intervention, as there is no data
available regarding the BESMILE-HF program.

CONCLUSION

This pilot study indicates that the BESMILE-HF program using
traditional Baduanjin exercise, is feasible for patients with
CHF in the Chinese setting. This practice may also increase
patients’ long-term adherence to exercise by improving exercise
self-efficacy. Its potential benefits on clinical outcomes need
confirmation with a larger sample size and a longer follow-
up period. A full-scale RCT has been launched to determine
the efficacy and safety of the BESMILE-HF program in patients
with CHF.
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Background: Treadmill exercise testing (TET) is commonly used to measure exercise
capacity. Studies have shown that cardiopulmonary exercise testing (CPET) is more
accurate than TET and is, therefore, regarded as the “gold standard” for testing maximum
exercise capacity and prescribing exercise plans. To date, no studies have reported the
differences in exercise capacity after percutaneous coronary intervention (PCl) using the
two methods or how to more accurately measure exercise capacity based on the results
of TET.

Aims: This study aims to measure maximum exercise capacity in post-PCl patients and
to recommend exercise intensities that ensure safe levels of exercise.

Methods: We enrolled 41 post-PCl patients who were admitted to the Cardiac
Rehabilitation Clinic at the First Medical Center, the Chinese PLA General Hospital, from
July 2015 to June 2016. They completed CPET and TET. The paired sample t-test
was used to compare differences in measured exercise capacity, and multiple linear
regression was applied to analyze the factors that affected the difference.

Results: The mean maximum exercise capacity measured by TET was 8.89 + 1.53
metabolic equivalents (METs), and that measured by CPET was 5.19 £+ 1.23 METs.
The difference between them was statistically significant (o = 0.000) according to the
paired sample t-test. The difference averaged 40.15% =+ 2.61% of the exercise capacity
measured by TET multiple linear regression analysis showed that the difference negatively
correlated with waist-hip ratio (WHR).

Conclusion: For the purpose of formulating more accurate exercise prescription,
the results of TET should be appropriately adjusted when applied to exercise
capacity assessment.

Clinical Trial Registration: http://www.chictr.org.cn/ number, ChiCTR2000031543.

Keywords: cardiac rehabilitation, exercise test, coronary artery, exercise prescription, aerobic exercise
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INTRODUCTION

Reasonable cardiac rehabilitation (CR), especially exercise
training can effectively reduce heart-related symptoms
in post-percutaneous coronary intervention (post-PCI)
patients, improve long-term prognosis, and reduce the
probability of recurrent myocardial infarction or unscheduled
revascularization (1-3). The most important aspect of exercise
training is identification of appropriate exercise intensity
depending a lot on maximum exercise capacity, so as to
accurately instruct patients with cardiovascular disease how
to exercise safely. There are many ways to measure exercise
capacity, including the 6-min walk test and treadmill exercise
testing (TET). When patients are instructed to return to daily life,
levels of exercise capacity correspond to various daily activities
(4-6). It has been revealed that cardiopulmonary exercise testing
(CPET), a method that accurately measures oxygen and carbon
dioxide metabolism, measures true oxygen uptake and estimates
maximum exercise capacity more accurately. Therefore, it is
considered the “gold standard” for testing maximum exercise
capacity and prescribing exercise plans (7, 8).

However, in most developing countries, CPET is not common,
and doctors had to use the results of ordinary TET to
estimate the maximum exercise capacity, so as to formulate
exercise prescriptions for post-PCI patients (9). In developed
countries, despite the decline in the use of TET for clinical
purposes in recent years, there are still examples of exercise
capacity estimation through it (10). Actually, ordinary TET lacks
synchronous gas metabolism monitoring and can only estimate
the exercise capacity at various stages. Moreover, the results
estimated by different TET protocols were inconsistent (11). It
has been pointed out that exercise capacity estimated by TET
is greater than that measured by CPET (12-14). Consequently,
using TET results to formulate exercise prescription may pose a
risk of recommending exercise intensity that exceeds the patient’s
actual capacity and increase the risk of cardiovascular events.

Nevertheless, the similarities and differences between CPET
and TET in evaluating the maximum exercise capacity in
the post-PCI patients remain largely unknown. An in-depth
study on the conversion relationship between TET and CPET
would provide accurate, objective values for medical institutions
without CPET, thereby improving the safety of post-PCI patients
during exercise training. Therefore, the present study employed
CPET and TET to measure the maximum exercise capacity
of post-PCI patients and to examine the conversion factor
relating the two means, so as to provide a basis for the
assessment of relatively actual exercise capacity of post-PCI
patients and the formulation of accurate exercise prescriptions,
thereby improving the safety of exercise prescription.

MATERIALS AND METHODS

Subjects

A total of 41 patients were selected from those admitted to the
Cardiac Rehabilitation Clinic, Chinese PLA General Hospital,
from July 2015 to June 2016. Inclusion criteria include chronic

coronary syndrome confirmed by coronary arteriography, status-
post-stent implantation. Exclusion criteria were as follows:
(1) acute myocardial infarction (within 2 days); (2) high-
risk unstable angina pectoris; (3) uncontrolled symptomatic
arrhythmia or hemodynamic instability; (4) decompensated
symptomatic heart failure; and (5) mental or physical handicaps
or inability to cooperate during exercise.

The study was approved by the ethics committee of the
Chinese PLA General Hospital and registered in Chinese clinical
trial registry (ChiCTR2000031543). All subjects gave written
informed consent. The whole study conforms with the principles
outlined in the Declaration of Helsinki.

Clinical Data Collection and Preparation

We established a clinical database to record basic information
such as age, sex, height, and weight of all subjects. We calculated
the body mass index (BMI) and waist-hip ratio (WHR) and
recorded in detail the time of PCI treatment, the number
of stents implanted, coexisting diseases such as hypertension,
diabetes, and hyperlipidemia, and medications such as pB-
blockers, angiotensin-converting enzyme inhibitors/angiotensin
receptor blockers (ACEI/ARB), statins, diltiazem, and nitrates.
Patients were asked not to eat within 3h before starting the
exercise testing; however, they could drink an appropriate
amount of water. The subjects were asked to wear comfortable
and suitable clothes, shoes, and socks. Other strenuous exercise
was to be avoided within 24 h of exercise testing, and medications
such as B-blockers, calcium antagonists, and nitrates should be
held until immediately after the testing. All patients underwent
CPET first, and then TET 1 week later, from which the relevant
results were recorded.

Cardiopulmonary Exercise Testing

A cycle ergometer (CS-200, Schiller, Obfelden, Switzerland) was
adopted as the exercise device. Calibration was performed before
each testing. The calibrated gases were as follows: 4% CO,,
16% O, and N; (the balance). A ramp protocol was applied
to identify the symptom-limiting maximum exercise load. The
specific protocol was as follows: 0 W: rest for 1 min; 0 W: warm-
up for 2 min; the treadmill intensity started at 5 W. Thereafter, the
intensity for men was ramped up at 25 W/min and for women it
was 20 W/min. The speed was maintained at 60-70 rpm until
the maximum exercise load was reached (i.e., no more exercise
could be performed because of dyspnea or fatigue of the legs
or the whole body, or rotational speed decreased to <50 rpm).
The recovery phase intensity was 0 W until the heart rate, VO,
VCO,, and other indicators returned to baseline, whereupon
testing was terminated. The measured METs was calculated using
the following equation: METs = peak VO,/3.5.

Treadmill Exercise Testing

Submaximal exercise testing was carried out according to the
Bruce protocol using the exercise treadmill (T2100, GE Medical
Systems, Milwaukee, W1, USA). The specific protocol began at a
gradient of 10% and a speed of 1.7 mph. At the end of each stage,
the gradient increased by 2%; the speed increased to 2.5, 3.4, 4.2,
5.0, and 5.5 mph for the subsequent stages. The patient exercised
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Screened for eligibility(n =81)

Excluded (n=40)

Not meeting inclusion criteria (n= 32)

Declined to participate (n= 8

Cardiopulmonary exercise test (n=41)

Treadmill exercise test

(n=41)

Data analysis (n = 41)

FIGURE 1 | Flow diagram of the participants.

at each grade for 3 min until the maximum exercise load was
reached, then entered the recovery state and gradually decreased
to grade I, grade 0, and warm-up (1.6 mph, 0%), with each grade
being 2 min apart. The testing was terminated when heart rate,
VO,, VCO,, and other indicators return to baseline. The patient’s
subjective level of exertion was qualified using the Borg 6-20 scale
which is a simple method of rating perceived exertion (RPE) (6
means about 20% while 20 means exhaustion). The MET value
was estimated by a software (GE Cardiac Assessment System
for Exercise Testing, Milwaukee, WI, USA) using the following
equation: METs = [3.5 + 26.8 % 0.1 * (speed in mph) + (speed in
mph) % 26.8 * (% gradient) * 1.8]/3.5.

Statistical Methods

Statistical analysis was performed using SPSS version 23.0(IBM
SPSS Statistics for Windows, New York, USA). Quantitative
variables were first tested for normality. Those following normal
distribution were expressed as mean =+ standard deviation (x
=+ ), whereas those that were not were expressed as median
and interquartile range. The qualitative data were expressed
as ratio or percentage. The paired t-test was used to compare
the indicators of the two tests in the same patient. p < 0.05
determined statistical significance. Finally, count data were
graded/classified, assigned values, and then converted into binary

variables for statistical analysis (while excluding outliers) and
multiple linear regression analysis. The variables were screened
using a stepwise screening method.

RESULTS

General Clinical Data

A total of 41 subjects were enrolled in the study (Figure 1),
patient characteristics are displayed in Table 1. All patients had
undergone PCI revascularization before, of which 25 (61.0%)
were due to acute myocardial infarction and 16 (39.0%) were
due to unstable angina pectoris. The median number of stents
implanted was 2 (1-4), and the median time between CPET and
the last PCI was 6 (2.25-12 weeks). None of the patients had any
discomfort such as chest pain 2 weeks before the test. in addition,
biochemical and cardiac ultrasound indicators indicated that the
disease was in a stable state.

Comparison of the Termination of Treadmill
Exercise Testing and Cardiopulmonary
Exercise Testing

All 41 subjects completed CPET and TET. During the interval

between the two tests, no patients had angina pectoris attacks or
respiratory symptoms. In the TET, all patients stopped the testing
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TABLE 1 | Subject characteristics (n = 41).

TABLE 2 | Comparison of the two kinds of exercise testing.

Variables Mean + SD or
median (P25, P75) or
percentage
Male 34 (82.9)
Female 7(17.1)
Age (years) 56.2 +9.2
Height (cm) 169.4+7.6
Weight (kg) 753+ 11.1
BMI (kg/m?) 262+29
Waist-hip ratio 0.78 +0.36
Smokers (%) 14 (34.1)
Previous myocardial infarction 25 (61.0)
No. of stenotic coronary arteries
1 29 (70.7)
2 8(19.5)
3 4(9.8)
No. of stents 2(1,4)
The time between CPET and the latest PCI (weeks) 6 (2.25, 12)
Coexisting disease
Hypertension 25 (61.0)
Diabetes 11 (26.8)
Hyperlipidemia 26 (63.4)
Medication
B-Blocker 27 (65.7)
ACEI/ARB 11(26.8)
Stain 38 (92.7)
Diltiazem 4(9.8)
Nitrates 20 (48.8)

Biochemical indicators (reference range)

BNP (pg/ml) 270.1 + 275.7 (0-150)
Cr (mol/L) 80.7 + 16.9 (30-110)
TnT (ng/L) 0.02 + 0.03 (0-0.1)
CK-MB (ng/ml) 3.89 + 4.19 (0-6.5)
TG (mmol/L) 3.78 £ 0.93 (3.1-5.7)
LDL (mmol/L) 2.21 £0.74 (0-3.4)
Cardiac ultrasound indicators (reference range)

LVEF (%) 58.1 £+ 7.6 (50-70)
LVIDd (mm) 46.3 + 4.6 (37-53)
IVSd (mm) 10.7 £ 1.3 (8-11)
Regional wall motion 14 (34.1)

BMI, body mass index; ACEI/ARB, angiotensin converting enzyme inhibitor/angiotensin
receptor blocker; LVEF, left ventricular ejection fraction,; LVIDd, left ventricular diastolic

dimension; IVSd, interventricular septal thickness.

after reaching the target heart rate, of which 87.8% (36/41) had
negative results, 7.3% (3/41) had suspiciously positive results, and
4.9% (2/41) had positive results. In the CPET, 97.6% (40/41) of
the 41 subjects terminated the testing because of fatigue, and very
few terminated the testing because of chest distress (2.4%, 1/41).
During the testing, only one patient had ST-segment changes
(2.4%, 1/41). At the end of the testing, the mean Brog score of the
subjects was 15.08, and the mean maximum amount of exercise
reached 5.19 METs.

CPET TET t-Value p-Value
METmax 5.19+1.23 8.89 + 1.53 14.51 0.000
HRmax 126.22 £ 21.16 127.11 £ 13.08 -0.20 0.842
HRrest 70.56 + 9.83 74.75 £12.98 1.98 0.056
ASBP 53+ 19 39+ 19 -3.15 0.003
ADBP 9+ 14 11 +£32 3.54 0.001

CPET, cardiopulmonary exercise testing; TET, treadmill exercise testing; MET, metabolic
equivalent; HR, heart rate; SBF, systolic blood pressure; DBF, diastolic blood pressure.

Comparison of Exercise Capacity
Measured in Treadmill Exercise Testing and

Cardiopulmonary Exercise Testing

The subjects showed a mean maximum exercise capacity of 8.89
METs during the testing (Table 2). There was no significant
difference in maximum heart rate during the two testing (p
= 0.842); however, there was a significant difference in the
maximum exercise capacity (p = 0.000). Figure2 lists the
maximum exercise capacity of all 41 patients. It can be seen that
the maximum exercise capacity measured by TET was generally
greater than that of CPET. The percentage of the METs measured
by CPET to that estimated by TET averaged 59.85 =+ 2.61%, with
a confidence interval of 54.56-65.13%.

Factors Affecting the Difference in METs
The exercise capacity measured in the CPET was less than that
of the TET, and the percentage of the difference in terms of
treadmill exercise capacity averaged 40.15 £ 2.61%. Multiple
linear regression analysis of the factors affecting the difference
suggested that the difference of METs was related to WHR but
was not significantly associated with age, sex, BMI, B-blockers,
ACEI/ARB, statins, diltiazem, or nitrates (Table 3). The specific
relationship is shown in the following regression equation:

Y1l = —1.591X1 + 5.088

where Y1 represents the maximum MET difference in the
exercise capacity between the two testing, and X1 represents the
WHR. From the equation, it can be seen that there is a negative
correlation between MET difference and WHR.

When the dependent variable is changed to the percentage
of MET difference in terms of treadmill exercise capacity, and
the independent variable remains unchanged, the results of
multiple linear regression analysis were similar to those of the
previous results. The percentage of MET difference in treadmill
exercise capacity was negatively associated with WHR; however,
it was not significantly associated with age, sex, BMI, B-blockers,
ACEI/ARB, statins, diltiazem, or nitrates (Table 4). The specific
relationship is shown in the following equation:

Y2 = —16.244X2 + 54.847

where Y2 is the percentage of MET difference in treadmill
exercise capacity, and X2 is WHR.
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FIGURE 2 | Exercise capacity measured by the two tests for each patient. Solid dots refer to the METs calculated by treadmill exercise test for each patient, and open
squares refer to the METs measured by cardiopulmonary exercise test.

TABLE 3 | Regression estimation 1.

Model B Std. Error B t Sig.
Constant 5.088 0.640 7,953 0.000
Waist-hip ratio —1.501 0.739 0.356 —2.153 0.039
TABLE 4 | Regression estimation 2.

Model B Std. Error B t Sig.
Constant 54.847 5.882 7,953 0.000
Waist-hip-rate —16.244 6.796 —0.389 —2.153 0.023
DISCUSSION

The present study is the first of its kind to measure the conversion
factor between exercise capacity in post-PCI patients using CPET
and TET, and we got two functions to estimate a more accurate
MET by TET result.

We found a significant difference in maximum exercise
capacity between CPET and TET in the same subject within
1 week. The estimated value in TET is likely to be greater
than the actual value measured in CPET; in our study, the
measured MET averaged (59.85 £ 2.61%) of the estimated
value. Recent evidence demonstrated exercise capacity plays an
important role for the prognosis of obviously healthy people

or ill people. While 1 MET increase in exercise capacity
is considered to decrease the risk of all-cause mortality by
13% (15). Reasonable CR exercise training not only improves
the mobility and quality of life, but it also improves long-
term prognosis and reduces the probability of recurrent
cardiovascular events (16, 17). Cao et al. (18) demonstrated
that only a certain intensity of exercise could improve the
relevant parameters before and after CR. When an exercise
plan is formulated, the exercise intensity is usually set to
50-80% of the patient’s maximum exercise capacity (19).
Low-intensity exercise cannot achieve the goal of improving
cardiac function, whereas high-intensity exercise may exceed
the adaptation range of the patient’s cardiorespiratory fitness
(20). Estimation by the results of simple TET may lead to
overestimation of actual exercise capacity and therefore may
incorrectly match rehabilitation training intensity with actual
cardiac function, thereby increasing cardiovascular risk in
cardiac rehabilitation training.

The results of this study are consistent with those of
previous studies. The maximum exercise capacity measured by
TET is higher than that of CPET using a cycle ergometer
as a dynamometer (8). The stepwise power-increasing Bruce
protocol is commonly adopted in TET, while the increasing ramp
protocol is commonly adopted in CPET. According to Myers’
study, whether using treadmill or cycle ergometer, there was a
significant difference in exercise capacity in the same patient
between a stepwise increasing exercise program and a ramp
increasing exercise program (12, 21). The amount of exercise is
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thought to be proportional to exercise time, which is the basis
of the estimation formula of METs. However, the increment of
a stepwise increasing exercise program is incontinuous actually.
Post-PCI patients often suffer from cardiac insufficiency; as
a consequence, their actual ejection fraction cannot increase
linearly with the amount of exercise (20, 22, 23). Nevertheless,
the estimation of the exercise capacity in TET is based on
a linear formula. Therefore, for post-PCI patients, exercise
capacity estimated by TET may be higher than the actual
value (24). Another possible explanation might involve the
effecting muscles. Cycle ergometer exercise is more dependent
on lower limb muscles, while the handrails equipped with TET
may produce additional resistance and allocate more muscle to
work (25).

We found that the average percentage of the difference in
the METs estimated by TET was 40.15%, (95% confidence
interval: 35.03-45.27%). Multiple linear regression analysis
showed yielded a function: Y1 —1.591X1 + 5.088 (Y1
represents the maximum MET difference in the exercise capacity
between the two testing, X1 represents the WHR). Considering
the MET by TET was an estimated value, we changed the
dependent variable to the percentage of MET difference in
terms of treadmill exercise capacity and got a new function:
Y2 = —16.244X2 + 54.847. These two functions indicate that
the difference and the difference in the METs estimated by
TET both negatively correlated with the WHR. A study that
attempted to compare measured and estimated METs in TET
found that the difference had a weak positive correlation to age
(26). Considering that the main purpose of this study was to
improve the accuracy of diagnosis, the subjects of the study were
all patients with heart-related symptoms while the subjects of
our study were all patients after PCI, which may result in the
difference between the results. Some drugs routinely used after
PCI, such as pB-blockers and calcium channel blockers, may affect
exercise capacity (27, 28). All drugs were temporarily suspended
24 h before the exercise testing; nevertheless, we included them
among the independent variables for multivariate linear analysis.
We found use of these medications had no bearing on the
difference between the two testing methods or on the percentage
of the difference in the METs estimated by TET.

Given that gas measurements and analysis devices are not
common in developing countries, it is more feasible to estimate
exercise capacity using TET; however, we suggest that the results
of TET be reduced by 35-45% to be used for the consequent
exercise prescription. Previous studies have indicated that self-
assessment questionnaires such as the Duke Activity Status Index
and the Veterans Specific Activity Questionnaire can provide
a rough assessment of exercise capacity through questionnaires
regarding daily activity capacity of various magnitudes (4,
29). The combination of the two estimation methods may
improve the safety of exercise training and the accuracy of
exercise prescription.

There are limitations in the present study. Although the study
demonstrated significant different effects between two exercise
tests, the sample size was relatively small and involved only a
single center. A multicenter clinical trial with larger sample size

is on the way to further explore the differential evaluating effect
on exercise capacity of CPET and TET in post-PCI patients.

CONCLUSION

The basis of reasonable cardiac rehabilitation training for post-
PCI patients is correct assessment of exercise capacity. Even
though current international guidelines recommend CPET, when
CPET or other metabolic testing were not available, exercise
capacity can be estimated indirectly using simple TET, the results
of which should be reduced by 35-45%. Two formulas could also
be used to attain a more accurate METs. The results of this study
might supply a more accurate means of evaluating the exercise
capacity for the post-PCI patients when CPET is not available.
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Determinants and Prediction
Equations of Six-Minute Walk Test
Distance Immediately After Cardiac
Surgery

Basuni Radi’#*, Ade Meidian Ambari’?, Bambang Dwiputra'?, Ryan Enast Intan?,
Kevin Triangto ', Anwar Santoso "2 and Budhi Setianto "2

" Department of Cardiovascular Prevention and Rehabilitation, National Cardiovascular Center Harapan Kita, Jakarta,
Indonesia, ? Department of Cardiology and Vascular Medicine, Faculty of Medicine, Universitas Indonesia, Jakarta, Indonesia,
3 Adhyaksa Hospital, Jakarta, Indonesia

Background: To date, there is no reference for a 6-min walk test distance (6-MWD)
immediately after cardiac surgery. Therefore, this study aimed to identify the determinants
and to generate equations for prediction reference for 6-MWD in patients immediately
after cardiac surgery.

Methods: This is a cross-sectional study of the 6-min walk test (6-MWT) prior to
participation in the cardiac rehabilitation (CR) program of patients after coronary artery
bypass surgery (CABG) or valve surgery. The 6-MWT were carried out in a gymnasium
prior to the CR program immediately after the cardiac surgery. Available demographic and
clinical data of patients were analyzed to identify the clinical determinants of 6-MWD.

Results: This study obtained and analyzed the data of 1,509 patients after CABG
and 632 patients after valve surgery. The 6-MWD of all patients was 321.5 + 73.2m
(60-577). The distance was longer in the valve surgery group than that of patients in
the CABG group (327.75 + 70.5 vs. 313.59 + 75.8m, p < 0.001). The determinants
which significantly influence the 6-MWD in the CABG group were age, gender, diabetes,
atrial fibrillation, and body height, whereas in the valve surgery group these were
age, gender, and atrial fibrillation. The multivariable regression models generated two
formulas using the identified clinical determinants for patients after CABG: 6-MWD
(meter) = 212.57 4+ 30.47 (if male gender) — 1.62 (age in year) + 1.09 (body height in
cm) — 12.68 (if with diabetes) — 28.36 (if with atrial fibrillation), and for patients after valve
surgery with the formula: 6-MWD (meter) = 371.05 4 37.98 (if male gender) — 1.36 (age
in years) — 10.61 (if atrial with fibrillation).

Conclusion: This study identified several determinants for the 6-MWD and successively
generated two reference equations for predicting 6-MWD in patients after CABG and
valve surgery.

Keywords: 6-minute walk test, CABG, valve surgery, cardiac surgery, cardiac rehabilitation

Frontiers in Cardiovascular Medicine | www.frontiersin.org 63

August 2021 | Volume 8 | Article 685673


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.685673
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.685673&domain=pdf&date_stamp=2021-08-19
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:basuni_radi@hotmail.com
https://doi.org/10.3389/fcvm.2021.685673
https://www.frontiersin.org/articles/10.3389/fcvm.2021.685673/full

Radi et al.

6-MWD Determinants in Cardiac Surgery

INTRODUCTION

The 6-min walk test (6-MWT) is a simple, safe, and practical
sub-maximum exercise test for patients with respiratory or heart
diseases (1). It becomes an ordinary exercise test to measure the
functional capacity and to evaluate the treatment or intervention.
The 6-min walk test distance (6-MWD) can also be used as a
predictor of hospitalization and death from cardiac or pulmonary
diseases. This test is objective, independent, able to predict
peak oxygen uptake, and well-tolerated by most patients (2-4).
However, to the author’s knowledge there is still no reference for
6-MWD which could be used to compare the 6-MWD in patients
immediately after cardiac surgery.

In the case of post-cardiac surgeries, performing maximal
stress testing is still contraindicated clinically. The first
reason is the pain in the sternal region, which would then
significantly cause arm-swing reduction and thus reduce the
whole acceleration momentum during running uphill in the
treadmill test. Another identified reason is that purposefully
accelerating the heart rate after a surgery could potentially lead
to safety issues, in which the heart is still undergoing a recovery
phase. Therefore, submaximal stress testing through 6-MWT is
generally acceptable and is recommended to be done prior to
discharge in post-cardiac surgery patients. Additionally, the 6-
MWT could also serve as a functional capacity testing if the
patient could walk a distance of approximately 300 m, which
serves an equivocal of 3.5 METs, reflecting the ability to walk
and perform home activities with moderate effort. METs could
be defined as the ratio of caloric consumption in an active
person, compared to their basal metabolic rate at rest. METs are
measured in kcal/kg/hour.

Henceforth, this study is aimed to both identify determinants
of 6-MWD in patients after cardiac surgery and generate
equations for 6-MWD of patients immediately after coronary
artery bypass graft (CABG) and after valve surgery. The
secondary objectives include exhibiting the baseline comparison
between the CABG and valve surgery groups, owing to the fact
that patient characteristics would differ in these two groups. It
is then expected that these equations could be used to predict
the level of functional capacity of patients immediately after
cardiac surgery.

MATERIALS AND METHODS

This was a cross-sectional study which evaluated first 6-MWT
prior to patients’ participation in the cardiac rehabilitation (CR)
program immediately after CABG surgery or valve surgery.
Therefore, immediate 6-MWD is defined as the 6-MWT
performed at initial visit to the CR program, in which the
patients were recommended to attend CR within the first week
after inpatient discharge. This was done in order to achieve
the study aims through comparison of means and multivariable
regression analysis.

Patients
The population of this study was a cohort of patients
who registered to participate in a CR program held in the

Cardiovascular Prevention and Rehabilitation Unit of the
National Cardiovascular Center Harapan Kita Jakarta, within
January 2014 and December 2016 immediately after CABG or
cardiac valve surgeries. As for external validation of the generated
equations, we used a population group of patients immediately
after CABG and valve surgery who registered in the CR program
in the year 2018.

All patients had given complete verbal and written
information and gave written consent to participate in the
CR program, which also includes exercise stress testing. Ethical
approval for the CR patient registry was provided from the
Committee on Institutional Review Board of the National
Cardiac Center “Harapan Kita” Hospital with the following
registration number: LB.02.01/VII/536/KEP 027/2021. The CR
program and the 6-MWT in this research is a standard procedure
in the institution for all patients after cardiac surgery. Individual
data of patients were retrieved from the available medical records
for analysis.

Patients will be excluded when they have limitation of motion
that prevents them from performing physical activities such as
walking for 6 min and also pain due to multiple causes. Moreover,
since this is an analysis of secondary data, incomplete values from
the patient database will also be excluded from the study.

All of these open heart surgeries used thoracotomy approach
and cardiopulmonary bypass (CPB) machine with cardioplegia
protection technique. The CABG technique includes grafting
the left internal mammary artery to the left anterior descending
artery or its main branches and grafting the saphenous vein from
the aorta to the other coronary branches. Meanwhile, valvular
surgery technique includes valve repair or valve replacement
using a mechanical valve or a bio-prosthesis valve.

The prevalence of atrial fibrillations (AFs) in the samples
was obtained through electrocardiography (ECG) that has
been performed during either their pre-exercise or pre-
operative setting. Any new AFs identified would warrant further
examination before admission into the CR and thus were not
included in this registry.

6-Minute Walk Test

After being registered, the patients attended a pre-participation
orientation for the CR program, medical assessment, and
educational session and performed the 6-MWT when no
contraindication was observed. Extracardiac conditions
that hinder active walking, such as acute pain, and
neuromusculoskeletal disabilities are classified as relative
contraindications to 6-MWT.

The 6-MWT were carried out once before the participation in
the CR program in the gymnasium with a standardized protocol
at a 30-m gymnasium corridor (1).

The patients were instructed to walk as far as possible within
6 min. Standard verbal encouragement was gently provided. The
remaining time was announced every minute, and every 15s
within the last minute. The patients could stop walking if any
symptoms appeared, such as severe dyspnea, dizziness, fatigue,
angina, or severe skeletal muscle pain; afterwards they could
resume walking as soon as possible until the 6-min test time
is attained. Additionally, the test will also be halted when the
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Borg rating of the perceived exertion scale is 15 out of 20,
allowing the patient to rest and thus ensuring that these tests
are performed on submaximal state. Their heart rate and rhythm
were monitored using ECG telemonitor, while distance was
recorded in meters.

Most patients attend the CR 1 week after discharge, and due
to these relatively fast timings of CR initiation, the patients were
instructed to perform 6-MWT only once. This was done in order
to avoid over-exhaustion in these patients, as most patients tend
to not resume daily activities before attending the CR program.
Although some patients had performed 6-MWT pre-discharge
when possible, these data were not included in this study, as
these were done only to allow clinicians to prescribe better
lifestyle modifications prior to CR participation and achieve
better functional goals.

Statistical Analysis

The demographic data, atherosclerotic risk factors, body
height, body weight, left ventricle ejection fraction (LVEF),
heart rhythm, length of stay during hospitalization, current
medications, 6-MWD, and other relevant data of the CR program
were retrieved for the analysis. The distribution of numeric
data was evaluated with the Kolmogorov-Smirnov test and
expressed with mean =+ standard deviation when normally
distributed and median (minimum-maximum) when the data
are non-parametric.

The available data of 6-MWD of all the patients were used to
identify the determinants of 6-MWD and to generate equations
of 6-MWD reference either in the CABG group or in the valve
surgery group.

Variables with p-value < 0.1 in univariable analysis that were
seen correlated with 6-MWD (ejection fraction, body height,
and body weight) were included in the multivariable regression
model to analyze the magnitude of influence of the variables to
the 6-MWD.

All multivariable regression analysis assumptions were
checked before inclusion into the final model. For the
assumption, linear relationship between independent and
dependent variables was tested by Pearson correlation and
linear regression test, multicollinearity by correlation coefficient
below 0.7, autocorrelation by calculated Durbin Watson test,
standardized residual normal distribution by Kolmogorov-
Smirnov test, and homoscedasticity of variance by Levene’s test
of equality of error variances.

The equations were generated from the model using
determinants which significantly related with 6-MWD. For the
comparison with healthy persons, we used a predictive equation
for reference value of 6-MWD which was generated from a study
by Zou et al. (5), who used a similar procedure with this study
and from an Asian ethnic population.

For internal validation, we used the original population
(year 2014-2016). Meanwhile, for external validation, we used
a similar population group of patients after cardiac surgery
who registered in the CR program in the year 2018 which
consisted of 412 patients after CABG and 324 patients after
valve surgery.

TABLE 1 | Baseline characteristic of patients after cardiac surgery.

Variables Total CABG surgery Valve P

(n =2,141) (n = 1,509) surgery

(n =632)

Age, years 53 (16-80) 58 (20-80) 43 (16-71)  <0.0012
(median)
Male gender, n (%) 1,613 (75) 1,291 (86) 323 (51) <0.001¢
Systolic BP 109 (72-197) 112 (72-197) 106 (73-172)  <0.0012
(median)
Diastolic BP 65 (32-99) 66 (32-99) 65 (40-99) 0.1212
(median)
Body height, cm 163 164 (138-185) 161 <0.0012
(median) (135-185) (135-183)
Body weight, kg 58 (29-120) 66 (30-115) 53 (29-120)  0.0012
(median)
Diabetes, n (%) 702 (32.7) 665 (44) 37 (5.8 <0.001¢
Dyslipidemia, n (%) 846 (39.5) 813 (54) 33(6.7) <0.001¢
Smoker, n (%) 903 (42.2) 804 (53) 99 (18.9) <0.001°
LVEF, % (median) 58 (12-93) 56 (12-81) 60 (18-93) <0.0014
ECG with AF, n (%) 298 (13.9) 34 (2.3) 264 (41.7) <0.001¢
Length of stay, day 9+4.9 9+5 9+438 0.488°
(mean)
6-MWD inmeters  321.5+73.2 313.6+758 327.84+70.5 0.001°
(mean)

Values are mean + SD, median (minimum-maximum) or frequency (%). CABG, coronary
artery bypass graft; BR, blood pressure; LVEF, left ventricle ejection fraction; ECG,
electrocardiography; AF, atrial fibrillation; 6-MWD, 6-min walk test distance; p, for
comparison between the CABG surgery group and the valve surgery group.
aMann-Whitney U-test.

bindependent t-test.

©Chi square test.

The mean difference was tested using Student’s ¢-test for
normally distributed variables and Mann-Whitney test if proven
otherwise. Pearson’s product moment correlation coefficient was
applied to test the correlation between predicted and observed
6-MWD in the original population and in the other population
from year 2018. A Bland-Altman plot was also used to describe
the variance of difference and the limit agreement of difference
between predicted and observed 6-MWD by plotting the mean
difference against the observed 6-MWD.

RESULTS

Clinical Characteristics of the Patients

A total of 2,302 patients registered consecutively to participate
in the exercise-based CR program; among those, the data of
161 patients were incomplete, accruing for 127 CABG patients
and 32 valve surgery patients being excluded from the study.
Therefore, this study consisted of 2,141 patients with complete
data who underwent 6-MWT after CABG surgery (n = 1,509) or
after valve surgery (n = 632) in January 2014 to December 2016.
The patients were hospitalized for 9 & 5 days for their surgical
procedures. Most of the patients were male (75%), with normal
systolic function (median left ventricle ejection function 58%)
and sinus rhythm (86.1%) on their ECG.
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FIGURE 1 | Distribution of 6-MWD of patients after cardiac surgery. 6-MWD, 6-min walk test distance.

The 6-MWTs were carried out prior to the exercise program
without adverse event. The baseline characteristics (Table 1)
revealed a comparable length of stay between groups. However,
the patients in the CABG group were older and male dominant,
had lower ejection fraction and lower prevalence of AF, but had
a higher prevalence of co-morbidities regarding atherosclerotic
risks as compared to the patients in the valve surgery group.

6-Minute Walk Test Performance

The mean 6-MWD of all patients was 321.5 + 73.2m, which
ranged from 60 to 488 m as seen in Figurel. It was 57.4 £
12.8% (range: 13-91%) of the predicted reference distance of the
healthy population (5). It could be evidently seen that post CABG
subjects had lower 6-MWDs as compared to those after valve
surgery (313.6 &= 75.8 vs. 327.8 £ 70.5, p = 0.001).

In multivariable regression analysis, we entered the
variables which were assumed to have influence on functional
capacity, and variables from univariable analysis which
significantly correlated with the 6-MWD with p < 0.1
(Supplementary Table 1). This analysis revealed that gender, age,
diabetes status, body height, and heart rhythm were significantly
related with 6-MWD in the patients after CABG; meanwhile,

for patients after valve surgery, slightly variable differences were
observed in gender, age, and heart rhythm.

Predictive equations of 6-MWD in both patient
groups were generated from the determinants (Table2)
and were seen to be significantly related with
6-MWT (p < 0.05).

For the patients after CABG, the equation is as follows:

6 — MWD(in meters) = 212.57 — 1.62(age in year)
+1.09(body height in cm) + 30.47(if male gender)
—12.68(if with diabetes) — 28.36(if with atrial fibrillation)

And for the patients after valve surgery, the equation is as follows:

6 — MWD(in meters) = 371.05 — 1.36(age in year)
+37.98(if male gender) — 10.61(if with atrial fibrillation)

Internal and External Validation

We applied the equation to calculate predicted 6-MWD and
compared the result with the observed 6-MWD in the original
population (2014-2016) and in the population from 2018 for
internal and external validation. The comparison seemed to
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TABLE 2 | Multivariable linear regression model of 6-MWD post cardiac surgery.

CABG surgery

Valve surgery

Model Unstandardized coefficients P Unstandardized coefficients P
B Standard error B Standard error

(Constant) 212.57 49.55 <0.001 371.05 9.99 <0.001
Male gender 30.47 5.19 <0.001 37.98 5.57 <0.001
Age —-1.62 0.23 <0.001 —1.36 0.22 <0.001
Diabetes —12.68 3.59 <0.001 - - -
Body height 1.09 0.29 <0.001 - - -
AF —28.36 11.05 0.027 —10.61 5.60 0.049
Adjusted R? 15.3% 14.6%

ANOVA p-value <0.001 <0.001

Durbin Watson 2.040 2.087

Standardized residual Kolmogorov-Smirnov 0.342 0.479

Levene’s test equality of error variances 0.751 0.848

This multivariable regression model explained 15.3 and 14.6% of 6-MWD after CABG and valve surgery, respectively. Homogeneity of residual and homoscedasticity assumption by

Kolmogorov-Smirnov test and Levene’s test are fulfilled (p > 0.05).

6-MWD, 6-min walk test distance, CABG, coronary artery bypass graft; gender, male = 1, female = O; age, year; diabetes, no = 0; body height, cm; AF, atrial fibrillation = 1; sinus

rhythm = 0.

TABLE 3 | Comparison between predicted and observed 6-MWD for internal and
external validation.

Population Mean observed Mean predicted P-value
(year) 6-MWD 6-MWD
CABG 2014-2016 313.59 313.23 0.87
2018 337.28 331.89 0.11
Valve surgery 2014-2016 327.75 327.91 0.93
2018 328.13 326.70 0.59

p-value of difference between observed and predicted 6-MWT distance. 6-MWD, 6-min
walk test distance.

show no significant difference between predicted and observed
distances (Table 3).

The correlation scatter plot for each population and each
group are presented in Figure 2; Pearson’s product moment
correlation shows significant result (p < 0.05) with coefficient
correlation approximately 30-40%. The Bland-Altmann plot
(Figure 3) also shows that the average differences between
predicted and observed 6-MWD is close to 0 for the CABG group
and the valve surgery group (0.36 and —0.16 m, respectively),
which indicates no significant difference between the predicted
6-MWD from the equations and the observed 6-MWTdistance.

The upper and lower limit variance agreement of the
difference in this study was between —103.95 and +104.67 m
for the CABG group and between —118.86 and +118.34m for
the valve surgery group. There was a tendency of proportional
bias with bigger difference variance at lower and higher
observed 6-MWD.

DISCUSSION

This study was conducted in an institution where the number of
cardiac surgeries was the largest in the country. In this institution,

the 6-MWT was used as the main functional capacity test before
commencing or after finishing the early phase II of the CR
program, with exceptions if the medical assessment indicated
that the patients could safely perform maximum exercise stress
test. The 6-MWT is selected because it is a safe, easy to perform,
suitable, and reliable test for the patients after cardiac surgery or
heart failure or patients who are unable to perform maximum
treadmill or ergocycle test (6-8). Additionally, the 6-MWT also
has a good correlation with measured oxygen uptake (VO,)
(2, 9), so that it could be used to obtain a predictive value when
cardiopulmonary exercise testing is unavailable. Besides those
reasons, the patients in the institution register early to the CR
program after the surgery (within the first week after hospital
discharge) when a maximum exercise test is more challenging
to perform.

This study has a mean 6-MWD that was 57.4 = 12.8% of the
predicted distance of the healthy population reference (5), which
indicates a reduced functional capacity after cardiac surgery
compared with the normal population. But when these values
were compared to similar patients, it would be challenging to
grade their functional capacity as there are still no available
reference. From our knowledge, there are no published studies
regarding the minimum clinically important difference (MCID)
in 6-MWD after cardiac surgery. However, as these results were
compared to a study by Spertus et al. (10) about 6-MWD MCID
for chronic heart failure patients for moderate decline of global
rating of change scale (mean 6-MWD of 90 m), majority (78%
for the CABG group, 82% for the valve surgery group) of the 6-
MWD differences between the predicted and observed distances
in our population are still below the MCID limit mentioned.

Reduced functional capacity, as observed in this study, is a
common condition in patients after cardiac surgery especially
in older age and in women when measured using 6-MWT
or direct gas analysis (11). Presumably, it might be caused
by the summative effect of existing chronic diseases, the
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impacts of surgical procedure (chest and leg discomfort due
to the surgical wound), long-term coronary artery disease
(systolic or diastolic dysfunction), pulmonary hemodynamic
changes due to valvular heart diseases, previous speed of
habitual walking or cultural aspects related to lifestyle, mood,
attitude, and motivation of the patients or technicians (2,
12). However, it is evident that there will be a significant
increase of functional capacity after the comprehensive CR
program (13). This functional capacity reduction cannot be
interpreted whether they are higher or lower for patients
after cardiac surgery, since there is no available reference.

Ultimately, the equations from this study can be used
to grade a patient’s functional capacity after CABG or
valve surgery.

The baseline characteristic of the patients in the CABG group
and the valve surgery group were different (Table 1). In the
CABG group, the patients were significantly older, and they had
more atherosclerosis risk factors such as diabetes mellitus, being
an active smoker, dyslipidemia, higher systolic blood pressure,
and body weight. Meanwhile, in the valve surgery group, the
mean ejection fraction is higher than in the patients in the CABG
group, and they had more incidences of AF. The 6-MWD soon
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after surgery was also longer in the valve surgery group than
in the CABG group. This condition is caused by the nature
of the different processes between coronary artery disease and
valvular disease.

The univariable analysis revealed that female gender, older
age, and lower body height, together with AE were related
to shorter 6-MWD early after CABG and heart valve surgery.
Diabetes also had a negative effect on 6-MWD soon after CABG
but not for the valve surgery group.

The multivariable linear regression analysis revealed that in
patients of the CABG group, the determinants of the prediction
equation were gender, age, body height, diabetes, and AF.
Meanwhile, for the valve surgery group, the determinants were
gender, age, and AF. Our prediction models explained only
approximately 15% (R?) of the observed variation of 6-MWD
after surgery, which is moderately satisfactory.

The strongest predictor of 6-MWD in this study was gender,
followed by heart rhythm (AF or sinus). The influence of
gender group on the 6-MWD in our study is consistent with
previous studies in the healthy population (12, 13). However,
our finding differs from a study of Oliveira et al. where gender
was not the determinant variable of the predicted 6-MWD after
cardiac surgery (14). This difference might be caused by the
difference in the population characteristic and ethnicity, where
in the previous study mentioned the population comprised
non-Asian patients.

Several studies revealed some determinants probably
influenced functional capacity early after surgery such as CPB
time, type of surgeries, previous functional capacity, body mass
index, age, gender, or co-morbidity (11, 14, 15).

It is important to have a 6-MWD reference from various
groups of patients to compare and to consider whether a
value resulting from a measurement is within normal range
or subnormal. This study successfully generates two reference

equations for 6-MWD for patients after cardiac surgery
(CABG or valve surgery) which can be used for a similar
population group.

The limitation of this study is that the data only came from
a single center, so that additional data from other centers in
the country must be collected to establish a national reference,
including the 6-MWD reference for healthy persons. There
were no data regarding the patient’s functional capacity prior
to the surgeries so that their functional capacity improvements
as the direct effect of surgeries could not be explored. Another
limitation is that the predicted functional capacity measurement
is very much affected by individual motivation and other
psychological factors, which were beyond the scope of the current
study. However, from the authors’ knowledge, this is the first
study about reference equation prediction models of patients
after cardiac surgery in an Asian population with satisfactory
internal and external validation. Further studies could then
revolve among other determinants which were not discussed yet
in this study, in which the current discovered formula could be
used as a baseline and thinking foundation in more advanced
future studies.

CONCLUSION

In conclusion, several determinants for the 6-MWD were
identified, and two reference equations for predicting 6-MWD in
patients after CABG and valve surgery were generated. Regarding
patient characteristics, CABG is performed on older subjects,
males, and more prevalent on diabetes; on the other hand,
the prevalence of AF seems to be significantly higher in the
valve surgery group. Although different variables are seen to
influence 6-MWT in these two groups, the male gender seems
to be the strongest predictor in both groups, while older age
and AF were negative predictors. Additional exclusive predictors
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were seen in the CABG group; these include higher body
height as a mild positive predictor and presence of diabetes
as a negative predictor. It is expected that the equations
generated in this study would assist clinicians in predicting
the level of functional capacity of patients immediately after
cardiac surgery.
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Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China, ° Department of
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Background: Heart failure (HF) is one of the major causes of mortality worldwide,
representing the terminal stage of several cardiovascular diseases. Exercise-based
rehabilitation is a beneficial therapy for patients with chronic heart failure (CHF). However,
there is a lack of specific guidance on clinical decision-making regarding optimal exercise
intensity. It is necessary to optimize the clinical recommendations for HF exercises. We
will evaluate the efficacy and safety of different aerobic exercise intensities in patients
with heart failure with reduced ejection fraction (HFrEF): the HF-El trial. This trial aims to
assess the appropriate exercise intensity for patients with HFrEF.

Methods: After a baseline assessment to determine the safety of exercise, 180
patients will be randomly assigned to supervised high-intensity exercise training (ET)
group, supervised moderate intensity training (MIT) group, and control group at a ratio
of 1:1:1. Patients randomly receiving high intensity training (HIT) undergo supervised
ET (8 times/week, 30min) for aerobic endurance at 70% peak oxygen consumption
(peak VOo) intensity for 12 weeks. The MIT patients will perform supervised aerobic
ET (3 times/week, 35-42 min) at the anaerobic threshold (AT) intensity for 12 weeks.
The control group will continue to maintain their daily activities and will not receive
ET. During the baseline and follow-up period, physical examination, laboratory tests,
cardiology diagnostic tests, cardiopulmonary exercise tests (CPET), 6-min walk distance
(BMWD), scale scores, exercise steps, medications, and clinical events will be monitored.
Throughout the research, sport bracelets and patient diaries will be used to monitor and
record overall physical activity, training courses, and compliance.
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Discussion:

The HF-EI trial will evaluate the effects of different aerobic exercise

intensities on peak VO,, quality of life (QoL), and clinical events among patients with
HFrEF. The findings of this trial will provide a basis for formulating exercise prescriptions

for patients with HFrEF.

Clinical Trial Registration: http://www.chictr.org.cn/, identifier: ChiCTR2000036381.

Keywords: exercise intensities, HFREF, randomized controlled trial, anaerobic threshold, exercise training

INTRODUCTION

Chronic heart failure (CHF) is a severe and end-stage
manifestation of several cardiovascular diseases. It is a syndrome
with a high hospitalization rate, high disability rate, and high
mortality rate, causing an economic and social burden on families
(1). According to statistics, there are 64.3 million heart failure
(HF) patients worldwide. In developed countries, the prevalence
of adult HF is 1-2% (2). The China Hypertension Survey
(CHS) showed that 1.3% of Chinese people aged >35 years, or
an estimated 13.7 million individuals had HF (3). At present,
there are many treatment option [s]s for HE including general
therapy, medication, and non-drug treatment (4). Despite active
exploration of new medical and non-drug treatments for HF,
the final effect is still unsatisfactory. The challenges facing HF
intervention include optimizing HF treatment and reducing
overall costs associated with long-term management.

Exercise training (ET) is a safe and effective treatment for
HF. As shown in previous randomized controlled trials, it can
significantly improve exercise capacity and quality of life (QoL)
(5). Furthermore, ET is associated with reductions in mortality
and hospitalization and recommended in the current guidelines
on CHF management (6).

A massive amount of evidence suggests that ET is beneficial
for patients with HF (7-16). A study by Belardinelli et al. in
2012 showed that exercise rehabilitation for up to 10 years
could significantly reduce the readmission rate and the risk of
cardiovascular death (17). A Cochrane review in 2019 found that
exercise-based cardiac rehabilitation (CR) may have little effect
on short-term all-cause mortality but may improve long-term

Abbreviations: 6MWD, 6-min walk distance; 6MWT, 6-min walking test; AT,
anaerobic threshold; BMI, body mass index; CHE chronic heart failure; CHS,
China hypertension survey; CPET, cardiopulmonary exercise testing; CR, cardiac
rehabilitation; ECG, electrocardiogram; eGFR, estimated glomerular filtration
rate; ESC, European Society of Cardiology; ET, Exercise training; ExTraMATCH,
Exercise Training Meta-Analysis of Trials in Chronic Heart Failure; GAD-7,
General Anxiety Disorder-7; HE heart failure; HF-EI trial, the efficacy and
safety of different aerobic exercise intensities in patients with heart failure with
reduced ejection fraction; HFrEE, heart failure with reduced ejection fraction;
HIT, high intensity training; ICD, implantable cardioverter-defibrillator; LVEE, left
ventricle ejection fraction; MET, metabolic equivalent; MIT, moderate intensity
training; MLHFQ, Minnesota Living with Heart Failure Questionnaire scores;
NT pro-BNP, N-terminal prohormone of brain natriuretic peptide; NYHA, New
York Heart Association; Peak VO,, peak oxygen consumption; PHQ-9, the
Patient Health Questionnaire-9; QoL, quality of life; RCT, randomized controlled
trial; RR, relative risk; SPIRIT, Standard Protocol Items: Recommendations for
Interventional Trials.

all-cause mortality (>12 months follow up).CR probably reduces
overall hospitalization rates in the short term (6).

However, data from the Exercise Training Meta-Analysis of
Trials in Chronic Heart Failure (ExTraMATCH) II trial with at
least 3 weeks of ET in HF showed that exercise-based CR had no
significant effect on the risk of mortality and hospitalization in
heart failure with reduced ejection fraction (HFrEF) (18).

Studies on the effects of exercise-based CR on the mortality
and hospitalization rate of patients with HF show conflicting
results, possibly attributed to differences in exercise pattern,
exercise intensity, patient population selection, compliance, and
follow-up time. All factors, especially exercise intensity, may
affect the endpoint effect. Therefore, further research is needed
to determine optimal exercise intensity to reduce the mortality
and HF hospitalization rate.

Since the 1980s, numerous studies have demonstrated the
safety and effectiveness of moderate intensity training (MIT)
(19, 20). However, recent data suggest that high intensity training
(HIT) may offer some advantages over MIT (21-32). Within
a specific intensity range, exercise intensity is proportional to
the effect. However, higher exercise intensity is associated with
higher risk, and a higher need for adjusted to ensure safety
and effectiveness in patients with HF. The mainstream sports
rehabilitation model in developed countries of Europe and the
United States is based on rehabilitation centers and ET under
electrocardiogram (ECG) monitoring. A 12-week, three times a
week treadmill exercise is used as a classic exercise prescription
(33). The advantage is that it considers the efficacy and safety
of ET, providing tremendous benefits to patients with HF in the
short term. Keteyian et al. found that a moderate amount of
exercise (3-7 metabolic equivalent hours per week) in patients
with HF reduces the risk of clinical events, and within this
range, an increase in the amount of exercise is associated with
increased benefits (34). Swank et al. also obtained similar results.
After exercise rehabilitation in patients with HE, increased peak
oxygen consumption (peak VO,) was associated with improved
prognosis (35).

According to the grading standards for exercise intensity
proposed by the 2020 European Society of Cardiology (ESC)
Guidelines on sports cardiology and exercise in patients with
cardiovascular disease, the anaerobic threshold (AT) intensity is
moderate, 70% PeakVO; intensity is high intensity (36). We will
design a three-arm randomized controlled experiment to explore
the effectiveness and safety of moderate exercise intensity (AT
intensity) in the treatment of HFrEF. The HIT (70% PeakVO,
intensity) group served as the active control group, and the
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daily activity group served as the placebo control group. Mainly
compare MIT and HIT, or MIT and daily activities, and explore
the dose-effect relationship of exercise intensity on changes in
clinical outcomes through regression analysis. We assume that
MIT has a greater impact in the main results than HIT and
daily activities.

We will evaluate the efficacy and safety of different aerobic
exercise intensities in patients with HFrEF: the HF-EI trial.
This study is the first multicenter randomized controlled trial
(RCT) on the effects of different aerobic exercise intensities in
patients with HFrEF in China. By collecting data on exercise
capacity and exercise rehabilitation, we will evaluate the clinical
efficacy of exercise-based CR in Chinese patients with HFrEF.
Finally, suitable exercise intensity will be recommended for
the popularized HFrEF aerobic exercise program for Chinese
patients with HFrEF.

The primary objective of the HF-EI trial is to investigate
the effects of different exercise intensities on exercise capacity
and quality of life in patients with HFrEF. As secondary
objectives, the HF-EI trial will evaluate AT oxygen uptake, 6-
min walk distance (6MWD), left ventricle ejection fraction
(LVEF), N-terminal prohormone of brain natriuretic
peptide (NT pro-BNP), the Patient Health Questionnaire-9
(PHQ-9), General Anxiety Disorder-7(GAD-7), all-cause

mortality, HF hospitalization, major cardiovascular events, and
adverse events.

METHODS/DESIGN

Design

This will be a multi-center, parallel, three-group RCT to
evaluate the efficacy and safety of MIT for HFrEF. Eligible
participants will be randomly assigned to the HIT intervention
group receiving a 12-week supervised training sessions (70%
PeakVO, intensity) plus usual medications, MIT intervention
group receiving a 12-week supervised training sessions (AT
intensity) plus usual medications, or a control group receiving
only the usual medication and maintain daily activity. This
study has a 12-week intervention and a 12-month follow-up
period. Figure 1 shows the study design flow chart. This protocol
follows the Standard Protocol Items: Recommendations for
Interventional Trials (SPIRIT) guidelines and fulfills the SPIRIT
checklist (Supplemental File 1); A SPIRIT checklist is provided
in Figure 2 (37).

Setting and Participants
The HF-EI trial aims to recruit 180 stable HFrEF patients in three
study sites (Tongji Hospital Affiliated to Tongji University,

Exclude:-not meeting inclusion criteria

Patients with heart
failure

Screen and enroll eligible

-Meeting exclusion criteria

Exclude:-do not want to enter

participants.

e |

Informed and consent

I

Baseline evaluation

I

CT.

HIT,3/w 30min 12w
Usual medication

MIT,3/w 35-42min 12w
Usual medication

physical examination, exercise steps, medication, and clinical events.(4,8week)
physical examination, laboratory tests, cardiology diagnostic tests,
cardiopulmonary exercise test, MWD, scale scores, exercise steps, medication
and clinical events (12 week).clinical events (4-12month).

Allocation Daily actwn_tles.
Usual medication

Follow up

Analysis

Primary outcome
Second outcome

Efficacy and safety

FIGURE 1 | Flow chart of the study. RCT, randomised controlled trial; HIT, high intensity training; MIT, moderate intensity training.
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Yueyang Integrated Traditional Chinese Medicine and
Western Medicine Hospital Affiliated to Shanghai University of
Traditional Chinese Medicine, and Longhua Hospital Affiliated
to Shanghai University of Traditional Chinese Medicine) in
China and apply standard therapy in accordance with the
ESC HF guidelines. We have predefined a set of inclusion and
exclusion criteria (Table 1) to ensure the feasibility and safety
of ET. The main method of recruiting patients is to screen the
patients on-site when visiting a doctor.

Randomization and Allocation

We will use a block- randomization, stratified in groups for
center to assign participants to the high- intensity exercise
group, moderate- intensity exercise group and the control
group in a 1:1:1 ratio. For the hierarchical random assignment
operation, the statistical unit responsible adopted the SAS version
9.2 statistical software (procedure ’PROC PLAN’) to complete
program writing and randomization operations. The random
distribution results will be released through the network of
a central random distribution system. The results of random
allocation will be managed by a person designated by the
research group, and the results will be executed independently
by clinicians. Due to the interventional study design, blinding
is impossible for patients and clinical operators. However, the
examiners, researchers collecting data on outcome indicators,
data managers, and statisticians will be blinded.

Intervention and Control

The training program of intervention groups and the control
group is shown in Figure 2. The HF-EI trial aims to ensure
that patients receive appropriate and stable guide-based care
before entering the trial. Throughout the trial, the three groups
of patients will receive the usual medications, monthly follow-
ups and the same number of visits. This study has a 12-week
intervention and a 12-month follow-up period. All interventions
and follow-ups will be completed by doctors (obtained a licensed
physician qualification) in the Heart Rehabilitation Center.

Control Group

Patients in the control group will continue to maintain their daily
activities (daily activities monitor the number of exercise steps
through a sport bracelet) and will not provide additional ET.

Intervention Group

Patients randomized to receive HIT or MIT training receive 36
supervised training sessions, thrice weekly, in addition to usual
care for 12 consecutive weeks of aerobic ET. Patients will be
regularly encouraged to exercise on other days. The duration
of each exercise session in the high intensity training group
is 30min, and the duration of each exercise session in the
moderate intensity training group is 35-42 min. It is estimated
that the high intensity training group and the moderate intensity
training group have similar energy expenditure (38, 39). Table 2
summarizes the training program for the HF-EI trial. Participants
who have serious adverse clinical events during the intervention
will immediately stop the intervention measures and withdraw
from this clinical study.

TABLE 1 | HF-El trial inclusion and exclusion criteria.

Inclusion criteria

. Aged 18 to 75 years old

. BMI 18-30 kg/m?

. LVEF<0.4

. NYHA Il

. Clinical symptoms are stable for at least 2 weeks

o O~ W N =

. The dose of angiotensin-converting enzyme inhibitor/angiotensin receptor
antagonist/angiotensin receptor enkephinase inhibitor, beta-blocker,
aldosterone inhibitor and other drugs was stabilized for at least 2 weeks.

7. Written informed consent.

Exclusion criteria

1. Have a history of heart implant device in the last 6 weeks, or have a heart

implant device plan or heart transplant plan within the next 12 months

2. Acute coronary syndrome within 6 weeks

3. Severe valvular heart disease, congenital heart disease, severe hypertrophic

obstructive cardiomyopathy, acute myocarditis/pericarditis, intracardiac
thrombosis, primary pulmonary hypertension, perinatal cardiomyopathy,
thyroid heart disease;

4. Implanted pacemaker with no frequency response function, or set the

discharge threshold of ICD lower than the heart rate during exercise.

5. Contraindications to exercise training: uncontrolled hypertension (systolic
blood pressure >200 mmHg and/or diastolic blood pressure >110 mmHg);
Severe arrhythmias such as ventricular tachycardia, frequent multi-source
premature ventricular beats, high atrioventricular block and significant QT
interval prolongation occurred during exercise test.

. Progressive dyspnea or loss of exercise endurance in the last 3-5 days at rest;

. Myocardial ischemia under low power exercise load (<2MET, or <50W);

. Uncontrolled diabetes;.

. Recent embolism;

0. Thrombophlebitis;

1. New atrial fibrillation or atrial flutter, etc., and other conditions not suitable for

sports training;

- 4 © o N O

12. Severe liver and kidney dysfunction, liver function more than three times the

normal value, eGFR <30 mL/min/1.73 m2;

13. Currently suffering from severe mental illness, severe respiratory disorders,
severe hematological diseases, severe nervous and neuromuscular
diseases, severe metabolic and endocrine diseases, malignant neoplasms,
severe autoimmune diseases, complicated with systemic infections and

other acute systemic diseases.

14. Other clinical studies have been included to influence the results of

this study;

Women who are pregnant or preparing to become pregnant, and women
who are breastfeeding;

15.

16. The researchers determined that the patients were not suitable for the study.

BMI, body mass index; LVEF, left ventricular ejection fraction;, NYHA, New York Heart
Association; ICD, implantable cardioverter-defibrillator; MET metabolic equivalent; eGFR,
estimated glomerular filtration rate.

Adherence

Adherence refers to the degree to which trial participants
comply with the intervention plan. Patients need to complete
at least 66% of possible supervised training courses before
consideration for treatment. The HF-EI trial uses several
methods to promote compliance. First, researchers and trainers
should regularly encourage patients randomized to ET to
participate in supervised training courses. Second, a diary is
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TABLE 2 | Training program.

Group Intervention
Frequency Duration Intensity Form
High intensity training group 3 times per week 30min 70% peak VO, Centre-based rehabilitation: treadmill.
Home-based cardiac rehabilitation: walk.
Moderate intensity training group 3 times per week 35-42 min AT Centre-based rehabilitation: treadmill.

Control group Daily activities.

Home-based cardiac rehabilitation: walk.

peak VO,, peak oxygen consumption; AT, anaerobic threshold.

used to track patient attendance and training to monitor patient
compliance throughout the trial.

Outcome Measures

The primary outcome for the HF-EI trial is the change in peak
VO, and Minnesota Living with Heart Failure Questionnaire
scores (MLHFQ)after 12 weeks. We choose the common primary
outcomes in order to obtain the comprehensive effect of different
exercise intensities on HFrEF treatment. Aerobic exercise has a
well-known positive effect on patients with HFrEF in exercise
capacity and quality of life, and peakVO; is an important
indicator for evaluating the prognosis of HF (22, 40).

Secondary outcomes included, AT oxygen uptake, 6MWD,
LVEE NT pro-BNP, PHQ-9, GAD-7, all-cause- mortality,
hospitalization events for HE, major cardiovascular events, and
adverse events.

The test indicators require patients to be measured at the
hospital rehabilitation center. The test details are as follows:

Cardiopulmonary Exercise Testing(CPET)

According to the recommendations of international guidelines,
CPET will be performed before randomization to determine
exercise safety in patients. We will evaluate patient exercise
endurance using CPET peak power, exercise duration, peak
oxygen uptake, and AT. The core laboratory trains and certifies
all researchers performing CPET before recruiting personnel.

6-min Walking Test (6MWT)

Perform 6MWT according to the guidelines of the American
Thoracic Society (41). In the room, follow a long and straight
corridor and instruct patients to walk back and forth at their
chosen walking speed. The corridor is 30 m long, with a mark
every 3 m, and turning points are marked with cones. During the
test, all patients are guided by a unified standard record.

Echocardiography

Echocardiographic images and loops will be digitally recorded
and stored on-site for analysis in an assessor-blinded reference
echocardiography core lab, using color Doppler ultrasound
diagnostic equipment, probe frequency 2.5-3.5HZ. During the
examination, the patient assumes the left lateral decubitus
position to obtain, the left ventricular long-axis view and the
left ventricular short-axis view. The sampling lines are collected
at the papillary muscle levels, the level of the mitral valve,
and the aortic root to acquire two-dimensional images and an

M-shaped spectrum. Echocardiography is repeated 12 weeks
after randomization.

Laboratory Measurements and Biobanking

After resting for at least 5min, blood samples will be collected
under standardized conditions. According to standard operating
procedures, all samples will be centrifuged immediately,
aliquoted, and stored at —80 °C. Blood tests will be performed
by a locally accredited laboratory.

Psychometric Analysis

A validated standard questionnaire will be used to assess the
quality of life at baseline with repeat assessments within 12 weeks
of patient randomization.

Data Collections
The HEF-EI research data collection process is shown in Figure 2.

Baseline Data

We will monitor the demographic data, medical history, physical
status, laboratory tests (NT pro-BNP), cardiology diagnostic
tests (LVEF), cardiopulmonary exercise tests (peak VO,, AT
oxygen uptake), SMWD, scale score(MLHFQ, PHQ-9, and GAD-
7)and medications during the baseline period. Baseline data
will be collected through outpatient consultation and medical
record review.

Outcome Assessments

Physical examination, exercise steps, medication use, and clinical
events (all-cause-mortality, hospitalization events for HE, major
cardiovascular events, and adverse events) will receive outpatient
follow-up in the 4th and 8th weeks after random assignment. At
12 weeks after randomization, physical examination, laboratory
tests, cardiology diagnostic tests, cardiopulmonary exercise test,
6MWD, scale scores, exercise steps, medication, and clinical
events will receive outpatient follow-up visits. 4-12 months after
randomization, clinical events will be followed up by telephone
every month. Both the baseline survey and follow-up will be
conducted by two physicians.

Statistical Methods

The calculation of the sample size will be based on the primary
outcome of the RCT. The sample size calculation was performed
using PASS V11.0 (NCSS Company of the United States) with the
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following calculation formula:

n=w2y K sk (K= %) /= DIk = 3)

The parameters are set to double-sided « = 0.05, 8 = 0.1, Power
= 1-B = 90%, the average difference in peak VO, of the three
groups were 0, 2, 4(ml/kg/min) and the average difference in
MLHEQ of the three groups were 2, 12, 10. The corresponding
standard difference values of peakVO, were 6, 4, 6 (ml/kg/min)
and MLHFQ were 5, 18, 16.

The parameter estimation is based on the results of previous
researches (22, 42, 43).

A total of 180 cases were required for the three groups, 60
patients in each group, considering the 20% loss to follow-up rate
and stratification factors. Because each of the primary endpoints
can be individually reflected in clinical significance. Therefore,
if one of the two primary endpoints of the intervention group
improves significantly, the study is successful.

Blinded statistical analysis will be performed by qualified
statisticians using PASW Statistics 18.0 (IBM SPSS Inc., Armonk,
New York, USA). The measurement data will be expressed as
mean = standard deviation (x % s), measurement data by ¢ test,
and count data by chi-square test. The clinical events of the
treatment groups will be statistically compared, according to the
principle of intention-to-treat. The Kaplan-Meier method will
be used to calculate the cumulative event rate. The event time
of all patients will be measured starting from the randomization
time (time zero). We will collect all available information on
clinical events until the last patient contact, including patients
who withdraw consent or those lost to follow-up. Relative risk
(RR) will be calculated using the Cox proportional hazard model.
If a sufficient number of events occur, the Kaplan-Meier curve
will be used for stratified analysis of the exercise group, and the
log-rank test will be used to test the difference in survival. The
significance level will be set at p < 0.05.

Trial Management and Quality Control
The management structure includes a trial management team, a
data monitoring committee, and a trial steering committee.

The trial management team (including two physicians and
three investigators) is responsible for the implementation of
the trial and will meet weekly to discuss the progress of the
trial. The data monitoring committee is composed of three
clinicians and two biostatisticians, and independently evaluates
the safety, scientific validity and completeness of clinical trials.
The data monitoring committee will convene a meeting before
the start of patient recruitment and once a month after the
patient begins to intervene. The person in charge of the center
monitors the intermediate results during the clinical trial. Once
serious side effects occur, the trial should be stopped immediately.
If there are significant differences in the efficacy of the three
groups (HIT group, MIT group, and control group), the trial
will be considered to be terminated. Responsibility of the test
steering committee is to approve the main research plans
and revisions, supervise the test, guide the test, and solve
the problems of the test management team. The committee

will be composed of four experts and will meet at least once
every 6 months.

Before recruitment, the entire research team needs to
participate in a training seminar. The data collected in this trial
will include questionnaire information, medical chart review and
test results. Professionals double-enter the data and store the data
confidentially in the electronic database. The person in charge
of the sub-center has the right to access the data set of the sub-
center, and the person in charge of the project has the right
to access the final data set of all the centers. Researchers and
sponsors will inform participants and other relevant personnel
of the results of the trial by publishing articles. The data quality
will be regularly checked by the research assistant and supervised
by the supervisor.

Trial Organization

Before enrolling patients, the protocol will be approved by
the relevant institutional review boards, research ethics boards,
and ethics committees of all the participating centers and the
coordination center.

The clinical trial will be conducted in accordance with local
laws. The study has been approved by Regional Committees for
Medical Research Ethics of all participating centers (2020-KYSB-
177). The study is registered at http://www.chictr.org.cn/ and the
registration number is ChiCTR2000036381. The trial started in
December 2020 and is currently recruiting.

DISCUSSION

The exercise-based CR is recommended in the guidelines for
HFrEF but is still in infancy in China, where exercise-based CR
services are rare in most regions, and the most suitable intensity
ET for HFrEF patients remains unknown. Compared with global
HEFrEF exercise rehabilitation, HFrEF exercise rehabilitation in
China started late and is still developing. Affected by factors,
such as Chinese health and medical conditions and patients’
exercise preferences, the overall level of CR in HFrEF still
has some gaps compared with foreign countries. However,
CR is a healthy behavior intervention affected by the social
environment, cognition, and humanities. Simply introducing
foreign experience cannot solve China’s practical problems. The
guidelines that are widely accepted abroad are referenced in
China, but they need to be used in conjunction with China’s
actual adjustments. In this case, China currently lacks reference
standards and effectiveness data on exercise intensity for HFrEF
rehabilitation. The results of multi-center, randomized controlled
registration studies from China are urgently needed to provide
high-quality evidence and data from China.

To our knowledge, this is the first multicenter randomized
controlled trial protocol to explore the appropriate exercise
intensity for patients with HFrEF in China. The HF-EI trial will
assess the impact of aerobic exercise intensity on the peak VO,
and QoL in patients with HFrEF. It also provides a rationale
for improving functional capacity and cardiovascular prognosis
in patients with HFrEF. We hope that this research fills the
gap in the literature and offers high-quality evidence on the
recommendations for the treatment of HFrEF.
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AT relates to the point when the exercise load increases to
a certain amount and the tissue demand for oxygen exceeds
the amount that the circulation can provide, and the tissues
undergo anaerobic metabolism to provide more energy. The
critical point from aerobic metabolism to anaerobic metabolism
is called AT, expressed as the threshold oxygen consumption
of anaerobic metabolism (VO, AT), equivalent to 50-60%
of peak oxygen consumption, and directly detected by CPET
(44). The advantages of using AT as the basis for formulating
exercise prescriptions are sub-maximal exercise intensity, which
can prevent the continuous increase of lactic acid levels,
avoid hyperventilation and shortness of breath, avoid metabolic
alkalosis, reduce the occurrence of overload on the heart and
arrhythmia, and ensure high safety. Aerobic exercise with the
intensity of the AT has protective effects on CHF, confirmed by
the literature (45). For patients with HFrEF, exercise intensity
is a range, not a point; AT belongs to sub-maximum medium
intensity. Although 70% of peakVO; is high- intensity, it is not
ultra-high intensity. This study will explore the effects of these
two different intensities.

AT intensity has not been widely accepted internationally.
This study compares the effectiveness and safety of AT intensity
and high intensity in patients with HE and aims to reflect the
superiority of AT intensity exercise. It has reference value for
other colleagues in the world.

Limitations of the study should be recognized as follows:
lost to follow-up, influencing factors including patient age,
difficulties attending appointments, concurrent illnesses,
and the nature of the intervention that made blinding
impossible. We made every effort to ensure that evaluators,
laboratory technicians and statisticians remain unaware of the
treatment allocation.

Altogether, the results of the HF-EI trial may provide
evidence on the effective delivery of a contextually adapted
exercise-based CR program in China. At the same time, it
provides evidence of AT exercise intensity for the worlds
CR field.
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In light of new evidence on the prevention of chronic diseases and the elevated rates
of overweight and obesity in Brazil and Canada, this critical review aims to interpret
and synthesize current aspects regarding dietary and physical activity initiatives in both
countries and make future recommendations. The pioneering work presented in the last
Brazilian dietary guidelines has been called a model that can be applied globally, given
its conceptualization of healthy eating that translates easily to practical guidance. The
new Canadian Food Guide has incorporated similar aspects, also putting the country
as a leader in dietary guidance. With these new recommendations, citizens in both
Brazil and Canada have access to impactful evidence-informed nutritional guidelines.
Both documents propose eating patterns that focus not only on health benefits, such
as chronic disease prevention, but also incorporate well-being concerning cultural,
economic, sociodemographic, biological, and ecological dimensions. A similar approach
is required for physical activity to allow individuals to have attainable health and life goals
and thereby fully enjoy their lives, regardless of geographical location, health status, and
socioeconomic condition, a concept recently described as physical activity security. The
wholistic dietary guidelines from both countries represent a change in paradigm in public
health. Likewise, national evidence-based policies are warranted to reduce disparities in
physical activity, allowing healthier and more active lifestyles for everyone.
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INTRODUCTION

As a result of significant improvements in health conditions
management, most populations across the world have
experienced a decrease in premature mortality related to
infectious diseases in the last century (1). At the same time,
there has been a rise in different chronic diseases and an
increase in consequent morbidity and mortality associated with
these medical conditions (2). This shift, called epidemiological
transition, is linked to societies’ progressive industrialization and
extensive automation of manual tasks. Overall, there has been
a marked reduction in the requirement for human movement
in daily activities, along with widespread availability and active
promotion of inexpensive and low-quality food around the
world (3). Consequently, in the last decades, high-income as
well as low- and middle-income countries (LMIC) have seen
their populations engaging in unhealthy lifestyle behaviors,
which represent the major cause of chronic diseases and early
death (1).

Chronic medical conditions are a leading health problem in
high-income countries, such as Canada, which has an estimated
population of 37 million people (1, 4). These medical conditions
affect LMIC in an even higher proportion—with more than
75% of worldwide deaths from such diseases occurring in these
nations (5). This is the case of Brazil, a middle-income country
with more than 200 million people, where chronic diseases are
also the leading cause of mortality (1, 6).

When the World Health Organization (WHO) launched its
global action plan for the prevention and control of chronic
diseases 2013-2020, such conditions were responsible for around
63% of worldwide deaths (7). According to the newest report,
the last decade has not seen much improvement, and this rate
is now about 10% greater (8). Part of this situation is due
to the lack of success in tackling these diseases’ risk factors,
mainly physical inactivity (usually identified when one does not
engage in at least 150 min of moderate to vigorous physical
activity (PA) per week); unhealthy diet (often characterized when
one eats less than five servings of fruits and vegetables per
day); smoking (tobacco use in any dose or route); and harmful
alcohol intake (commonly observed in irregular or chronic heavy
drinking) (3, 4, 6).

Tobacco use has received the most attention among
governments and researchers worldwide, resulting in a significant
decrease in this behavior in most countries, including Brazil
and Canada (1, 9, 10). Global alcohol intake has also had some
improvement, leading to stable levels of consumption in the
last years—a trend also observed in both the Brazilian and
Canadian populations (1, 6, 11, 12). Conversely, there has been
an increase in the prevalence of obesity across the globe, which
is directly related to unhealthy diet and physical inactivity,
thus requiring effective national and international public health
measures to tackle these burdens (1, 6, 13). In this respect,
new evidence-based documents, such as the current dietary
guidelines of both countries and the 2020 global guidelines on
PA present cutting-edge advances and along with the newly
proposed concept of PA security will be discussed in the
following sections.

According to the WHO?’s latest report, in 2016 there were
around 1.9 billion overweight adults worldwide, out of which 650
million were obese (14). While 39% of the adults across the globe
have overweight or obesity, in Brazil and Canada this combined
overweight/obesity prevalence is 55.4 and 59.8%, respectively (6,
13). As expected, according to official indicators, both countries
also face high rates of physical inactivity and unhealthy dietary
patterns. In Canada, 83.6% of adults do not engage in at least
150 min of moderate to vigorous PA per week, whereas in Brazil
this prevalence is of 44.8% of the adult population (4, 6). This
substantial difference is likely due to the lack of agreement
between the methods of assessment used in each country. In
Canada, PA was measured with accelerometers, which present
better reliability and sensitivity, whereas Brazil used self-reports,
which usually overestimate PA (15). To illustrate this difference,
Colley et al. (16) compared both methods, which were used
in a Canadian survey in 2016, showing that almost half of the
Canadian adults reported engaging in 150 or more minutes of
moderate to vigorous PA per week, whereas the accelerometer-
measured data showed that this was the case for only 17% of these
individuals. Regarding diet, 71.3% of Canadian adults and 87.1%
of adults in Brazil do not eat five or more fruits and vegetables
daily (4, 6).

Considering these realities, and in light of the new concept
of PA security as well as innovative approaches introduced in
the latest Canadian and Brazilian dietary guidelines and in the
latest WHO guidelines on PA, this critical review aims to present
and discuss current aspects regarding chronic disease prevention
in adults in Brazil and Canada. Specifically, we analyze and
synthesize current preventive approaches in terms of PA and diet
carried out in each country, with a particular focus on PA, and
make future recommendations.

PREVENTION APPROACHES IN BRAZIL
AND CANADA

Given the alarming prevalence of unhealthy diets and insufficient
levels of PA in Brazil and Canada, both countries have
implemented population health programs and protocols to
address these risk factors, including some novel initiatives (17—
20). An innovative action taken by both countries was the
update of their dietary guidelines. Brazil led the way, with their
revolutionary approach to inform healthy eating (21). Canada
followed with the launch of their new Food Guide, which
incorporated similar concepts (22). Both documents address
the context of eating rather than the usual focus on nutrients
and food groups, which was a turning point in the field of
nutrition and public health (23, 24). A common specific area
of concern relates to the science regarding the negative impact
on health from processed and ultra-processed food (22). With
such evidence, the latest version of each guide addresses the
importance of avoiding highly processed food and prioritizing
minimally processed and unprocessed options (25, 26). These
recommendations are directly aligned with the focus on chronic
disease prevention, a primary goal in both documents (17, 20).
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Without the food industry’s participation in their
development, both guidelines provide clear alternatives to
processed and ultra-processed food, using simple and direct
messaging (25, 26). Good examples are the recommendations
to eat plenty of fruits and vegetables and to have water as the
beverage of choice. Instead of the widely used nutrition-based
guides, these food-based guidelines focus on healthy eating and,
at the same time, make a direct ecological impact by encouraging
a sustainable eating pattern (17, 21).

Another aspect present in both guides is the emphasis on
meal planning and the connection with others during the act
of eating, which contemplates sociocultural values, and are also
considered strategies to support a healthy diet (23). With its
emphasis on sustainability, this food- and meal-based wholistic
approach put Brazil and Canada in the global leadership of
dietary recommendations for optimal health of both human
beings and the planet (27).

As is the case with all population-based guidelines, there is
incremental work to be done beyond their release (28). There
is a need for accompanying implementation tools for the guide,
policy development, and multiple layered initiatives and support
to target health behavior change (26). There are many barriers
to be overcome, and it can be challenging to make healthy
food choices (21). The Brazilian and Canadian dietary guidelines
recognize the influence of social and physical environments,
household income and the many determinants of health,
educational and health programs, along with government food
policies for the successful implementation of these guidelines
(25, 26, 29).

While Brazil's latest dietary guidelines have been widely
praised (30), by the time of its publication the country took
a surprisingly different approach in respect of PA guidelines,
despite the opinion of Brazilian researchers involved with the
promotion of PA and health. The efforts and costs involved in
creating national guidelines as a policy for health promotion were
considered unjustified, and the country instead chose to adopt the
general WHO PA recommendations (31).

Conversely, investments in PA policies are a priority in
Canada (32, 33), which has led the country to be a leader in the
promotion of the health benefits of PA and the development of
evidence-informed PA recommendations for healthy individuals
and persons living with chronic medical conditions (34-39).
This includes leading international initiatives and conferences,
such as the first and second “International Conference on
PA, Fitness and Health” (held in 1988 and 1992), the “Dose-
Response Symposium” (October 2000), the “Communicating PA
and Health Messages Science into Practice” meeting (2001), the
Toronto Charter for PA (2010), and the International Society for
PA and Health Congress (2010 and 2021) (36, 40, 41). Also, the
Canadian government was one of the main supporters of the 2020
WHO PA guidelines, which was launched in light of substantial
advances in the field after the release of the previous version (42).

Besides an emphasis on participation and inclusivity, aiming
at a broader reach, the latest WHO guidelines on PA address the
new science on activities’ intensity and duration (43). Specifically,
the document highlights the importance of light-intensity PA
and states that some activity is better than none. This echoes

previous statements made by Canadian and international experts
highlighting the importance of simply becoming more active
(44-46). Also, due to insufficient supporting findings, these
guidelines have removed the requirement for PA to be performed
in bouts of at least 10 min of moderate to vigorous intensity to
obtain health benefits (43). This new evidence is critical for less
affluent settings since regular recreational PAs are inaccessible
for many in these locations, as is the case in some areas in
Canada as well as LMIC in general, including Brazil (47-49).
Indeed, discrepancies in PA participation have been widely
observed, with socioeconomically advantaged individuals having
more opportunities to be physically active (50, 51). The inclusive
approach presented in the 2020 WHO PA guidelines therefore
has the potential to impact health outcomes in both Canada
and Brazil, since inequalities in PA, besides contributing to the
pandemic of physical inactivity, were found, for example, to
be predictive of obesity in middle- as well as in high-income
countries (51, 52). Further work is warranted, however, owing
to the limited uptake of PA guidelines internationally and the
deficits-based nature of PA messaging that focuses on the health
perils of too little PA (i.e., increased risk for cardiometabolic
disease) rather than the diverse benefits of simply moving more
(53, 54).

Numerous disparities across the world require PA to be
approached in terms of equity. This view is presented in the
new Brazilian and Canadian dietary guidelines (25, 26). Just as
these documents should lead to the development of strategies
to address inequity and food insecurity, PA policies should also
lead to recommendations on equity. This concept was recently
described as PA security—when everyone, everywhere, would
have unrestricted access to PA, meeting all needs for an active
and healthy life (55). Aligned with this are two research priorities
established in the latest WHO guidelines on PA (43). One
of these concerns is the need for more evidence from LMIC
and economically disadvantaged communities since most of the
science on PA is based on findings from high-income settings.
Another research topic to be prioritized refers to the health
benefits of the aforementioned light-intensity PA. Both aspects
relate to realities in Brazil and Canada since much of the PA
carried out in different locations of these countries is of light
intensity (48, 56). In fact, there is a pressing demand for PA
security in certain areas of Canada and in much of Brazil’s
territory, where utilitarian PA, such as active commuting, is one
of the main forms of PA (57, 58). Importantly, although some
of these regions present a high prevalence of PA, many times
such engagement happens due to a lack of alternatives, rather
than simply choice, including walking and cycling to and from
work/school in unsafe traffic areas as well as in locations with a
high perception of criminality (55, 59, 60).

An important point corroborating this new approach is the
evidence demonstrating significant health benefits with lower
levels of PA than suggested in different guidelines (49). It has
been demonstrated that such benefits can be attained even with
half of the usual recommendation, particularly among previously
inactive individuals (46). These findings hence show the lack of
a minimum threshold in the amount of PA for health gains—a
position which has just been endorsed by the WHO (42). This has
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a great impact in terms of public health, since engaging in regular
PA, regardless of the intensity and the duration, can promote
change in other health behaviors, such as diet and smoking,
thereby significantly contributing to the prevention of chronic
diseases (61, 62).

Moreover, despite the well-known health benefits of regular
PA (46), additional positive effects on the immune system, mental
health, and quality of life have also been reported in the context
of the COVID-19 pandemic, thus providing further support
for PA to be made accessible to everyone (63). Therefore, the
current moment is a window of opportunity to emphasize PA as a
human right, calling for actions from local policy- and decision-
makers (55, 64). In light of this recent evidence, the following
section addresses aspects of different dimensions that should
be considered in contemporary initiatives in Brazil and Canada
aimed at population PA promotion. In addition, the Discussion
section addresses more in-depth different initiatives carried out
in each country.

MACRO-ENVIRONMENTAL DIMENSIONS
OF PHYSICAL ACTIVITY

PA dimensions are commonly addressed only in terms of
individual and physiological characteristics, such as energy
expenditure, as well as activities duration, frequency, and
intensity, characterizing a strictly biomedical relationship (65,
66). At the same time, internal aspects such as motivation and
self-regulation are frequently identified as significant barriers to
PA in high-income nations (47, 67). However, given the low rates
of physically active individuals in countries like Canada (68), it
is unlikely that lack of motivation alone explains the level of
physical inactivity in industrialized countries, and consequently
other characteristics of population subgroups should also be
considered. In fact, PA interventions focusing only on personal
factors were excluding for many, particularly in disadvantaged
areas, regardless of the geographic location (47, 59). These
findings suggest the need for a more socially contextualized
approach to make PA an attainable and enjoyable purpose for
everyone, including those in middle- and high-income countries
(51, 69). In that regard, some of the aspects employed in the
current Brazilian and Canadian dietary guidelines could be used
as references, aiming at establishing a wholistic approach to PA
guidance that would influence research and policy development
for equitable interventions for PA promotion (70, 71). The name
of each of the following dimensions under which PA should
be seen is not necessarily the only option since some have
interchangeable characteristics for adults. The emphasis here is
on the overall content presented rather than the specific label of
each dimension.

Cultural

The interest in understanding the influence of culture on PA
behavior is not new, however, to date, still little is known about
this topic (72, 73). Commonly, health promotion interventions,
including those aiming to increase PA participation, are based
on outcomes from studies conducted with certain ethnicities

and are then generalized to all cultures. As a consequence,
since not all these interventions are universally transferable,
individuals with different traditions, such as those in specific
ethnic groups, religious communities, immigrant clusters, and
indigenous peoples often present lower levels of PA (74-76).
Even when resources are available and the built environment is
conducive to PA, the absence of cultural care can limit changes
in this behavior (77, 78). Accordingly, an increasing number of
studies report that initiatives aiming at raising PA levels should
take cultural backgrounds into consideration (64, 76, 79).

Despite Brazil’s culture being a result of the integration of
distinct nationalities and ethnic backgrounds, which implies a
population full of diverse cultural roots (80, 81), only a few
studies have investigated Brazilian initiatives that incorporated
cultural contexts. These include an extensive intervention
considering differences between cities in one specific state
(82), and one community-based program addressing traditional
components of specific PAs (83). Given the large and very
heterogeneous population of the country, there is a need for a
broader emphasis on cultural aspects in PA interventions. This is
supported by studies showing a high prevalence of overweight
and obesity in indigenous peoples, a higher risk of obesity
among immigrants with higher levels of acculturation, and a high
prevalence of physical inactivity in black individuals (81, 84, 85).

Conversely, in Canada, where only one third of the population
reported being of Canadian origin (86), more studies have
investigated PA interventions considering cultural backgrounds
than in Brazil (87-90). However, there has been a growing
movement calling for a more systematic approach in the
country to implement culturally safe PA programs, similar to
measures already in place in other health promotion initiatives
(91). Although such approach focuses initially on indigenous
peoples, it could be extended to other ethnicities, since the
indigenous population corresponds to around 5% of Canadians
(86), and some individuals from different ethnicities report
not feeling culturally supported in PA initiatives (74, 92). For
instance, Culp (93) highlighted the importance of addressing
immigrants’ and ethnic minorities’ cultural norms in order to
reduce PA barriers. Also, Brooks-Cleator and Giles (94) showed
that even PA programs aiming at being culturally relevant for
indigenous people have some aspects not meeting this purpose.
This demonstrates the overall importance of research and
promotion of culturally sensitive PA interventions contemplating
all ethnicities (76).

Economic

Following PA guidelines requires different investments that are
not affordable for various individuals (47, 95). Despite the direct
expenditure of money required to participate in some activities,
related for example to the purchase of clothes, allocating a certain
number of minutes per day or week exclusively to engage in PA is
an investment not compatible with the routine of many (63, 96—
98). It is not surprising that modifying one’s routine to include
PA was shown to be impractical due to different reasons, such
as tiresome jobs, long commutes, holding more than one job
and/or also studying, and competing housework chores and/or
family responsibilities (47, 99). Although different barriers to PA

Frontiers in Cardiovascular Medicine | www.frontiersin.org

84

August 2021 | Volume 8 | Article 730373


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Schwartz et al.

New Approaches for Chronic Disease Prevention

are found in specific regions (95, 100), low income is associated
with PA insecurity in high- as well as lower-income countries
(47, 101).

Whereas, in some high-income countries the main obstacle
for leisure-time PA is lack of time and possibly motivation—
mainly for individuals of high socioeconomic status—in Brazil
the main barrier is lack of money (98, 99, 102). Despite
presenting some advances in economic welfare, Brazil is still one
of the world’s most unequal countries (59). This is reflected, for
example, in higher levels of physical inactivity in low-income
groups than in the economic elite, which has more means to
afford being physically active (99). To address this and other
inequalities related to chronic disease prevention, important
actions were taken, mainly between 2004 and 2013, such as the
inclusion of PA in the national health promotion agenda (29).
However, although more than 40 million people were lifted out
of poverty during this period (103), the challenge to reduce
economic inequality in PA is substantial. In 2013 about 50 million
Brazilians were still poor or extremely poor (104), and in 2019
around 60 million individuals were living in poverty (105).

Currently, economic aspects can be considered the main
obstacle to be overcome in order to reduce disparities in Brazil,
as evidenced by the significant hardship faced by some sectors,
such as health and science (106). This is a result of changes that
have been implemented in the national economy since 2016,
with direct effects on physical inactivity and its consequences
(59, 107). In 2017, for example, after years of stability, there
was an increase in hospitalizations due to affective disorders,
coinciding with stagnant PA levels in the same year, after
increasing between 2006 and 2016 (108). Such economic changes
deepened national discrepancies in PA, with less economically
advantaged regions presenting a higher burden of mortality
related to chronic diseases due to low PA levels (107). Other
findings demonstrate the complexity around the difficulties faced
by financially disadvantaged Brazilians. For instance, according
to Galvim et al. (96), even when free PA programs are offered
to economically vulnerable communities, adherence is low. They
also report a significant number of dropouts, mainly due to
participants finding new employment. Additionally, in contrast
to high-income areas, solely building free of cost fitness facilities
in low-income neighborhoods appears to be insufficient to favor
PA in these communities (109). Therefore, more innovative
initiatives are required, allowing for broader and more effective
participation (2, 59). In that regard, several investigations have
shown how increases in PA levels can lead to considerable savings
in the country, thus justifying that investments in policies for the
promotion of an active lifestyle must be a priority, even in this
adverse context (5, 107, 110, 111).

As a high-income country, economic factors may be regarded
as less limiting for PA engagement in Canada. However,
longitudinal data starting in the twentieth century has shown
that, through the decades, individuals with low income were
constantly engaging less in leisure-time PA, and therefore this
group should be prioritized in terms of efforts to increase
population PA in the country (112). This is corroborated by
findings showing that natural and free options for engagement
in PA during the winter in Canada, such as an urban trail on a

frozen waterway, which could help minimize weight gain during
this season, are usually not used by low-income adults, likely
due to access limitations using public transit as well as lack of
adequate clothing (113). Additionally, Luan et al. (114) showed
that even utilitarian PA, such as active transportation and its
associated benefits—including decreases in body weight—is less
accessible for low-income Canadians, highlighting the fact that
some interventions to increase active travel may actually increase
inequalities since many initiatives favor financially advantaged
individuals in a higher proportion.

Overall, economic disparities in PA are present in different
parts of Canada, such as recently reported by physicians and
policy experts who serve low-income communities (47). These
stakeholders stated that, given the difficulties in meeting national
PA guidelines, such recommendations were not relevant for the
3.5 million Canadians living in poverty. Thereby, since there is a
clear need for more actions to make PA accessible to members
from low-income households in the country, such initiatives
could take advantage of the savings that a more active population
cause in health care (115). This is corroborated by the fact
that in Canada, physical inactivity was found to be the primary
unhealthy behavior leading to costs in the health sector (116).

Sociodemographic

Several studies have reported gender inequalities in PA programs,
with a higher overall prevalence of inactivity in women than in
men, thus signaling the need for gender-neutral interventions
and actions that properly contemplate each gender (50, 79, 117,
118). For instance, according to Althoff et al. (52), obesity is more
strongly predicted by gender disparities in PA than by physical
inactivity alone. Similarly, using data from 142 countries, Mielke
et al. (118) showed that small decreases in physical inactivity in
women would lead to an overall 10% reduction in this unhealthy
behavior, achieving a global target set by the WHO (79), even
without changing the prevalence in men. Besides these disparities
between men and women, education and marital status were
other sociodemographic aspects investigated in different studies,
presenting interesting associations with PA. Although most
studies found that more highly educated individuals have higher
levels of PA (6, 119-122), some investigations found opposite
results (117, 123). The association between marital status and
PA seems to be more complex, with some studies showing that
married individuals are more active (50, 100, 124), some research
showing the opposite (121, 122, 125), and some studies indicating
no significant difference (117, 119, 126).

Some gender differences are present in PA engagement of the
general Canadian population (68), as well as of specific groups,
such as indigenous peoples (127) and immigrants (75), with
studies consistently reporting that men were more physically
active than women. In regards to education, similarly to most
international findings, Canadians tend to be more physically
active with increasing education levels (119, 122). With regards
to marital status, two studies found that married people are more
physically active (128, 129) while two studies showed the opposite
(119, 130).

In Brazil, sociodemographic inequalities in PA are
considerable, particularly with regards to recreational activities.
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In terms of gender, men engage more in PA than women. This
trend is observed not only in the general population (6) but
also in rural communities (131) and among black individuals
(81). Brazilians are also more physically active the more years of
schooling they have (6), but the findings are mixed with regards
to marital status. Whereas, one study showed that married
individuals were more active (100), two studies showed the
opposite (132, 133), and three others did not find any difference
between married and not married individuals (131, 134, 135).

Biological

Many of the first population-based initiatives on PA targeting
adults did not contemplate certain groups, such as the elderly,
pregnant women, and individuals living with chronic diseases
(136, 137). Overall, the first interventions focused on adulthood
used to address only young and middle-aged adults (138, 139).
However, with the inversion in the age pyramid, the older
population has been receiving increasing attention, with several
guidelines and other PA initiatives being tailored to older adults
(140, 141). The WHO guidelines on PA have a specific chapter
for this population (43). Besides recommending a minimum of
150 min of moderate to vigorous PA, the document mentions the
importance of light-intensity activities and states that some PA
is still of benefit for health in case the recommendations are not
fully met by this group.

Additionally, for the first time, the 2020 WHO guidelines
have addressed pregnancy and morbidities (42). The document
provides specific recommendations for pregnant and postpartum
women, and has dedicated sections for both chronic medical
conditions and disabilities (43). The first section addresses
cancer, hypertension, type 2 diabetes, and HIV, which is also
considered a chronic condition given its treatment’s advances
and availability. And the other section focuses on multiple
sclerosis, spinal cord injury, and cognitive function impairments,
including Parkinson’s disease, stroke, depression, schizophrenia,
and intellectual disabilities.

Individuals in these groups need comprehensive and
permanent initiatives, to allow a safe and continuous engagement
in PA. In this regard, good examples of simple and effective
strategies to reduce barriers for these individuals are the
Canadian evidence-based pre-participation screening tools
Physical Activity Readiness Questionnaire for Everyone (PAR-
Q+) and the electronic Physical Activity Readiness Medical
Examination (ePARmed-X+), which are currently being
translated and adapted to different languages (142, 143). The
Brazilian version of the PAR-Q+ has just been validated (144).

Ecological

The effects of different human actions have posed severe risks
to the planet, and the consequences can be disastrous (145).
Therefore, measures to mitigate these effects and avoid further
harm are deeply needed. In that regard, recent evidence has
revealed the positive impact that interventions to increase PA
levels can have on the natural environment (62). This is aligned
with a global action plan on PA, highlighting the contributions
of an increase in active recreation, sports, walking, and cycling
to a sustainable and prosperous world (145). Reductions in

traffic volumes and speeds, along with improving infrastructure
to provide safe and welcoming spaces for active transportation,
lead to a decrease in traffic accidents and pollution (146). Other
incentives to active commuting, such as bike-sharing programs,
reduce automobile use and decrease fossil fuel consumption,
thereby contributing to the mitigation of climate change (69).

Another influence of PA on planetary health is related
to dietary patterns. Given the deleterious effects of packaged
highly-processed food on the environment, a reduction in
its consumption is greatly warranted (24). In this respect,
replacing these options with unprocessed foods, such as fruits
and vegetables, contributes to a healthier weight and preserves
planetary resources (147). Besides the fact that eating these plant-
based alternatives in combination with PA leads to better weight
management, physically active individuals usually eat more fruits
and vegetables (62).

Additionally, aside from investigations addressing the built
environment in the last decades, recent studies have analyzed
the relationship between PA and the natural environment in
Brazil and Canada. This topic is critical in both countries since
they are among the top 10 nations in greenhouse gas emissions
(148). A positive aspect in that regard is that Canadians cited
their concern with the planet as one of the reasons to engage
in PA (149). However, Galway et al. (149) also identified some
issues that need to be addressed in the country, such as the
underutilization of cycling as a mode of transportation and the
barriers related to winter weather. In their review on cycling
usage, including studies from Canada and Brazil, Jahanshahi
et al. (150) highlight some issues, such as the need for initiatives
addressing inequalities in accessing bike-sharing systems. On
the other hand, according to Benedini et al. (151), bicycle
infrastructure expansions has led underrepresented groups in
Brazil to cycle more. As mentioned before, this is likely related
to the fact that active transportation is the only commuting
option for several individuals in low-income settings, which can
be linked to the precarious transit system and spatial segregation
in several regions of the country (58).

DISCUSSION

Mirroring the remarkable progress regarding national dietary
guidelines and related policy development in Brazil and
Canada, emergent evidence indicates that similar approaches
are necessary in terms of PA (2, 55, 57). Findings from the
last decades have also highlighted the importance of strategies
to target sedentary behavior, which is different from physical
inactivity (152). Whereas, physical inactivity is usually defined
as not meeting international PA recommendations, sedentary
behavior relates to the time spent in activities that require
very low levels of energy expenditure in prolonged sitting,
reclining or lying postures, such as watching TV, using the
computer, and playing video games (43, 46, 153). Accordingly,
the updated global guidelines have acknowledged the relevance
of this theme, and the new document addresses both PA and
sedentary behavior in several sections as well as in the title of the
document: WHO Guidelines on PA and Sedentary Behavior (43).
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The WHO also recognizes that broader and more inclusive
initiatives are needed to increase proper access to PA and
reduce sedentary time, addressing internal and external barriers,
regardless of cultural background, education level, gender, age,
socioeconomic conditions, and health status, while promoting
sustainable development (145, 154).

Since the health risks associated with too much sedentary time
add to the risks related to insufficient PA, specific strategies are
required to decrease the engagement in activities such as passive
screen-time (155). Strategies applied to break long sitting periods
include the use of electric adjustable-height desks that alternate
between sitting and standing positions (156), as well as treadmill
desks (157) and bike desks (158). However, the aforementioned
options are not accessible for many, are not environmentally
sustainable, and are not practical and/or appealing enough for
several people (62, 159, 160). This situation requires alternative
approaches, such as for example, walking meetings, which has
been reported to also lead to social benefits (161), as well as some
recently proposed solutions with promising results, including
intermittent upper body ergometry, an attractive option for those
who prefer to remain in the seated position (162), and low-cost
standing desks, which are made out of cardboard, are suitable
for use in different locations such as at home, and can have
an inexpensive and environment-friendly recycling process (163,
164). Despite the challenges involved in implementing public
policies that contemplate widespread access to PA promotion
and sedentary behavior reduction initiatives, especially in low-
income settings, localized comprehensive interventions have
been recently implemented in many countries, including Canada
and Brazil, and must be scaled up (60, 101, 146, 165).

Although disparities in PA are still present in Canada, different
efforts have been made to tackle this situation, including the
development and implementation of several provincial and
national PA policies (33, 166). An example was the inclusion
of accelerometer-measured PA in the Canadian Health Measure
Survey (68). PA monitoring systems allow the identification
of target groups, the assessment of the population impact
of policies, and the detection of changes in PA related to
policies, thereby guiding effective actions to increase PA levels
(167). Country-wide initiatives to reduce sedentary behavior
and increase physical activity levels have addressed physical
literacy—knowledge and skills necessary to take responsibility
for a long-term engagement in PAs—as well as health literacy—
the capacity of an individual to make proper health decisions
(168, 169). This is the case of the ParticipAction program, a
non-profit organization aimed at making daily physical activity
a vital part of Canadians lives (166), and the federal initiative
Let’s Get Moving—A Common Vision for Increasing Physical
Activity and Reducing Sedentary Living in Canada (33). Both
initiatives promote education material and activities to increase
health literacy in relation to physical activity, as well as campaigns
and products for community mobilization and engagement,
such as the case of a recent free mobile phone app (19,
170). Specifically, the Let’s Get Moving initiative encourages
municipalities, volunteer associations, faith-based groups, and
service clubs to take into account the experiences of individuals
and their perspectives on what being active means, an approach

directly related to health citizenship (33, 171). Another example
is the Physical Activity Line (PAL), developed by researchers at
the University of British Columbia to provide telehealth support
(172). Residents from anywhere in the province were able to
receive free evidence-based PA guidance from a qualified exercise
professional via the telephone or internet. The PAL led to a
major advancement in the promotion of health benefits of PA and
served as a role model in the area of telehealth across Canada.
The PAL was incorporated into HealthLink BC where it is now a
part of the Government of British Columbia’s menu of telehealth
services (173). Other initiatives include the National Health &
Fitness Day, and the Canadian Health & Fitness Institute, aimed
at promoting active citizenship (174), as well as the National
Indigenous PA Awareness Week, organized by the Indigenous PA
and Cultural Circle, with a specific focus on this population (175).

Unlike in Canada, inequalities in Brazil are much more
widespread and have lately been increasing (59). Nevertheless,
with several cutting-edge researchers on PA promotion, some
initiatives in the country have received worldwide recognition
(176, 177). Examples include the World PA Day, adopted in
the five continents, and the Agita Sio Paulo program (18).
The latter is a permanent PA intervention focused on chronic
disease prevention, known for its campaigns targeting sedentary
behavior and physical inactivity, and for the participation of
numerous and diverse communities, which led the WHO to
considered it a model for other LMIC (176). More recent
programs in primary health care for PA promotion and sedentary
behavior reduction have interesting proposals. The Health Gym
Program and the Expanded Family Health Center are national
health promotion strategies that make use of public spaces
to offer physical activity in different communities (178, 179).
These actions are commissioned to health professionals along
with the community in each location, and include education
activities such as lectures, and different groups of PA sessions,
such as walking and other aerobic activities as well as resistance
training (179, 180). The Sport and Leisure in the City is a more
inclusive program, which includes individuals with disabilities
(181). Another example is the Family Health Strategy, which
provides multidisciplinary teams to promote counseling for
physical activity among other health aspects (182). Although the
implementation of these different initiatives has faced substantial
challenges, significant positive outcomes have been reported,
including savings in the public health system and increases in
physical activity levels (183-185).

The first version of the present study recommended the
establishment of PA recommendations specifically tailored
for the Brazilian population, highlighting that, based on
the aforementioned experiences, Brazilian researchers had the
required expertise for the development and implementation of
effective national guidelines on PA. Exactly five days after the
current study has been submitted for publication we learned that
the PA Guidelines for the Brazilian Population had just been
launched (186). The review process of our manuscript allowed
us to acknowledge this publication, which brings significant
messages, such as the emphasis on keeping in mind that engaging
in any PA, whenever and wherever possible is better than nothing
and can lead to health benefits. Additionally, the document
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makes clear that engaging in PA does not depend solely on
one’s decision, and that several factors may act as barriers or
facilitators, such as personal, environmental, cultural, financial,
and political factors. The guidelines recommend Brazilians
to have conversations about these topics, and to approach
municipal, state, and federal politicians from different sectors, to
enquire about how their communities can be more propitious to
PA engagement (186). Thereby, these guidelines explore health
citizenship, by addressing entitlements and responsibilities in
the political and social developments of public health practices,
involving each citizen as well as the government for the successful
uptake of the guidelines (171).

This approach is in agreement with the WHO document
Global Action Plan on Physical Activity 2018-2030: More
Active People for a Healthier World, which states that not
recognizing and investing in PA as a priority is a serious mistake,
leading to harmful consequences on the health system, economic
development, and the environment, as well as quality of life
and community well-being (145). Indeed, despite the importance
of the aforementioned initiatives, considering Brazil’s large
population and the current context of significant inequalities,
developing national PA guidelines and providing the support
of appropriate public policies for its implementation is crucial
to prevent setbacks and to enable massive participation (18,
59). Therefore, with the WHO making the recommendation to
compare the health outcomes of PA interventions in high and
LMIG, it is the perfect timing for Brazil to launch its national
guidelines (187).

Additionally, since the new evidence shows that policies to
prevent chronic diseases should not be limited to improving
individual’s health behaviors but also focusing on reducing
several inequalities, there is a need for the training of different
professionals to put such policies into action (55). According to
Lambert et al. (55), this includes transport engineers and urban
planners, as well as PA providers in the health sector, such as
qualified exercise professionals, who should be well prepared to
deliver socially contextualized PA interventions. However, health

agents in charge of promoting PA in the Brazilian Unified Health
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Exercise based cardiac rehabilitation (CR) is recognized internationally as a class
1 clinical practice recommendation for patients with select cardiovascular diseases
and heart failure with reduced ejection fraction. Over the past decade, several
meta-analyses have generated debate regarding the effectiveness of exercise-based
CR for reducing all-cause and cardiovascular mortality. A common theme highlighted
in these meta-analyses is the heterogeneity and/or lack of detail regarding exercise
prescription methodology within CR programs. Currently there is no international
consensus on exercise prescription for CR, and exercise intensity recommendations vary
considerably between countries from light-moderate intensity to moderate intensity to
moderate-vigorous intensity. As cardiorespiratory fithess [peak oxygen uptake (VOopeak)]
is a strong predictor of mortality in patients with coronary heart disease and heart
failure, exercise prescription that optimizes improvement in cardiorespiratory fitness and
exercise capacity is a critical consideration for the efficacy of CR programming. This
review will examine the evidence for prescribing higher-intensity aerobic exercise in CR,
including the role of high-intensity interval training. This discussion will highlight the
beneficial physiological adaptations to pulmonary, cardiac, vascular, and skeletal muscle
systems associated with moderate-vigorous exercise training in patients with coronary
heart disease and heart failure. Moreover, this review will propose how varying interval
exercise protocols (such as short-duration or long-duration interval training) and exercise
progression models may influence central and peripheral physiological adaptations.
Importantly, a key focus of this review is to provide clinically-relevant recommendations
and strategies to optimize prescription of exercise intensity while maximizing safety in
patients attending CR programs.

Keywords: interval training, coronary artery disease, cardiovascular disease, heart failure, cardiorespiratory
fitness, peak oxygen consumption, exercise prescription, progression

INTRODUCTION

Exercise-based cardiac rehabilitation (CR) is a class 1A recommendation for patients with select
cardiovascular diseases (CVD) and heart failure with reduced ejection fraction (HFrEF), as it
leads to significant improvements in exercise capacity, CVD risk profile, and reductions in
hospital readmissions, cardiovascular (CV) events, and mortality (1-6). Compared with standard
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medical care, systematic reviews from 2004 (5) to 2011 (4) in
coronary heart disease, showed that exercise-based CR reduced
hospitalizations, CV mortality, and all-cause mortality by 31, 26,
and 20 %, respectively (4, 5). However, over the past decade,
results from RAMIT (Rehabilitation after Myocardial Infarction
Trial) (7) and subsequent systematic reviews (8, 9) questioned
the effectiveness of exercise-based CR for reducing recurrent CV
events (7, 9), CV mortality (9), and all-cause mortality (7-9).

This generated substantial debate within the scientific
community (10-12), with speculation that low exercise training
intensity and dose may be responsible (13). Moreover, meta-
analyses have shown significant heterogeneity and lack of
detail regarding exercise prescription methodology within CR
programs (2, 3). Currently there is no international consensus
on exercise prescription or program duration for CR, and
exercise intensity recommendations vary considerably between
countries from light-moderate intensity (Australia, Japan),
moderate intensity (United Kingdom, France), and moderate-
vigorous intensity (Canada, United States, South America, and
other European countries) (14). Furthermore, studies from
the United Kingdom have highlighted that in CR practice
the actual exercise training intensities performed by patients,
may not progress to the upper range of exercise intensity
recommendations (13). Despite numerous publications outlining
international CR practices and program characteristics from
national registries or surveys, relatively few include data on
exercise intensity prescription or implementation (15-18). This
data is important to determine whether exercise training during
CR is being prescribed and implemented effectively across
international programs. There is a need to define internationally
accepted standards in CR delivery and scientific evaluation (2, 3).

This review will examine the evidence for prescribing
moderate-vigorous intensity aerobic exercise and high intensity
interval training (HIIT) in CR programs, including beneficial
physiological adaptations to the pulmonary, cardiac, vascular,
and skeletal muscle systems in patients with CVD and heart
failure (HF). Moreover, this review will discuss how increasing
the duration of intervals and training volume may improve
physiological adaptations; and will discuss practical applications
and progression models to optimize exercise prescription in
CR programs.

Exercise Prescription in Cardiac
Rehabilitation

Methods for prescribing exercise intensity in CR vary
internationally but can also be program-specific depending
on the resources available. Objective methods for determining
exercise intensity can include indices of peak exercise capacity,
ventilatory thresholds, anaerobic threshold, or the myocardial
ischemia threshold. These require availability of maximal
exercise testing, preferably with cardiopulmonary gas analysis
for intensities based on peak oxygen uptake (VO,peak), and/or
ventilatory thresholds. In programs where maximal exercise
testing is not available, subjective measures of exercise intensity
including rating of perceived exertion (RPE) (19) or the talk test
(TT) (20), are predominately used to guide exercise intensity.

Indices of Peak Exercise Capacity

The majority of guidelines on exercise training in CR recommend
aerobic exercise prescription based on relative indices of peak
exercise capacity. These include percentage of peak workload
(Wpeak), percentage of peak heart rate (%HRpeak), percentage
of VO,peak (%VO;peak), percentage of HR reserve (%HRR),
or percentage of VO, reserve (%VOR) (1, 21). Reserve
calculations are generally preferred for precise exercise intensity
prescription given they also take into account the patients
resting values (22) and may be more appropriate for patients
with chronotropic incompetence (23). In addition to issues with
practicality of maximal exercise testing (due to cost, lack of
expertise, technological resources, and/or medical supervision)
(24, 25), limitations with using relative indices of peak exercise
capacity can include patient failure to reach a near-maximal
effort, subsequent dose adjustment and timing of rate-control
medications, and the fact that VO,peak or Wpeak are highly
influenced by the ramp rate during the test (1, 26). Furthermore, a
disadvantage with a workload-based approach is that progression
is based on arbitrary increments, rather than a physiological
change with improvements in exercise capacity (as HR does) (1).

Ventilatory Thresholds

An alternative approach to using indices of peak exercise
capacity, is to relate exercise intensity to ventilatory thresholds.
This approach requires cardiopulmonary gas analysis and is
more commonly used for exercise prescription in European
CR programs. Nomenclature of these thresholds remains
controversial and methodologies to assess them are not
universally accepted. The first ventilatory threshold (VT1) (also
termed anaerobic threshold) is most widely known and represents
the transition from a predominately aerobic metabolism to a
point where blood lactate begins to accumulate and a greater
reliance on anaerobic metabolism is needed for continued energy
production (1, 27). At this point, ventilation (VE) accelerates to
counterbalance and eliminate the excess carbon dioxide (CO;)
in the blood produced during the conversion of lactic acid
to lactate (27). The second ventilatory threshold (VT2) (also
termed respiratory compensation point, critical power, or lactate
threshold) represents the exercise intensity at which blood lactate
accumulates rapidly, excess CO, can no longer be eliminated,
and there is a disproportionate increase in VE relative to CO,
production (VCO2) (1, 28). The VT1 is commonly assessed
using the V-slope method (i.e., the departure of VO, from a
line of identity drawn through a plot of VCO; vs. VO;) or the
nadir (lowest point) of the VE/VO, to work rate relationship
(1, 27). The VT2 is assessed as the nadir of VE/VCO; to
work rate relationship (1, 28). Exercise training zones can then
be extrapolated from these thresholds using a corresponding
HR or workload, with light intensity below VT1, moderate
intensity between VT1 and VT2, and high intensity above VT2
(1). There are several disadvantages with using threshold-based
exercise prescription. There can be substantial within-subject
variability from two consecutive tests (29), a high variation
between observers and sites (30), and the reproducibility of VT2
is not well established in patients with CVD (1). Furthermore, VT
thresholds cannot be directly translated to constant-load exercise
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due to slowed VO, kinetics and delay in VO, response to the
imposed work (1, 31), which is exaggerated in patients with CVD
and HF (32-34).

Subjective Measures

Regardless of whether objective measures of effort (such
as HR or VO,) are available, subjective measures of effort
(e.g., RPE or TT) should be used as an adjunct in CR
settings, particularly for patients who have difficulty obtaining
a reliable or meaningful exercise-related HR (e.g., patients with
atrial fibrillation, pacemakers, chronotropic incompetence, heart
transplant, or patients receiving beta blockade therapy) (23,
28). Subjective measures can also be useful for comparing the
perceived effort across exercise modalities (28). The Borg 6-
20 RPE scale is a widely used instrument to measure exercise
intensity, by asking patients to self-report their perceived effort
of exercise on a scale of 6 (no exertion at all) to 20 (very, very
hard) (19). It is a practical, validated, and effective method for
prescribing and monitoring exercise intensity in patients with
CVD (35, 36) and HF (37, 38), and is not influenced by beta-
blocker medication (38). Limitations of using the RPE scale may
include the influence of psychological factors or environmental
conditions (28), difficulties in patients with impaired vision (23),
or use during outdoor exercise (24). Lack of familiarity with
exercise training, fitness level, age, gender, education level, and
use of diuretics have also been reported to influence RPE (39—
41). Tt is imperative that patients are educated on correct use of
the RPE scale, anchored to sensations of extremely hard/maximal
and no exertion at all, and representing an integrated rating
of muscular and cardiovascular sensations (19, 26). The TT
is another practical tool for prescribing exercise intensity, that
has shown to be valid and reliable in patients with CVD (20).
Physiologically, it is based on the swift increase in breathing
above VT2 (or lactate threshold) that causes difficultly in
comfortable talking during exercise (1), and can therefore help to
identify the boundary between moderate and vigorous intensity
exercise (24). The TT is not a practical tool for customizing
interval training protocols with short durations (<1min) or
at very high intensity (>95 %HRpeak) (20), however further
research into its use for longer duration HIIT protocols of 85—
95 %HRpeak [e.g., 4 x 4min protocol (26, 42)] would be of
interest. For home-based HIIT, Wisloff et al. instructed patients
with HF to complete a 4 min interval at an intensity where “they
are breathing heavily and talking becomes uncomfortable” (43),
which corresponded to an RPE of 17 & 1 and 93 £ 3 % of
HRpeak (44).

Summary

Recent guidelines have suggested that while subjective measures
can be a practical method to prescribe exercise intensity,
they should be used as an adjunct rather than alternative
to objective methods (1). Furthermore, concerns have been
raised that exercise training intensity based on results of
indirect, submaximal exercise testing (e.g., 6 min walk test,
incremental shuttle walk test), which do not rigorously evaluate
the cardiorespiratory system, may result in under-prescription of
exercise intensity and reduced effectiveness of CR programs (12).

Where available, VO,peak and HRpeak should be determined
from a maximal cardiopulmonary exercise test, during which the
patient has taken prescribed HR-modulating medications. If a
maximal exercise test is not feasible, a new predictive equation
combining age and HR measured during a 200 m fast walk test
(45), has shown good correlation with HRpeak measured during
a maximal exercise test. In this case, accounting for age and
HR response to a submaximal test may be more predictive of
an accurate HRpeak than relying on age-predicted equations for
patients with (46) and without beta-blockade (47, 48). However,
the equation for patients with beta-blockade (46) accounts for
resting HR and test mode in addition to age (46).

Is There a Benefit for Prescribing Higher

Intensity Exercise?

Definition of Exercise Intensity Ranges and Protocols
Classifications of exercise intensity by the American College
of Sports Medicine (ACSM) (49) and European Association of
Preventative Cardiology (EAPC) (1) are outlined in Table 1.
As exercise performed at a vigorous to high intensity cannot
be sustained for long periods, HIIT can be a more feasible
method by alternating bouts of high intensity exercise with
recovery bouts of lower intensity exercise or no exercise. There
has been a large amount of scientific interest regarding HIIT in
patients with CVD and HF, mostly comparing its effectiveness
to moderate intensity continuous training (MICT). Sprint
interval training (SIT) involves intense “all-out” or supramaximal
efforts (i.e., workloads greater than VO,peak or peak power
output) with typically shorter bouts (<45 s) (50). Although HIIT
involves near-maximal intensities, efforts are still submaximal
(i.e., workloads below VO;peak or peak power output), and
therefore HIIT has been considered more appropriate for use
in clinical populations than SIT (51). The terminology of HIIT
and MICT are preferred given they provide a description of
intensity (51). However, aerobic interval training (AIT) and
aerobic continuous training (ACT), respectively are alternative
terminology frequently used within with the literature. Common
intensity prescription of HIIT and MICT used in patients with
coronary artery disease (CAD) and HF are outlined in Table 2,
devised from studies included in reviews by Pattyn et al. (52) and
Taylor et al. (53). While these ranges outline the HIIT and MICT
prescriptions for the majority of studies in cardiac patients, two
studies have prescribed notably higher intensities for MICT in
CAD including 60-80 %VO;peak (54, 55) and 65-85 %HRpeak
(56). There are also three studies that prescribed notably lower
intensity for HIIT, with one in CAD (50 % peak workload from
a steep ramp test) (57), and two in HF with 50-80 % maximal
power (58) and 50-75 % of VO, peak (59).

Influence of Exercise Intensity on CVD and Mortality

Numerous studies investigating all-cause mortality in healthy
populations, have demonstrated that higher intensity exercise
may induce larger health benefits than low or moderate intensity
exercise. Furthermore, benefits with high intensity exercise can
be achieved in substantially less time than MICT. The Hunt
Study (60) demonstrated that one single bout of high intensity
exercise reduced all-cause and CV mortality to a similar or
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TABLE 1 | Classification of aerobic exercise intensity.

ACSM Guidelines (49)

EAPC and ESC Guidelines (1)

Intensity VO, and HR RPE Intensity VO, and HR RPE Training zone
Light 37-45 %VO,max 9-11 Low <40 %VO,max 10-11 Aerobic
57-63 %HRmMax <55 %HRmax
30-39 %HRR <40 %HRR
Moderate 46-63 %VO.max 12-13 Moderate 40-69 %VO,max 12-13 Aerobic
64-76 %HRmax 55-74 %HRmMax
40-59 %HRR 40-69 %HRR
Vigorous 64-90 %VO.,max 14-17 High 70-85 %VOomax 14-16 Aerobic + lactate
77-95 %HRmax 75-90 %HRmax
60-89 %HRR 70-85 %HRR
Near-maximal to maximal ~ >90 %VO,max >17 Very high >85 %VOo,max 17-19 Aerobic + lactate + anerobic

>95 %HRmax
>89 %HRR

>90 %HRmMax
>85 %HRR

Adapted from guidelines from the American College of Sports Medicine (ACSM) (49) and European Association of Preventative Cardiology (EAPC) (1). HR, heart rate; HRR, heart rate

reserve; RPE, rating of perceived exertion on 6-20 Borg scale (19); VO», oxygen uptake.

TABLE 2 | Common intensity prescriptions for HIIT and MICT.

Patients with CAD

Patients with HF

HR or VO, Other measures

Training protocol HR or VO, Other measures
MICT 60-75 %HRpeak RPE 11-14
60-85 %HRR 50-65 %PPO
50-60 %VO,peak 100-110 %VT1
HIT 80-100 %HRpeak RPE 15-18

80-95 %HRR
80-90 %VO,peak

90-110 %PPO
100 %VT2 or %RCP

60-75 %HRpeak
45-60 %HRR
60-70 %VO,peak
80-95 %HRpeak
75-80 %HRR
70-80 %VO,peak

50-75 %PPO
90-100 %VT1

90-100 %PPO

MICT, moderate intensity continuous training; HIIT, high intensity interval training; HR, heart rate; HRR, heart rate reserve; RPE, rating of perceived exertion on 6-20 Borg scale (19);
VO,, oxygen uptake; \/'T1, first ventilatory threshold; /T2, second ventilatory threshold; PPO, peak power output; RCR, respiratory compensation point.

greater degree than several hours of MICT. Similarly, Wen et al.
(61), demonstrated the superior or time-efficient advantages of
vigorous intensity exercise, with similar health benefit to MICT
in half the weekly exercise time, or double the health benefit
to MICT with the same weekly exercise time. Furthermore,
studies have shown the proportion of vigorous activity has an
inverse dose-response relationship with all-cause mortality in
people with and without CVD, calling for physical activity (PA)
guidelines to endorse participation in vigorous activity (62, 63).
Finally, several studies have also shown an inverse association
between exercise intensity and incidence of coronary heart
disease in men independent of total exercise volume (64, 65),
however the association of exercise intensity is less clear in
women (66, 67).

Influence of Exercise Intensity on Cardiorespiratory
Fitness

Cardiorespiratory fitness (assessed as VOjpeak) reflects an
integrated ability to transport oxygen (O;) around the body,
encompassing pulmonary function, cardiac function (systolic
and diastolic), ventricular-arterial coupling, vascular function,

and the ability of muscle cells to receive and use O; (68). There
is extensive evidence that VO,peak is a strong predictor of
future CV events and mortality, and even modest increments
in VO;peak can be clinically meaningful in patients with CAD
and HF (69-71). A landmark study by Kavanagh et al. in 12,169
CAD patients referred for CR, found that each 1.0 mL/kg/min
increment in VO,peak was associated with a 9 % increase in
survival. Moreover, Keteyian et al. (72) found an increased
survival of 15 % per 1.0 mL/kg/min increment of VO,peak in
patients with CAD. A study by Mikkelsen et al. (69) including
1,561 cardiac patients (predominately with CAD; 84 %), found
that for every 1.0 mL/kg/min improvement in VO,peak during
CR, there was a 21 % reduction in CV events and a 13 % reduction
in all-cause mortality. In patients with HE, the HF-ACTION trial
(71) showed that every 6 % improvement in VO, peak (adjusted
for other factors) was associated with an 8 % lower risk of CV
mortality and HF hospitalization, and a 7 % lower risk of all-
cause mortality. In a large meta-regression analysis examining 55
trials of either HIIT or MICT compared with control in patients
with CAD and HE Uddin et al. (73) demonstrated that exercise
intervention intensity was the greatest predictor of VO,peak
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post CR, even when including age, sex, and baseline fitness level
in the multivariable regression model. Furthermore, each 10 %
increase in exercise intensity (as %VO,peak or %HRpeak) was
associated with a 1.0 mL/kg/min increase in VO, peak post CR.
This is supported by Mitchell et al. (74) in patients attending
CR for any indication, finding the greatest improvements in
VO;peak with vigorous intensity exercise (5.5 mL/kg/min),
followed by moderate-vigorous intensity (4.9 mL/kg/min), and
then moderate intensity exercise (4.1 mL/kg/min). In contrast, a
meta-analysis in patients with HF that adjusted for total exercise
expenditure (75) found duration and frequency of exercise
sessions to be greater predictors of VO,peak improvement
than exercise intensity, however this review excluded interval
training studies (including HIIT). Another meta-analysis in
patients with HF that included HIIT studies (76), found high
intensity (>90 %HRpeak or >85 %HRR) but not vigorous
intensity exercise (70-90 %HRpeak; 60-85 %HRR) produced
larger improvements in VOj,peak compared with moderate
intensity exercise (55-80 %HRpeak; 50-60 %HRR) with gains
of 3.3, 2.3, and 2.2 mL/kg/min, respectively. Low intensity
exercise (40-55 %HRpeak; 20-40 %HRR) produced the smallest
improvement (1.0 mL/kg/min) (76).

Studies based in the United Kingdom (UK) have found
smaller improvements in cardiorespiratory fitness [~0.7-0.8
metabolic equivalents (METs)] compared with international
programs (~1.5 METs) (77). The UK guidelines for CR programs
typically recommend exercise of a moderate intensity (40—
70 %HRR), compared with moderate-high intensity exercise
recommendations in Canada (40-85 %HRR), United States (40—
80 %V O, peak) and other European countries (40-80 %V O, peak;
up to 90 %HRpeak) (14). Furthermore, a UK study by Nichols
et al. (13) reported that the peak exercise training intensities
achieved (46-54 %HRR) did not progress to the upper range
of the UK exercise prescription targets (40-70 %HRR), and
that after 8 weeks the exercise duration achieved (23 min) only
marginally exceeded the minimum recommended duration of
20 min. Therefore, lower exercise intensity and volume have been
reported as contributors to the smaller VO,peak improvements
in CR programs within the UK (13, 78). This may also be typical
of CR programs in other countries with low-moderate intensity
guidelines, with potential to reduce the overall effectiveness
of CR.

There have been several meta-analyses comparing HIIT with
MICT on cardiorespiratory fitness as VO, peak. Weston et al. (51)
examined 10 studies in patients with cardiometabolic disease and
found that HIIT improved VO,peak by 19 % compared to 10 %
with MICT (mean difference = 3.0 mL/kg/min). In patients with
CAD, several meta-analyses have shown a superior effect of HIIT
compared with MICT on VO;peak improvement, with a mean
difference 1.3-1.8 mL/kg/min (52, 79-82). Pattyn et al. found
HIIT protocols that were isocaloric with MICT were more likely
to show superiority over MICT (+2.1 mL/kg/min) compared
with HIIT protocols that were a lower energy expenditure
to MICT (4+0.2 mL/kg/min) (52). Furthermore, Way et al.
(83) demonstrated that although women tend to experience
lower absolute improvements in VO, peak with HIIT than men,
they have similar relative improvements in VO,peak (83) The

FITR Heart Study, a recently published pragmatic trial in 93
CAD patients using RPE as the primary method of exercise
prescription (36), also demonstrated a superior effect of HIIT
compared with MICT during a 4-week CR program, with a
mean difference in VO, peak improvement of 1.7 mL/kg/min. In
contrast to this trial and previous meta-analyses, the SAINTEX-
CAD multicenter trial in 200 patients with CAD, found both
HIT and MICT produced equally substantial improvements
in VOypeak (23 and 20 %, respectively) during a 12-week
CR program (84). A noteworthy consideration with this trial,
was the higher training intensity of the MICT group (average
training intensity of 80 %HRpeak), compared with previous
trials that prescribed training intensity at 65-75 %HRpeak (42,
85). Although the SAINTEX-CAD had designed MICT to be
prescribed at 70-75 %HRpeak, patients were not restrained
from exercising at higher intensities. Therefore, results of
the SAINTEX-CAD study suggest that continuous training
may be equally effective to HIIT for improving VO;peak,
when performed at a vigorous intensity. In patients with
HE meta-analyses have also found a superior effect of HIIT
compared with MICT on VO;peak improvement, with a mean
difference 1.0-2.4 mL/kg/min (52, 82, 86, 87). However, the
large multicenter SMARTEX HF study (88) in 261 patients with
HFrEE found similar improvements in VO,peak with HIIT
(1.4 mL/kg/min) and MICT (0.8 mL/kg/min) compared with an
exercise guidelines group that showed a decrease in VO,peak
(—1.0 mL/kg/min). While median training intensity for HII'T was
90 %HRpeak (interquartile range 88-92 %) and 77 %HRpeak
(interquartile range 74-82 %) for MICT, 51 % of HIIT patients
exercised at a lower intensity than prescribed and 80 % of
MICT participants trained at a higher intensity than the protocol
prescribed (88). In 180 patients with preserved ejection (HFpEF),
the multicenter OptimEX-Clin study (89) found neither HIIT
or MICT met the prespecified minimal clinically important
improvement in VO,peak (2.5 mL/kg/min) compared with
a PA guidelines control group. However, HIIT and MICT
showed similar increases in VO, peak of 1.1 and 1.6 mL/kg/min,
respectively, over the 3-month supervised training (89). The
meta-analysis by Pattyn et al. (52), also found no differences
between HIIT and MICT for improvement of VO,peak in the
HFpEF sub-analysis.

Influence of Exercise Intensity on Other
Cardiometabolic Parameters

Exercise intensity appears to have a significant influence on
increasing exercise capacity at VT1. An early study by Jensen
et al. in patients with CAD (90), found high intensity continuous
training was superior to low intensity training for improving
VO, at VT1. Furthermore, the meta-analysis by Pattyn et al. (52)
in both CAD and HF patients, found greater improvements in
VO, at VTT after HIIT compared with MICT (mean difference
of 0.9 mL/kg/min). This is important as the improved ability
to use O, aerobically may translate into improved performance
of daily living activities (52). Pattyn et al. (52) also found a
greater improvement in HRpeak with HIIT compared with
MICT, and a trend for greater improvement in peak O, pulse
and O, uptake efficiency slope (OUES) favoring HIIT. Other
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cardiorespiratory parameters (e.g., HR recovery, VE/VCO,
slope) and CVD risk factors (e.g., body weight, resting HR,
blood pressure, cholesterol, triglycerides, and fasting glucose)
do not appear to be influenced by exercise intensity (52, 82,
91). Studies investigating 24-hr blood pressure, have found
a superior effect of HIIT compared with MICT in patients
with hypertension (92) but similar improvement to MICT in
patients with HF (93). Pattyn et al. (52) found a trend (p
= 0.09) toward greater improvements in vascular function
[via flow-mediated dilation (FMD)] with HIIT compared with
MICT. In a meta-analysis with a more diverse cohort of
cardiometabolic diseases, Ramos et al. (94) found HIIT was
superior to MICT with a 2-fold greater improvement in flow-
mediated dilation (4.31 vs. 2.15 %, respectively). For changes
in body composition, HIIT provides similar benefit compared
with MICT, but not when total energy expenditure is less (95).
Therefore, exercise volume appears to play a greater role in
body composition than exercise intensity (95). A retrospective
study by Dun et al. (96) in 120 CR patients with myocardial
infarction, found greater reductions in total fat mass and
abdominal fat percentage with HIIT compared to MICT using
dual-energy x-ray absorptiometry (DEXA). In contrast, Taylor
et al. (97) found similar reductions for visceral adipose tissue
and subcutaneous fat quantified by magnetic resonance imaging
and total fat mass with DEXA, when comparing isocaloric
HIT and MICT in patients with CAD. The influence of
exercise intensity on resting left ventricular ejection fraction
(LVEF) and left ventricular end-diastolic diameter (LVEDD)
remain inconclusive. Meta-analyses by Cornelis et al. (98) and
Pattyn et al. (52) both found HIIT significantly improved both
LVEF compared with MICT in patients with HE however
Haykowsky et al. (86) found only a trend toward greater
improvements in LVEF. Cornelis et al. (98) also found HIIT
significantly improved LVEDD compared with MICT. While
the multi-center SMARTEX HF study (88) found only HIIT
significantly improved LVEDD after 12-weeks compared with
the control group, there was no difference between HIIT
and MICT.

Influence of Exercise Intensity on Long-Term
Outcomes and Adherence

Only three studies have investigated long-term outcomes of HIIT
compared with MICT in patients with CAD at 6-months (85) and
12-months (36, 99). Moholdt et al. (85) found a superior effect
of HIIT compared with MICT on improvement of VO;peak
and HR recovery at 6-months in patients with CABG, but
similar improvements in quality of life and adiponectin. At
12-months, the SAINTEX-CAD and FITR Heart studies found
similar improvements between HIIT and MICT in patients with
CAD for VO;,peak and other exercise variables (36, 99), CVD
risk factors (36, 99), quality of life (36, 99), FMD (99, 100), body
composition (97, 101), moderate-vigorous PA (36, 99), and no
changes in dietary intake (101). Although for The FITR Heart
Study, the improvement in VO,peak was numerically higher
for HIIT (2.9 mL/kg/min) than MICT (1.8 mL/kg/min) (36)
which may be related to greater long-term survival as noted

above. In contrast, the SMARTEX HF (88) and OptimEX-Clin
(89) studies in patients with HFrEF and HFpEFE respectively,
showed a regression of supervised training improvements at 12-
months regardless of exercise intensity. A difference with The
FITR Heart Study (36) and OptimEx-Clin study (89) was after
the supervised training period, participants were instructed to
continue home-based HIIT or MICT (as randomized) until the
12-month follow-up, and therefore long-term adherence to the
HIIT and MICT protocols were assessed. At 12-months, The
FITR Heart Study reported 38 % of MICT participants had
starting exercising at a higher intensity than prescribed and
24 % of HIIT participants exercised at a lower intensity than
prescribed, although overall adherence (>70 % of sessions at
prescribed intensity) was similar between groups (53 % for HIIT
and 41 % for MICT) (36). When non-adherent participants
were excluded from the analysis, HIIT showed a considerably
greater improvement in VO;peak (5.2 mL/kg/min) compared
with MICT (2.2 mL/kg/min) (36), however improvements
in other cardiometabolic outcomes remained similar between
groups. This demonstrates that adherence to the intensity of
exercise protocols over the long-term can significantly influence
improvements in VOjpeak. In contrast, Moholdt et al. (85)
found after 5 months of home-based training that a higher
proportion of participants stopped HIIT in favor of MICT
(35 %), compared to only 4 % of MICT participants starting
higher intensity exercise. Although adherence to the randomized
training (>3 times/week) at 6-months was slightly lower for
HIIT (52 %) than MICT (64 %), the proportion of participants
performing 3 sessions/week of at least moderate intensity
exercise was similar for HIIT (74 %) and MICT (68 %), and
improvements in VO;peak were superior with HIIT at 6-
months. In patients with HFpEF, the Optimex-Clin study (89)
reported that adherence (>70 % of sessions) did not influence
improvements in VO, peak. The authors found similar adherence
between HIIT and MICT (56 and 60 %, respectively) but
did not report on adherence to the intensity of the exercise
protocols. A recent review in CR patients with CAD, found
short-term adherence (as number of sessions) to supervised
or home-based HIIT was similar to MICT (53). However, the
review highlighted that adherence to intensity and duration
of the training protocols was under-reported, and the authors
provided recommendations for how future studies can collect
and report this important data (53). This is particularly important
given the findings from larger pragmatic trials such as the
SAINTEX-CAD, SMARTEX-HF, and FITR Heart studies on non-
adherence to training intensity, which can provide insight into
feasibility and effectiveness of exercise prescription. The review
by Taylor et al. (53) in patients with CAD, found the majority
of studies reporting on feasibility (8/11 studies) reported HIIT
to be equally feasible to MICT in patients attending CR, while
the other three studies reported HIIT was less feasible than
MICT. Factors that appeared to improve feasibility of HIIT
included: setting realistic expectations for training intensities;
including a variety of exercise modalities (for enjoyment and
reducing musculoskeletal impact); and using progressive models
of HIIT (53).

Frontiers in Cardiovascular Medicine | www.frontiersin.org

99

September 2021 | Volume 8 | Article 734278


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Taylor et al.

Exercise Intensity in Cardiac Rehabilitation

M VO,peak
[=SV x HR x (a—v O, difference)]

1 1

Cardiac structure and function Pulmonary function

Muscle structure and function
* \ Respiratory fatigue

T
\ *  mitochondrial content
* 1 Ventilatory efficiency * 1 oxygen utilization
| ]

* 1 Lung diffusion capacity * “ type 1 aerobic fibers
* 1 Ventilation/perfusion ¢+ “ time for lactate production
matching ({ dead space) « | time for oxygen extraction

*  plasma volume

* J cardiac afterload

* 1 LV peak diastolic filling

¢ LV compliance

« /M LV ejection fraction

* J WV dimensions (remodeling)

t t

|
Vascular structure and function

* 4 vasodilatory function

*  arterial resistance

* /" blood flow distribution
* A capillarization

FIGURE 1 | Physiological adaptations from exercise training that may contribute to improvement in VO,peak in patients with cardiovascular disease or heart failure.
Cardiac adaptations contribute to VO,peak improvements primarily through increases in stroke volume. Pulmonary adaptations contribute to VO, peak by optimizing
arterial oxygen content and therefore oxygen delivery. Muscle adaptations contribute to VO, peak improvements through increased exercise tolerance and enhanced

arterial and venous blood; LV, left ventricle.

oxygen extraction. Vascular adaptations contribute to oxygen delivery by reducing arterial resistance, increasing capillary density, and enhancing blood flow
distribution, which in turn enhances function of the cardiac, pulmonary, and muscle systems. Increases in plasma volume can occur within days of commencing
exercise training. Adaptations within skeletal muscle and to the vasculature can occur within weeks of training. Current evidence supports greater adaptations in
mitochondrial content, vascular vasodilatory function, and stroke volume following HIIT compared with MICT, although the precise cardiac mechanisms that lead to
increased stroke volume remain unclear. VO peak, peak oxygen uptake; SV, stroke volume; HR, heart rate; a-vO, difference, oxygen content difference between

Physiological Adaptations With Exercise
Training for Improving VOspeak

There are numerous integrative physiological adaptations that
may improve VO,peak in patients with CVD or HF (Figure 1).
Based on the Fick equation, VO, is the product of cardiac output
and arterial-venous O, content difference (a-vO, difference),
where cardiac output is the product of stroke volume and HR
(68). This equation can also be summarized as “central” and
“peripheral” determinants of VO, respectively (50).

Pulmonary Adaptations

The pulmonary system is responsible for the transport of O, from
the atmosphere to the bloodstream, with alveolar ventilation
(O3 exchange with the atmosphere) and diffusion (O, exchange
with the bloodstream) contributing to arterial O, content, O,
delivery, and VO,peak (68). Reduced alveolar exchange can be
a significant contributor to exercise intolerance in patients with
HE which can occur due to impaired pulmonary vasodilation,
ventilation/perfusion mismatch, impaired diffusion, abnormal
ventilatory reserve (i.e., respiratory muscle dysfunction), or
abnormal ventilatory regulation (i.e., oscillatory patterns)
(102-105). Furthermore, respiratory muscle fatigue has also

been shown to affect O, delivery by causing peripheral
vasoconstriction and reduced blood flow to skeletal muscles,
further exacerbating exercise intolerance (106). There are limited
studies comparing the effect of exercise training intensity on
pulmonary adaptations. In patients with HE Tasoulis et al.
(107) demonstrated that HIIT improved ventilatory regulation,
with an improvement in ventilatory drive (as Pg;/Plp.x) and
ventilatory patterns during rest and exercise, although there
was no control group. In healthy adults, Dunham and Harms
(108), demonstrated significant improvements in respiratory
muscle function with HIIT and MICT (43 vs. 25 %) over
4-weeks, however there was a greater increase with HIIT.
Finally, Guazzi et al. (109) studied patients with HE, and found
that compared with a control group, 8-weeks of moderate-
vigorous intensity training improved lung diffusion, alveolar-
capillary conductance, and pulmonary capillary blood volume
with concomitant improvements in VO, peak. Whether HIIT is
superior to MICT for pulmonary adaptations remains unclear.

Cardiac Adaptations
One of the proposed mechanisms for greater improvement
in VO,peak with higher intensity exercise is greater central
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adaptations in left ventricular structure and function (110), by
challenging the cardiac muscle to provide increased cardiac
output and O, to the working muscles (52). In athletes,
exercise training is associated with expansion of red blood cell
volume and augmented plasma volume (111), reduced total
peripheral resistance, and increased LV end-diastolic volumes
(i.e., LVEDV), leading to increased stroke volume, cardiac output,
and VO,peak (112). Increased LV diastolic volumes in the short-
term can be attributed to increased plasma volume and venous
return via the Frank-Starling mechanism (111), while long-term
adaptation involves structural changes from exercise training
that enhance LV compliance (112). However, in cardiac patients,
who may have pathological LV dilation (cardiomegaly), exercise
training has been associated with reversal of LV remodeling
(i.e.,, reduction in LVEDD), increases in peak diastolic filling,
and reduced peripheral resistance, with concomitant increases
in stroke volume, cardiac output, and VO,peak (44, 113, 114).
Several studies in healthy subjects (115, 116) and patients
with HFrEF (44, 58, 117) have shown greater improvements
in maximal stroke volume alongside VO,peak with HIIT
compared with MICT. In contrast, Iellamo et al. (118) found no
improvement in central hemodynamics (cardiac output or stroke
volume) for HIIT or MICT in patients with HFrEF despite large
increases in VO,peak for both groups. A proposed reason for
differences in central adaptation outcomes between studies, is
that some patients with a high degree of peripheral limitation
(e.g., muscle atrophy or overt cachexia) may have a limited
ability to exercise at a high intensity for a sufficient amount of
time (110). Peripheral limitations are known to be a significant
contributor to exercise intolerance in patients with HF (102).
Inability to achieve the target training intensity of HIIT (51 %
participants) was a significant limitation of the SMART-EX HF
study in patients with HFrEF (88), which showed no change
in LVEDD or peak O, pulse (a surrogate for stroke volume).
In contrast, the SAINTEX-CAD study in patients without HF
(84) showed significant improvements in peak O, pulse for
both HIIT and MICT, although the average intensity of the
MICT group was 80 %HRpeak and therefore higher than a
moderate intensity. In summary, majority of studies investigating
central hemodynamics have found greater improvements in
stroke volume with HIIT compared with MICT. However, the
effect of exercise training intensity on structural adaptations
remains unclear.

Vascular Adaptations

Another potential mechanism for the greater improvement in
VO,peak with higher intensity exercise is the superior effect
on vascular function for HIIT compared with MICT (52, 94).
Greater elasticity and function of the central and peripheral
vasculature allows for greater accommodation and more efficient
transport of blood and O, to the heart and skeletal muscles
(68). A common method for measuring vascular function
adaptations is brachial artery FMD (119), a non-invasive test
shown to correlate well with invasively measured coronary
artery vasodilatory function (120). There is extensive evidence
that aerobic exercise training improves vascular function in
large conduit arteries, with repeated hemodynamic stimuli and

laminar shear stress playing a central role in vascular adaptation
(119). A proposed mechanism for the superior effect of HIIT
on vascular function, when compared with MICT, is that higher
intensity exercise provokes greater blood flow and shear stress
stimulus, that allows for greater vascular adaptation through
upregulation of vasodilatory prostaglandins (119, 121) and nitric
oxide (119, 122). Thijssen et al. (123) demonstrated that with
incremental increases in exercise intensity for various modalities
(walking, cycling, leg kicking), there was a parallel increase in
mean blood flow and shear rate within the brachial artery.

Skeletal Muscle Adaptations

In addition to O, delivery, peripheral adaptations with training
that increase O, extraction and utilization may also lead to
increases in VO;peak by increasing a-vO, difference. In healthy
populations, skeletal muscle capacity for oxidation usually
exceeds the capacity for systemic O, transport (50), and therefore
peripheral adaptations may not contribute to large increases in
VO, peak. However, in deconditioned patients, particularly those
with HFrEF and HFpEF, peripheral adaptations within skeletal
muscle can have a significant effect on exercise tolerance and
capacity (102, 124). The major training-induced adaptations that
increase O, extraction and utilization within skeletal muscle,
include increased capillary density and mitochondrial volume
density (111). The former may enhance local blood perfusion and
distribution with or without improvements in vascular function
(111), while the latter increases capacity for substrate oxidation
at a given workload (50, 125). Increased mitochondrial content
with exercise training “promotes greater reliance on fat oxidation
with a proportional decrease in carbohydrate oxidation,” which
in turn “reduces glycogen degradation and lactate production
at a given workload” (126, 127). As a result, lactate threshold
is increased and patients can exercise for longer durations at
a greater percentage of VOjpeak (128). This is particularly
important for cardiac patients, as reduced oxidative capacity
can significantly contribute to exercise intolerance (102). There
is strong evidence from studies in healthy populations that
exercise intensity mediates mitochondrial adaptations to exercise
and improvements in VO,peak (126). During higher intensity
exercise, there is greater accumulation of metabolites and free
radicals from calcium release, ATP turnover, and carbohydrate
utilization (1, 126). This accumulation leads to activation of
several mitochondrial enzymes, which stimulate expression
of peroxisome proliferator-activated receptor y coactivator-la
(PGC-1a), an important regulator of mitochondrial biogenesis
(50, 126). Studies involving patients with HF (44), metabolic
syndrome (43), and obesity (129) have shown greater increases
in PGC-1a with HIIT compared with MICT, with concomitant
increases in the maximal rate of calcium reuptake into the
sarcoplasmic reticulum. Enhanced calcium cycling, may also help
to reduce muscle fatigue and exercise capacity (51). In addition
to exercise intensity, this greater activation of signaling pathways
for mitochondrial adaptations is thought to be triggered by
the metabolic fluctuations with intermittent exercise bouts,
that occurs during interval training (50). In contrast, short
bursts of high intensity exercise do not appear to improve
vascular endothelial growth factor (VEGF) secretion and skeletal
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muscle capillarization, which may require longer durations of
constant work exercise (130). Studies that have found superior
improvements in VEGF and skeletal muscle capillarization
with MICT compared with HIIT, have used short duration
HIIT intervals of <1 min (131, 132). There is limited research
comparing training of different intensities on muscle fiber type.
However, studies comparing exercise to a control group, have
found an increased proportion of type 1 fibers with decreased
type IIb fibers after either 15-weeks of SIT (133) or 6-months of
MICT (134). On the other hand, Tan et al. (135), found 6-weeks
of HIIT improved oxidative capacity of both type 1 and type 2
muscle fibers to a similar degree. Based on the current evidence, it
appears that high intensity exercise provides a potent stimulus for
mitochondrial adaptations compared with MICT, however the
effect of training intensity on other peripheral adaptations such
as capillarization, blood flow distribution, and muscle fiber shift,
remain unclear.

Influence of Interval Duration and Protocol Volume on
Physiological Adaptations

Currently, there is no consensus on the optimal HIIT protocol.
Moreover, the effectiveness of HIIT protocols may vary
according to the physiological adaptation of interest. HIIT
protocols have previously been classified by interval duration as
short-duration (<1 min), medium-duration (1-3 min), or long-
duration (>3 min) (136, 137). Furthermore, high-volume HIIT
has been defined as protocols that accumulate >15min of high
intensity effort per session (138). The Norwegian model (110)
involving 4 x 4min high intensity intervals (85-95 %HRpeak)
separated by 3 min active recovery intervals, is an example of a
long-duration, high-volume HIIT protocol, that has been studied
extensively in populations with CAD and HF. Two meta-analyses
in healthy populations suggest that longer interval durations
increase VO,peak to a greater extent than short duration
intervals (139, 140). This may be related to greater improvements
in central adaptations with longer duration intervals. This is
supported by Matsuo et al. (116), who compared SIT (7 x
30s intervals; 100 kcal), HIIT (3 x 3 min intervals; 180 kcal)
and MICT (40 min; 360 kcal), and found the greatest increases
in stroke volume, LV mass, and VO;peak in the HIIT group,
followed by the SIT group. Therefore, exercise intensity is
important, but also time to reach and maintain an elevated
cardiac filling (which can take 1-4 min in athletes) is believed
to be necessary for improving maximal cardiac function (41).
However, in the meta-analysis by Pattyn et al. in patients with
CAD and HF (52), subgroup analyses revealed no differences
in VO,peak improvement based on the duration of the HIIT
intervals. Instead, intensity of the HIIT intervals appeared
more important, with numerically larger increases in VO,peak
with HIIT intervals at a very hard near-maximal effort (4+1.5
mL/kg/min) compared with HIIT intervals at a vigorous effort
(4+1.1 mL/kg/min) (52). Moreover, HIIT protocols with greater
total energy expenditure also produced greater gains in VO, peak
(52). This is supported by others, in that high-volume HIIT
protocols appear to elicit the greatest increases in VO;peak
(138, 140) and vascular function (94).

Practical Application and Progression
Models for HIIT in CR Programs

Safety Considerations

While HIIT provides greater improvements in VO,peak, there
remains a concern regarding its safety in cardiac populations
(91). A scientific report from the American Heart Association
(AHA) (141), outlined that vigorous exercise can acutely and
transiently increase risk of sudden cardiac death and acute
myocardial infarction in patients with atherosclerotic disease.
However, this report and others have highlighted that incidence
of these events is greatest in adults who are the least active
(141, 142). For deconditioned patients, many of their daily
living activities can fall into the category of vigorous intensity
(143). Concerns around safety should take this into account,
as including HIIT with appropriate progression may expose
patients to vigorous efforts in a safer and more controlled
manner. The most recent systematic review and meta-analysis
on safety of HIIT in patients with CVD, found that HIIT
showed a low rate of major adverse events for patients with
CAD and HF when applied in CR settings (144). As all studies
within the review had included baseline exercise testing, this
was a recommendation from the authors prior to HIIT (144).
However, maximal exercise testing is not routinely conducted
in many CR settings, although guidelines in North America
and Europe do recommend electrocardiographic exercise testing
as standard procedure (14). The FITR Heart Study medically
excluded 3 % of participants following baseline exercise testing,
however the need for further coronary intervention was very
low (I %) (36). The AHA report (141), also outlines that
appropriate screening and exclusion of high-risk patients from
vigorous activities, can help to minimize the incidence of CV
events. To assist clinicians in safely implementing HIIT without
maximal exercise testing, guidelines have been published on
screening and monitoring for HIIT in clinical populations
(26). For example, three studies have reported a hypotensive
event during HIIT (36, 88, 145). Therefore, in patients taking
anti-hypertensive medication, a gradual and extended cool-
down is recommended, particularly if medications have been
recently modified (26). Given the higher risk of CV events with
vigorous activity in adults who are less physically fit and active
(141, 142), starting patients with a lead-in period of MICT
is a sensible approach to ensure proper education on exercise
training, assess exercise response, improve exercise tolerance,
and minimize musculoskeletal injuries, particularly for patients
who are unaccustomed to vigorous exercise (144). Furthermore,
progressively increasing interval duration and time spent at
a vigorous intensity (see practical applications section), may
improve safety and exercise tolerance. Recent guidelines from the
European Society of Cardiology (146) outline that high intensity
exercise is appropriate for low risk revascularized patients with
CAD, if they are asymptomatic and stable, and without residual
high risk CAD lesions or exercise-induced arrhythmias. For
patients with HF (reduced and preserved ejection fraction), high
intensity exercise can also be prescribed for patients who are
stable and without exercise-induced arrhythmias (146). Further
studies are required to determine whether high intensity exercise
is safe in higher risk patients with CAD or HF.
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Intensity Prescription of HIIT

As outlined earlier in this review, all methods of exercise
prescription have their advantages and limitations in patients
with CVD and HF. For this reason, we recommend using both
objective and subjective measures to prescribe exercise intensity
for HIIT. The multicenter SAINTEX-CAD study relied only
on objective measures of intensity for HIIT prescription, and
subsequently found and acknowledged that when prescribing
HIIT “it is necessary to adjust the objectively defined target
HR zones and workloads according to the patient’s subjective
feelings.” Furthermore, the SAINTEX-CAD study (84) and
Pattyn et al. (52) have found significant increases in HRpeak over
12-weeks of training. This suggests that target HR zones may
need to be adapted over the training period, either by repeating a
maximal exercise test, or using subjective measures of intensity
to titrate the workload accordingly. Patients may experience
the same external training load (e.g., %HRpeak) differently
depending on their individual “internal” metabolic responses to
changes in exercise intensity (e.g., lactate accumulation) (147).
Therefore, subjective measures are important to consider, and
RPE has been shown to be a good indicator of internal training
load (37). Currently the most common methods for prescribing
HIIT that are also practical for clinical settings, are %HRpeak
and RPE. For shorter duration intervals (<2 min), %HRpeak may
underestimate the training stimulus due to insufficient time for
HR to rise and HR lag compared with VO, response (41, 53),
particularly in patients with HF or chronotropic incompetence.
For long-duration HIIT, a framework for clinicians on using a
combination of %HRpeak and RPE for HIIT prescription has
previously been outlined by Taylor et al. (26). This framework
involves using a maximally-derived or estimated HRpeak to
determine a training target of 85-95 %HRpeak, in combination
with a validation session with RPE of 15-18 by the patient,
or observer (clinician supervising the exercise) if a patient has
difficulty reporting an accurate RPE. Although it is practically
attractive for clinicians to solely use RPE for HIIT prescription,
Aamot et al. (148) found that using an RPE of 17 (very hard) alone
for HIIT prescription, results in a lower mean training intensity
(82 %HRpeak) than a target range of 85-95 %HRpeak. Therefore,
HR monitoring in combination with RPE during HIIT may result
in greater adherence to exercise intensity targets that are optimal
for HIIT (85-95 %HRpeak).

Incorporating HIIT Into the Optimal Exercise Dose

Exercise volume, or “dose” encompasses both exercise intensity
and duration of exercise (21). According to current PA guidelines
from the World Health Organization (149) and US Department
of Health (150), it is recommended that adults (even those
with chronic health conditions) should accumulate 150-300
min/week of moderate intensity exercise, or 75-150 min/week
of vigorous intensity exercise, or an equivalent combination
of moderate and vigorous exercise. In the context of high-
volume HIIT protocols that typically involve ~16 min/session
of high intensity effort and 10-15 min/session of moderate
intensity effort, three sessions/week of high-volume HIIT would
provide ~48 min/week of vigorous exercise and ~45 min/week
of moderate exercise. While this may approach the minimum
level of the PA recommendations, guidelines advocate for

achieving more than the minimum level of PA to sustain optimal
health (149, 150). Moreover, it is recommended that patients
undergoing CR, progress to an optimal weekly exercise dose
equivalent to 1,500 kcal/week (151, 152). For example, a high-
volume HIIT protocol in patients with CAD measured energy
expenditure to be ~50L Oj/session (42) [equating to ~250
kcal/session with ACSM estimation of 1L VO, = 5 kcal (21)].
Therefore, three sessions/week would equate to half the weekly
exercise dose that patients undergoing CR should progress to
(1,500 kcal/week) (151, 152). To extend the volume of training
beyond the minimum level of PA recommendations and progress
to 1,500 kcal/week, while also allowing for variety of exercise
training, HIIT can be prescribed as an adjunct rather than
alternative to MICT. For example, HIIT could be prescribed
as 3 sessions/week in combination with 2-3 sessions/week of
MICT and/or resistance training. Alternating days of HIIT and
MICT training may also aid in recovery from HIIT sessions while
reducing the potential for musculoskeletal discomfort.

Exercise volume can also be quantified as MET-min per
week, which is calculated as intensity (in METs) multiplied by
the number of minutes at that intensity, accumulated over a
week. Current PA guidelines recommend 500-1,000 MET-min
per week from moderate-vigorous activities (153). According to
ACSM (49), average METs for moderate intensity exercise ranges
from 3.0 to 5.9 METs, vigorous intensity exercise ranges from 6.0
to 8.7 METs, and near-maximal intensity exercise is > 8.8 METs,
although these MET ranges can vary according to age. For use
in clinical practice, METs can be estimated from treadmill and
cycle workload equations (21, 154, 155), a list of PA intensities
(156), and/or some commercial exercise equipment can provide
an estimate of METs.

In addition to energy expenditure, methods have been
explored that consider individual “internal” training responses
to quantify and monitor training dose (147). For example, the
training impulse (TRIMP) is calculated by multiplication of (1)
the duration of a specific training session, (2) the average change
in HR (i.e., HRexercise-HRrest/HRmax-HRrest) during the
training session, and (3) an individual weighting factor to reflect
metabolic effort (157). This weighting factor is calculated from a
maximal exercise test as the best-fitting exponential line from a
plot of blood lactate concentration against fractional elevation in
HR (157). Given the potential complexities of this method in a
clinical setting (i.e., availability of maximal exercise testing, blood
lactate measurement, and limitations with HRmax), a session-
RPE method (i.e., RPE representative of the overall session
multiplied by session duration), has been validated in patients
with HF as an alternative to TRIMP for monitoring training
dose (37). However, further research is needed to determine the
optimal weekly session-RPE for CR programs.

Interval Duration and Progression of HIIT

Although high-volume HIIT with longer-duration intervals
may increase exercise dose and provide superior improvements
in central adaptations, vascular adaptations, and VO;peak,
sustaining high intensity of exercise for longer than 1-2 min may
be challenging for some patients commencing a CR program.
In particular, patients who are exercise naive (137) and/or have
a high degree of exercise intolerance (from skeletal muscle
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dysfunction, respiratory limitations, reduced cardiac reserve, or
a combination of these factors) (102), would benefit from a more
gradual introduction to HIIT. Primary components of exercise
prescription defined by ACSM include frequency, intensity,
time, type, volume, and progression (FITT-VP) (21). Progression
can often be a difficult component of exercise prescription
for clinicians to master, but essential to optimize gains in
VO;,peak and minimize adverse complications (151). In athletic
and healthy populations progression has traditionally involved

the training principles of progressive overload, specificity, and
periodization (136). It seems appropriate that throughout a CR
program, patients may undergo progression from short-duration
intervals, to medium-duration intervals, and finally to long-
duration intervals as training-induced physiological adaptations
occur and exercise tolerance improves (137, 158). Overload is
defined as “an exercise dose which is above and beyond the
accustomed amount of exercise for a given individual” (151). For
aerobic training, it is generally recommended to just increase one
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FIGURE 2 | Example of a HIIT progression model within a cardiac rehabilitation program. Exercise intensity remains constant for each HIIT protocol with high intensity
intervals eliciting 85-95 %HRpeak and RPE 15-18, and the low intensity intervals involving recovery at 50-75 %HRpeak or RPE 11-14. CR, cardiac rehabilitation; HIIT,
high intensity interval training; HRpeak, peak heart rate; MICT, moderate intensity continuous training; RPE, rating of perceived exertion on 6-20 Borg scale; VO, peak,
peak oxygen consumption. This figure has been adapted from the previously published work of (158); with permission of Mayo Foundation for Medical Education and
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component of frequency, intensity, or duration at a time (151).
As suggested by Wewege et al. (144), commencing a CR program
with a “lead-in period” of MICT seems appropriate before
commencing HIIT. This may allow for a graduated approach to
evaluate a patient’s exercise response, improve exercise tolerance,
and aid in minimizing adverse events and musculoskeletal
injuries (144). Furthermore, in terms of progression, it is
generally recommended in cardiac patients that “duration and
frequency of exercise should be up-titrated before intensity
is increased” (to >30 min/session, 4 days/week) (159, 160).
Once patients are tolerating 30 min of MICT, intensity could
then be progressed to include short-duration HIIT, which
may provide a greater stimulus than MICT for improving
mitochondrial volume and oxidative capacity (50). Adaptations
to mitochondrial content have been shown to occur at a rapid
rate, with as little as 6 sessions of HIIT in healthy populations
(126). Further progressions in interval duration from medium-
duration to long-duration could then be made throughout the CR
program, to further improvements in central adaptations (116),
vascular function (94), and VO,peak (138, 140). Another option
for progression is to introduce HIIT once/week initially and then
progress to 2-3 sessions/week.

HIIT Progression Model Example

In Figure 2 we provide an example of how HIIT commencement
and progression could occur during a CR program. Following
a 2-week lead-in period of MICT, patients with low functional
capacity [<5 metabolic equivalent (METs)] (161) or in the
initial stage of HIIT, can commence a short-duration HIIT
protocol (e.g., 1 min HIIT interval every 3-4 min of MICT), with
progression to reduce the recovery interval timing to 2 min. As
patients understanding of exercise training and comfort level
with the available training modalities increases to an acceptable
level, further progressions in interval duration to medium-
duration intervals could be prescribed (e.g., 2-3 min HIIT with
2 min recovery). Initially, clinicians may want to keep the total
time at high intensity constant (e.g., from 6 x 1min HIIT to
3 x 2min HIIT), and then gradually progress the number of
intervals to 5 x 2min or 4 x 3min over a number of weeks
by just changing one prescription factor (interval frequency or
duration) at a time. Once patients are comfortable with 4 x 3 min
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Exercise-based, multimodal rehabilitation programming similar to that used in the existing
models of cardiac or pulmonary rehabilitation or prehabilitation is a holistic potential
solution to address the range of physical, psychological, and existential (e.g., as their
diagnosis relates to potential death) stressors associated with a cancer diagnosis and
subsequent treatment. The purpose of this study was to systematically evaluate the
structure and format of any type of exercise-based, multimodal rehabilitation programs
used in individuals with cancer and the evidence base for their real-world effectiveness
on metrics of physical (e.g., cardiorespiratory fitness, blood pressure) and psychological
(e.g., health-related quality of life) health. Very few of the 33 included exercise-based,
multimodal rehabilitation programs employed intervention components, education
topics, and program support staff that were multi-disciplinary or cancer-specific. In
particular, a greater emphasis on nutrition care, and the evaluation and management
of psychosocial distress and CVD risk factors, with cancer-specific adaptations, would
broaden and maximize the holistic health benefits of exercise-based rehabilitation.
Despite these opportunities for improvement, exercise-based, multimodal rehabilitation
programs utilized under real-world settings in individuals with cancer produced clinically
meaningful and large effect sizes for cardiorespiratory fitness (VOopeak, +2.9 mlL/kg/min,
95% Cl = 2.6 to 3.3) and 6-minute walk distance (+47 meters, 95% Cl = 23
to 71), and medium effect sizes for various measures of cancer-specific, health-
related quality of life. However, there were no changes to blood pressure, body mass
index, or lung function. Overall, these findings suggest that exercise-based, multimodal
rehabilitation is a real-world therapy that improves physical and psychological health
among individuals with cancer, but the holistic health benefits of this intervention

Frontiers in Cardiovascular Medicine | www.frontiersin.org m

September 2021 | Volume 8 | Article 739473


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.739473
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.739473&domain=pdf&date_stamp=2021-09-22
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:amy.kirkham@utoronto.ca
https://doi.org/10.3389/fcvm.2021.739473
https://www.frontiersin.org/articles/10.3389/fcvm.2021.739473/full

Rickard et al.

Exercise-Based, Multimodal Rehabilitation for Cancer

would likely be enhanced by addressing nutrition, psychosocial concerns, and risk factor
management through education and counselling with consideration of the needs of an

individual with cancer.

Keywords: cancer, cardiac rehabilitation (CR), Pulmonary rehabilitation (PR), prehabilitation, multi-disciplinary,

exercise training

INTRODUCTION

Aerobic and resistance exercise training are widely accepted
as safe and effective interventions to improve cardiorespiratory
fitness, physical function, quality of life, and acute and long-
term cancer treatment-related side effects among individuals
diagnosed with cancer (1). While exercise training provides
numerous health benefits, a cancer diagnosis and subsequent
treatment introduces a wide range of physical, psychological,
and existential (e.g., as their diagnosis relates to potential
death) stressors (2) that are unlikely to be adequately addressed
by exercise alone. Exercise-based, multimodal rehabilitation
programming similar to that offered in existing models of cardiac
or pulmonary rehabilitation or prehabilitation prior to surgery
includes aerobic exercise training as the cornerstone, in addition
to education and/or counselling for nutritional and psychosocial
concerns, and risk factor evaluation and management with the
goal of promoting self-management strategies and fostering the
adoption and maintenance of healthy lifestyle behaviors (3-5).
A comprehensive, multi-disciplinary approach such as this is
a holistic potential solution to address the myriad of sequelae
associated with cancer.

One particularly detrimental long-term health consequence
of cancer types with high cancer survival rates is a significant
elevation in risk of cardiovascular disease (CVD)-related
morbidity and mortality (6). The etiology of the increased CVD
risk is proposed to arise from several factors including pre-
existing CVD, pre-existing CVD risk factors (e.g., obesity,
hypertension, and diabetes), cancer treatment-related
cardiovascular toxicity, and pre-existing and/or treatment-
related lifestyle toxicity (e.g., physical inactivity, unhealthy diet,
tobacco use, increased psychosocial stress and weight gain)
(7). Among heart disease patients, cardiac rehabilitation is an
integral component of care as it improves cardiorespiratory
fitness and quality of life and reduces CVD mortality (8). Cardiac
rehabilitation is defined as “the provision of comprehensive long-
term services involving medical evaluation, prescriptive exercise,
cardiac risk factor modification, and education, counseling, and
behavioral interventions” (9). In recognition of the potential
benefit of a multimodal model of care for individuals with cancer,
the American Heart Association (AHA) recently published a
scientific statement recommending the use of a delivery model
similar to cardiac rehabilitation, but with adaptations to address
the needs of individuals with cancer, to mitigate CVD risk (10).
The AHA statement also provided guidance for the adaptation
of the structure of standard cardiac rehabilitation to encompass
cancer-specific considerations and stated the need to establish
the science base for cardiac rehabilitation in cancer populations
to help establish reimbursement pathways (10).

Pulmonary rehabilitation and prehabilitation (i.e., prior to
surgery) are similar multimodal models to cardiac rehabilitation
that share the core components of exercise training, education,
counselling, and risk factor evaluation and management (3,
4). Specifically, pulmonary rehabilitation can be defined as
“a comprehensive intervention based on a thorough patient
assessment followed by patient-tailored therapies that include,
but are not limited to, exercise training, education, and
behavior change, designed to improve the physical and
psychological condition of people with chronic respiratory
disease and to promote the long-term adherence to health-
enhancing behaviors.” (11). Lung cancer is among the cancer
types with the worst prognosis, owing in part to the high
rate of surgical resection complications, which then limits
treatment options for individuals with high risk factors
(12). In this context, both prehabilitation prior to surgery
and rehabilitation following surgery to optimize a patient’s
physical and psychological functioning has emerged as a
potential solution.

With the first formal scientific statement from an international
health organization advocating for the use of, and providing
recommendations for exercise-based, multimodal rehabilitation
programming to support individuals with cancer, a systematic
evaluation of existing programs relative to these new guidelines
and the evidence base for their impact on health outcomes is
necessary to inform the optimization and adoption of exercise-
based multimodal rehabilitation programs for individuals with
cancer. In this context, the purpose of this study was to
systematically evaluate exercise-based, multimodal rehabilitation
programs such as cardiac or pulmonary rehabilitation or
prehabilitation used in individuals with cancer in terms of
their structure and health impacts. The first objective was
to evaluate the setting, components, referral process, patient
eligibility criteria, intake assessment of existing exercise-based
multimodal programs in cancer populations relative to the
AHASs cancer-specific recommendations to highlight gaps in care
and areas for improvement for future programs. The second
objective was to evaluate the real-world effectiveness of exercise-
based, multimodal rehabilitation programs on physiological
(i.e., cardiorespiratory fitness) and psychological (i.e., health-
related quality of life) health among individuals with cancer
by meta-analyses.

METHODS

This systematic review was conducted in accordance with
the Preferred Reporting Items Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (13).
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Data Sources and Search Strategy

Six electronic databases were searched from inception to 16
April 2021: CINAHL Complete (EBSCOhost), Embase (Ovid),
Emcare (Ovid), Medline (Ovid), PubMed (non-Medline), and
Web of Science Core Collection. The search strategies were
developed in collaboration with an Information Specialist
[MP] and organized according to the relevant concepts of
the PICO(S) framework encompassing Population/Problem,
Intervention, Comparisons, Outcomes, and Study Design. Valid
subject headings as appropriate for each database were utilized,
as were free text terms pertinent to each topical concept.

The Population included adults with current or past cancer
diagnosis. The Intervention focused on multimodal, exercise-
based rehabilitation programs similar to the model used
in cardiac or pulmonary rehabilitation or prehabilitation. A
Comparator was not required. In order to keep the results as
broad as possible to achieve the first objective of evaluating
existing programs within cancer, no Outcomes were stipulated
in the search strategy. Both retrospective and prospective
(observational, single-arm or randomized) qualitative and
quantitative Study Designs were included as this is a new research
area. No date limits were applied, but the results were restricted to
humans and studies published in English. The full Medline search
strategy is shown in Supplementary Table 1.

Study Selection

Included studies had to report separate data for adults with
a history of any type of cancer diagnosis in English. The
studies had to describe a structured, multimodal, exercise-based
rehabilitation program that also included education to promote
self-management strategies or mitigate CVD risk as the two core
components of cardiac or pulmonary rehabilitation programs.
Additionally, to capture real-world programs, the study had to
include an explicit statement about the program being based on
the cardiac or pulmonary rehabilitation model, being embedded
in an existing rehabilitation program, or being the initiation of
a new rehabilitation program. Studies that were purely based
in a research setting were excluded. Original research studies
>10 patients were included and reviews, case studies, editorials,
commentaries, and research letters were excluded.

Screening and Data Extraction

Titles/abstracts and full texts were reviewed independently for
inclusion by two authors [JR, AE] using Covidence (Veritas
Health Innovation, Melbourne, AUS; Available at http://www.
covidence.org/). Discrepancies were reviewed and resolved by
consensus. Data were extracted by one author and verified by a
second [JR, AE, SS]. For each meta-analysis, the mean difference
was calculated as the post-intervention outcome value minus the
pre-intervention outcome value. Studies not reporting measures
of variance (or only range) were not included in the meta-
analysis. Study authors were contacted primarily for clarification
on potential overlap of data between multiple manuscripts.

Outcomes
The aspects of the programs evaluated were aligned with the
AHA cardio-oncology rehabilitation recommendations which

generally follow the structure for cardiac rehabilitation with
adaptations for cancer-specific considerations. Specifically, the
following components of the program structure were evaluated:
the program setting, program components, referral process,
patient eligibility criteria (including specifically CVD risk
level), components of the baseline intake assessment, and
patient enrollment and retention. The specific physiological,
psychological, or patient-reported cancer-related (e.g., fatigue)
outcome measures to be assessed in evaluation of the impact
of rehabilitation programming were dictated by available data
after the search was completed. The expected outcomes of
interest were cardiorespiratory fitness (peak volume of oxygen
consumption, VO,peak), exercise capacity (6-minute walk test
distance), blood pressure, lipids, muscular strength, body weight,
body mass index, quality of life, anxiety, and depression. Variables
that were assessed at both time points (pre and post intervention)
in at least three unique programs were analyzed via meta-
analysis.

Analyses

All evaluation criteria of the program structures are described
by frequencies. Meta-analyses of the effect of the programs on
available outcomes were performed using random effects models
to allow for variation between studies, as the study samples and
interventions included in this meta-analysis would be unlikely
to have a common variance (14). Effect sizes were expressed as
weighted mean difference (WMD) with 95% confidence intervals
(CI). The standardized mean difference (SMD) is also provided
to enable comparison and interpretation of the magnitude of
effect size, where 0.2 = small, 0.5 = medium, and 0.8 = large
(15). The risk of bias of an individual study was assessed by
the leave-one-out sensitivity analysis approach. When a given
study changed the statistical significance of the meta-analysis,
results are provided for the analysis with and without that study.
Interstudy heterogeneity was assessed using Cochrane Q statistic
and quantified by I? statistic (16).

Only the immediately post-intervention time point of
evaluation was included as very few studies reported follow-
up or interim time points. Subgroup analyses were planned a
priori to evaluate the potential for differences in effect sizes for:
(1) prehabilitation (defined as intervention taking place prior to
treatment, often surgical treatment) vs. rehabilitation (defined as
taking place after treatment but may overlap with a subsequent
treatment); (2) studies that exclusively enrolled patients who
were post-treatment (but may be receiving hormonal therapy)
versus studies that included some (or all) patients on active
treatment (with surgery, chemotherapy, or radiation) due to
the potential for cancer treatment to reduce the effect size;
(3) retrospective vs. prospective study design; and (4) common
cancer types. The availability of studies reporting the same
outcome in the same cancer type was too low to perform this
subgroup analysis. An additional sub-group analysis was planned
post-hoc to evaluate the effects of prehabilitation on lung cancer
surgical outcomes based on the number of included studies
that reported these clinically relevant outcomes. For all other
subgroup analyses, only those with two or more programs per
group available are reported. Due to the small program number
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within subgroups, within-group estimates of tau-squared were
pooled for all subgroup analyses and random effects weights were
used within subgroups.

RESULTS
Study Selection

A total of 7,130 citations, or 3,749 original studies after removal
of duplicates were retrieved with the search strategy. The full
text of 203 articles was reviewed to select 35 manuscripts, while
one additional manuscript that was published ~6 weeks after
our search was completed was identified by the study team for
a total of 36 manuscripts (17-52). Figure 1 shows the PRISMA
diagram with exclusion reasons. In total these 36 manuscripts
described 33 unique programs; three programs were described
in 2-3 different manuscripts (26, 27, 32, 33, 38, 39, 47, 52), two
manuscripts described 2 or 3 unique programs (22, 31).

Evaluation of Programs Relative to
Cardio-Oncology Rehabilitation

Recommendations

Program Setting

The wide majority (n = 29, 88%) of programs were delivered in a
clinical or hospital-based setting, while two (6%) were delivered
in a community-based setting, and two (6%) were home-based
(Supplementary Table 2).

Program Components
As per our inclusion criterion, all programs included exercise
training and education. Within the exercise prescriptions
(described in Supplementary Table 3), the majority (n = 24,
73%) included both aerobic and resistance exercise, while five
(15%) and three (9%) included only aerobic or resistance,
respectively, and one did not describe the exercise prescription.
For those including aerobic exercise, the majority prescribed
frequency as 2-3 times per week, at a moderate-to-vigorous
intensity for a wide range of duration from 20 to 120 minutes.
For those that specified an aerobic exercise mode, walking and
cycle ergometry were the most common. The majority of the
studies did not describe the details of the resistance exercise
prescriptions beyond frequency, which ranged from once per
week to daily. The prescribed resistance exercise intensity was
infrequently described, but 8 (24%) programs explicitly stated
that n-repetition-maximum testing performed at baseline was
used as the basis of the prescription. One-third (n = 12, 36%)
of programs prescribed unsupervised exercise to be performed
at home in addition to supervised exercise. Only 5 (15%) studies
explicitly stated the prescription of flexibility exercises.

Education topics included nutrition (n = 24, 73%),
psychosocial concerns or stress management (n = 21, 64%),
physical activity (n = 18, 55%), cancer-specific topics (e.g.,
lymphedema, cancer pathology, medications) (n = 10, 30%)
and weight management (n = 2, 6%) (Supplementary Table 3).
Ten (30%) studies reported performing goal setting within these
education sessions.

Beyond  exercise training and  education,
core components of rehabilitation were not

other
common

(Supplementary Table 3). Dietary interventions such as cooking
classes, supplementation, or a nutrition plan were described
in five (15%) programs. Psychosocial interventions such as
counselling were described in three (9%) programs. Tobacco
cessation was provided in 10 (30%) programs, but half of these
were in programs specifically for lung cancer. In terms of CVD
factor management, just four (12%) programs reported both
assessing and managing hypertension, dyslipidemia, or diabetes.
Four (12%) programs reported referrals to other healthcare
professionals (e.g., occupational, speech, or massage therapists)
as a program component.

Referral Process
The most common referral source was the treating health care
provider (n = 26, 79%; Supplementary Table 2). Only one study
utilized self-referral, and the remainder allowed either self or
provider referral (n = 5, 15%) or did not report (or imply) the
source (n =1, 3%).

Patient Eligibility

Seven (21%) programs allowed enrollment of any type of
cancer and the most common type-specific programs were
for lung cancer (n = 8, 24%) and breast cancer (n = 8,
24%; Supplementary Table 2). The majority (n = 23, 70%) of
programs allowed enrollment of individuals diagnosed with any
stage of cancer, while 10 (30%) only enrolled individuals with
early-stage cancer, and none were specific to advanced cancer.
Eligibility with respect to the timing of treatment was specified
as during active treatment in 2 (6%), exclusively post-treatment
in 9 (27%), at any time of the cancer trajectory in 4 (12%) and not
specified in the remainder of programs. Eight (24%) programs
were prehabilitation programs, with most being initiated in
the pre-operative treatment window. Only one (3%) program
described the presence or identification of CVD, cardiotoxicity,
cardiac symptoms, or high CVD risk as a program inclusion
criterion or requirement for referral. No studies described
the requirement for receipt of cardiotoxic treatments such as
high-dose anthracyclines or left-sided radiation for inclusion
in the program. Five (15%) studies required poor pulmonary
function, physical function, or exercise capacity among lung
cancer patients for program inclusion (Supplementary Table 2).

Baseline Assessment

Cancer-specific, cardiovascular-specific, or general medical
history were reported as occurring at the baseline assessment
in 22 (67%) programs (Supplementary Table 3). Blood work
was only explicitly stated as being required or reviewed in two
(6%) programs and it was for cardiometabolic markers. The
most commonly used subjective psychosocial assessments were
quality of life (n = 17, 52%) and anxiety or depression (n = 13,
39%). Self-reported lifestyle behaviors were infrequently assessed,
with 11 (33%) assessing physical activity, 6 (18%) assessing
dietary practices, and 17 (52%) assessing tobacco use. Two (6%)
programs objectively assessed baseline physical activity using
accelerometers. The most commonly assessed cancer-specific
condition was cancer-related fatigue (n = 10, 30%), while self-
reported symptoms, lymphedema, and previous cardiac failure
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FIGURE 1 | PRISMA flow diagram.

were each assessed in one study. Ten (30%) studies reported
assessing basic anthropometrics (height, weight, body mass
index), and three (9%) also assessed waist circumference. Blood
pressure was reported as being assessed in 3 (9%) programs, while
cardiorespiratory fitness (VO,peak) or exercise capacity (6-min
walk test) was assessed in 11 (33%) and 9 (27%), respectively.

Program Staff

Program staff was generally poorly described in most studies
(Supplementary Table 3), other than inclusion of an exercise
professional, which was reported in 24 (73%) studies. Among
these studies, 12 (50%) reported that the exercise staff was a
physiotherapist, 2 (8%) reported a certified exercise professional,
and the remaining did not specify. Nine (27%) studies included
a physician, and of these, four (44%) reported that the physician
had cancer-specific training or experience. Eleven (33%) studies
reported including a registered dietitian or nutritionist, 13

(39%) reported including a mental health professional, and 14
(42%) reported including an oncology care provider. Only one
study reported that the exercise, nutrition, or mental health
professionals had oncology-specific training.

Meta-Analysis

6-Minute Walk Test Distance

Eight studies with n = 680 participants among 10 different
programs evaluated change in six-minute walk test distance
(22, 24, 29, 30, 37, 42, 45, 46). Including all programs,
pre/rehabilitation improved six-minute walk distance by 47
meters (95% CI = 23 to 71, SMD = 0.78, p < 0.001, I> = 96%;
Figure 2). When comparing program type, the improvement in
six-minute walk distance was only significant for rehab (n =
7, WMD = 57m, 95% CI = 29 to 85, p < 0.001, I> = 96%)
(20, 22, 27, 35, 40, 43, 44) and not for prehab (n = 3, WMD
= 25m, 95% CI = —16 to 67, p = 0.236, I = 11%) (20, 28)
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FIGURE 2 | Forest plot displaying mean difference and 95% Cls for the impact of pre/rehabilitation on 6-minute walk test distance (meters).

but was not statistically different between types (p = 0.211).
For treatment timing, the improvement was significant only
among programs with participants exclusively post-treatment
(n =7, WMD = 50m, 95% CI = 18 to 81, p = 0.002, =
97%) (22, 24, 29, 30, 42, 45) and was only a trend among
programs that allowed patients on active treatment with surgery,
chemotherapy, or radiation (n = 3, WMD = 41m, 95% CI
= —8 to 90, p = 0.100, I> = 76%) (22, 24, 37) but did not
differ between subgroups (p = 0.765). Retrospective studies
had larger improvements in six-minute walk distance (n =
5, WMD = 70m, 95% CI = 39 to 101, p < 0.001, =
97%) (24, 29, 37, 42, 46) than prospective (n = 5, WMD =
25m, 95% CI = —5 to 56, p = 0.107, I* = 66%) (p = 0.042
between groups).

VOopeak

Seven studies with n = 373 participants evaluated change in
VO;peak via cardiopulmonary gas analysis (n = 4) (20, 27,
43, 52) or estimation from workload (n = 3) (19, 49, 51). Of
these studies, all employed rehabilitation programs. Including
all studies, rehabilitation improved VO,peak by 2.9 mL/kg/min
(95% CI = 2.6 to 3.3, SMD = 0.75, p < 0.001, 2 = 0%;
Figure 3). For treatment timing, the improvement was significant
for programs that allowed patients on active treatment (n = 2,
WMD = 3.1 mL/kg/min, 95% CI = 2.6 to 3.6, p < 0.001, I> =
33%) (27, 49) and for programs including patients exclusively
post-treatment (n = 5, WMD= 2.7 mL/kg/min, 95% CI = 2.2
to 3.2, p < 0.001, 1> = 0%) (19, 20, 43, 51, 52) and did not differ
between subgroups (p = 0.257). The change in VO, peak did not

differ between studies with retrospective vs. prospective design
(p=10.578).

Cancer-Specific, Health-Related Quality of Life

Eleven studies reported change in health-related quality of life
measures that were cancer-specific among 12 programs and with
several studies reporting more than one measure of quality of life
(19, 27, 31, 34, 36-39, 43, 44, 47, 51). Of these, n = 6 used the
European Organisation for Research and Treatment of Cancer
quality of life questionnaire (EORTC-QLQ)-C30 in n = 2008
participants, n = 5 used the Functional Assessment of Cancer
Therapy (FACT)-General in n = 300 participants, n = 4 used
the FACT-Breast total in n = 206 participants, n = 4 used the
FACT-Fatigue in n = 1410 participants. All studies employed
rehabilitation programming.

All studies utilizing the EORTC-QLQ-C30 included patients
who had completed treatment, while all studies utilizing the
FACT included patients on active treatment. Rehabilitation
improved the EORTC-QLQ-C30 by 9.5 points (95% CI = 7.5 to
11.5, SMD = 0.30, p < 0.001, I? = 78%; Figure 4). Rehabilitation
also improved FACT-General by 4.7 points (95% CI = 2.2 to 7.3,
SMD = 0.62, p < 0.001, I? = 52%; Figure 4). The effect size of
these two general quality of life questionnaires combined was
medium (SMD = 0.49, 95% CI = 0.37 to 0.62, p < 0.001, I?
= 77%).

Rehabilitation improved the FACT-Breast total score by 5.1
points (95% CI = 0.1 to 10.1, SMD = 0.26, p = 0.044, I> =
98%). However, in the leave-one-out sensitivity analyses, with
the removal of any of the studies by Dolan et al., Gordon et al.
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(DAART program only), or Rossen et al., the change in FACT-
Breast was no longer significant (p > 0.10). Including all studies,
rehabilitation did not change FACT-Fatigue score (WMD = 14,
95% CI = —5.0 to 7.8, SMD = 0.11, p = 0.667, I = 68%). The
FACT-Fatigue effect size did not differ between retrospective and
prospective studies (n = 2 each, p = 0.916).

Anthropometrics

Six studies with n = 226 participants reported body mass index
(20, 21, 37, 43, 51, 52) and three with n = 295 participants
reported body mass (27, 37, 43) before and after the program.
Prehab/rehab did not change body mass index (WMD = 0 kg/m?,
95% CI = —0.3 to 0.4, SMD = 0.02, p = 0.777, I = 0%) and this
did not differ by treatment timing (p = 0.728) or study design
(p = 0.576). Rehabilitation did not change body mass (WMD
—0.2kg, 95% CI = —0.9 to 0.6, SMD = —0.05, p = 0.675, I
= 62%).

Spirometry

Four studies with #n = 145 participants reported forced expiratory
volume in one second (FEV) (24, 29, 41, 46) and three with
n = 125 participants reported forced vital capacity (FVC) (24,
29, 46). Pre/rehabilitation did not impact FEV; (WMD = 4.6 %
predicted, 95% CI = —5.4 to 14.5, SMD = 0.69, p = 0.369, I =
98%) or FVC (WMD = 1.0 % predicted, 95% CI = —4.4 to 6.4,
SMD = 0.24, p = 0.719, I> = 89%). However, sensitivity analysis
showed that the removal of the study by Sterzi et al. resulted in a
significant improvement in FEV; (WMD = 9.0% predicted, 95%
CI=2.1to015.8, p = 0.011, I* = 92%) and FVC (WMD = 3.9%
predicted, 95% CI = 2.1 to 5.8, p < 0.001, I> = 0%).

Blood Pressure

Four studies with n = 183 participants reported blood pressure
(20, 37, 51, 52) and it was not affected by rehabilitation (systolic:
WMD = —1.5 mmHg, 95% CI = —3.5t0 0.5, SMD = —0.11, p =
0.135, I? = 0%; diastolic: WMD = —0.3 mmHg, 95% CI = —1.6
to 1.1, SMD = —0.01, p = 0.722, I? = 29%).

There were not three or more unique programs that measured
fasting glucose, hemoglobin Alg, lipid profile, smoking cessation

success rates, nutritional intake, or depression or anxiety (with
the same measure) to allow meta-analysis.

Post hoc Analysis of Prehabilitation for

Surgical Resection of Lung Cancer

The only programs that reported surgical outcomes were five
prehabilitation programs implemented prior to surgical resection
for lung cancer (21, 23, 30, 41, 50). Four of these studies
compared post-operative outcomes, including complications
(e.g., pneumonia, infections), and length of hospital stay between
patients who participated in prehabilitation to patients that did
not participate (21, 23, 30, 50) but could not be combined
by meta-analysis due to variability in outcome reporting
formats. All four studies reported a significant reduction or
trend to significance for incidence of various post-operative
complications and post-operative hospital stay length among
participants in the prehabilitation program (21, 23, 30, 50).
Two studies reported significant improvements in FEV; and
exercise capacity following the short prehabilitation program
(typically lasting 1-4 weeks) (23, 41). Importantly, these health
effects translated to a significant increase in the proportion
of participants able to receive surgery (30% vs. 69%) in one
program (30) and reduced post-operative health care costs in two
programs (21, 23).

DISCUSSION

Through the systematic review, evaluation, and meta-analyses
of exercise-based multimodal rehabilitation programs such as
cardiac or pulmonary rehabilitation or prehabilitation utilized in
individuals diagnosed with cancer, this review summarizes the
available evidence base for the effectiveness of these interventions
and is a first step towards informing the optimal components,
staff, referral process, and setting of future programs. Few of the
published exercise-based, multimodal, rehabilitation programs
utilized in individuals with cancer have adhered to the AHA’s
cancer-adapted recommendations for rehabilitation, especially
with respect to inclusion of multi-disciplinary and/or cancer-
specific interventions and program support staff. However,
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FIGURE 4 | Forest plot displaying mean difference and 95% Cls for the impact of rehabilitation on measures of health-related quality of life: (A) EORTC-QLQ-C30; (B)
FACT-General; (C) FACT-Breast; (D) FACT-Fatigue.

despite the lack of cancer considerations and holistic approach
to rehabilitation employed by the published programs to-date,
there were statistically and clinically significant improvements
in exercise capacity, cardiorespiratory fitness, and health-
related quality of life. Based on these findings, we have
identified a number of areas of the program structure with
room for improvement to better accommodate the unique
needs of individuals with cancer to maximize the size and
duration of health benefits of an exercise-based, multimodal
rehabilitation approach.

Program Components

Cardiorespiratory fitness is one of the strongest independent
predictors of all-cause, cancer-related, and CVD-related
mortality in cancer survivors (53). Exercise training is the
most effective intervention for improving cardiorespiratory
fitness and as such should be a cornerstone of multi-modal
programs for individuals diagnosed with cancer, similar to
contemporary cardiac and pulmonary rehabilitation (3, 4, 10).
An important finding from the current meta-analysis is that
real-world, exercise-based, multimodal rehabilitation resulted
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in the same effect size of improvement in VO,peak, the gold
standard measure of cardiorespiratory fitness, as compared with
rigorously controlled randomized controlled trials of exercise
training in individuals with cancer reported in a meta-analysis
(2.9 vs. 2.8 mL/kg/min) (54). The six-minute walk test is another
reliable measure of exercise capacity that is correlated with
cardiorespiratory fitness and also predicts cancer outcomes (55—
57). Our meta-analysis also identified a clinically meaningful
mean improvement of 47 m in six-minute walk distance with
real-world rehabilitation which exceeds the threshold of 42m
identified as a clinically importance change among individuals
with lung cancer (58).

While exercise training provides numerous health benefits,
a cancer diagnosis and subsequent treatment introduces a wide
range of physical, psychological, and existential stressors (2)
that are unlikely to be adequately addressed by exercise alone.
In particular, nutrition is a core component of traditional
cardiac or pulmonary rehabilitation programming that is of
high relevance for cancer populations but was inadequately
addressed in most programs in this study. While 73% of
programs reported providing education on nutritional topics,
this may have been limited to a single informational session.
Only 14% of programs described any type of nutritional
intervention where dietary counselling or planning was provided.
Malnutrition is common among individuals diagnosed with
cancer due to the combined effects of the tumor itself, anticancer
treatments, and poor dietary habits, and its presence contributes
to reduced quality of life, increased treatment toxicity, and
death independent of cancer (59). The 2021 European Society
for Clinical Nutrition and Metabolism (ESPEN) guidelines on
nutrition in cancer patients reported that despite the robust
evidence base for the crucial role of nutrition as a critical
component of multimodal cancer care, it is largely unrecognized,
underestimated, and undertreated in practice (59). Among the
ESPEN’s 43 recommendations for nutritional and metabolic
management of patients with cancer, is the recommendation
for use of nutritional interventions that provide dietary advice,
addressing treatment and nutritional impact symptoms that
impair food intake, and offering supplements. These aspects of
nutrition support are within the scope of current practice of
cardiac rehabilitation program registered dietitians. A greater
emphasis on nutrition care as a component of rehabilitation is
likely to compound health benefits received from exercise for
individuals with cancer. Furthermore, in cancer survivors who
are at greater risk for obesity and metabolic impairments (e.g.,
glucose intolerance) than for malnutrition (e.g., early-stage breast
cancer, endometrial cancer), nutritional interventions are needed
to normalize glycemic control, induce fat mass loss, and other
associated markers of CVD risk. The optimal intervention for
inducing these benefits would be one that takes advantage of the
synergies in a multimodal diet and exercise intervention.

Psychosocial distress is extremely prevalent among individuals
with cancer, especially within the first year after a diagnosis
but this may persist long after completion of primary treatment
(2). For example, within the first year of a breast cancer
diagnosis, ~50% of women experience depression, anxiety,
or both (60). Depression can increase the risk of developing

other comorbidities such as CVD, increases CVD mortality
risk, and can reduce adherence to rehabilitation if not
addressed (61, 62). The psychological health of individuals
with cancer is determined by more than simply the absence
of distress, but also by the presence of positive psychological
responses such as self-esteem, life appreciation and meaning,
spirituality, and feelings of peacefulness and purposefulness
(2). Screening for and then treating psychosocial distress
through education, goal setting, individual or group counselling
within the rehabilitation setting can facilitate these positive
psychological responses and in turn, reduce the risk of onset
of new comorbidities and death. Depression may also reduce
adherence and completion rates to multi-modal programming
such as cardiac rehabilitation, therefore addressing psychosocial
concerns may increase engagement with these potentially life-
saving services (63). Only 9% of the included programs in this
study reported including psychosocial interventions of any kind,
which represents an actionable programmatic change that could
significantly enhance the effects of multimodal rehabilitation on
the well-being of individuals with cancer.

CVD is a primary competing risk of death for individuals
diagnosed with numerous cancer types, especially among those
with higher cancer survival rates (6). The risk of CVD-related
death is elevated at all points in the survivorship trajectory after
a cancer diagnosis when compared to the general population (6).
The assessment and management of modifiable CVD risk factors
(e.g., blood pressure, glucose, lipids, tobacco use) is an integral
component of cardiac rehabilitation but was rarely employed in
the programs in the current study. This finding suggests that
the majority of rehabilitation programs used in individuals with
cancer to-date have not had a focus on mitigation of CVD
risk, which represents a missed opportunity to enhance the
overall health profile of individuals with cancer by targeting a
primary competing risk of death. Furthermore, a shift toward a
focus on CVD risk reduction in rehabilitation for cancer types
where CVD is a prevalent competing risk may provide a viable
avenue for reimbursement from third-party payers based on
the precedent set by cardiac rehabilitation. Although offering
multi-modal programming including exercise, psychosocial,
nutritional, and CVD risk factor modification support is optimal,
this might not be viable in all centers, especially in low
resource settings. Suggestions for adapting cardiac rehabilitation
for low resource settings include a menu-based and flexible
implementation of recommendations as possible, use of non-
physician-led interventions for low risk patients, or delivery
through the community, home, internet/mobile technology, or
within primary care settings (64).

Referral Process and Setting

Referral Timing

The AHA cardio-oncology rehabilitation guidelines suggest that
referral to rehabilitation should be driven by prior cardiotoxic
exposures and current symptoms, rather than considerations
of treatment timing (e.g., before, during, or after) relative to
treatment (10). Some components of rehabilitation, especially
exercise, introduce additional challenges and considerations
when performed during active treatment where patients
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have time constraints due to appointments and tests, are
immunocompromised, and experiencing symptoms such as
nausea, emesis, fatigue, and depression. However, exercise
training during active treatment has been shown to reduce
treatment-related toxicities and potentially impact medical
outcomes such as reducing hospitalizations, chemotherapy
complications, and reduced dose intensity (66). The results
from the current meta-analysis support the implementation
of rehabilitation prior to, during, or after primary treatment
completion. Our subgroup comparisons of programs that
included vs. excluded patients on active treatment and
prehabilitation vs. rehabilitation showed that effect size for
cardiorespiratory fitness, exercise capacity and quality of life did
not differ and was clinically meaningful regardless of timing.
This finding suggests that referral timing can be based on
individual patient preference or ability. However, our finding
that prehabilitation improved surgical outcomes suggests that
intervention timing may be important in this context.

Referral Source

The wide majority of programs enrolled patients following
referral by a treating health care provider, which was not
often an oncologist or cardiologist. A referral by a health care
provider may be a requirement for reimbursement of centre-
based rehabilitation costs by a third-party payer. Referral rates
to cardiac and pulmonary rehabilitation are alarmingly low, with
only 28% of patients undergoing cardiac catheterization and less
than 35% of eligible patients being referred, respectively (67, 68).
Referral of eligible patients with cancer to rehabilitation will
likely face similar challenges. The streamlining or automation
of referrals from specialists (related to cardiac or pulmonary
care), the oncology care team, and primary care providers, and
endorsement from the treating physician are a few approaches
that could be considered to enhance referrals and uptake of
multimodal rehabilitation among individuals with cancer.

Program Setting

Only three (9%) programs in this study took place outside of
a clinical setting such as in the community or at home. A
recent scoping review of 31 unique programs offering supervised
exercise in a community-based setting reported that it was safe
and improved health-related quality of life for an individual
with cancer (69). Consideration of patient preference, safety, and
efficacy is required to determine appropriateness of center-based,
home-based or community-based programming for cancer
survivors. The AHA cardio-oncology rehabilitation guidelines
recommend the use of centre-based rehabilitation for individuals
with higher cardiac risk features (e.g., history of CVD, cardiac
symptoms, receipt of cardiotoxic treatments, and presence of
CVD risk factors), whereas those without these risk factors
are appropriate candidates for community-based programming.
Despite most of the programs being clinical centre-based in
this study, only one study had the requirement for high cardiac
risk features for enrollment and in fact, a number of programs
excluded patients with these factors. It is not feasible or needed
for all individuals with cancer to attend rehabilitation. CVD risk

stratification is a viable method to identify and target those in
greatest need of intervention.

Program Staff

Oncology-specific certification is available for exercise, nutrition,
and mental health professionals (69-72), but only one study
reported that their staff had this training. While adequate
knowledge of cancer diagnoses and treatments is critical for
the safe and effective provision of support for individuals with
a history of cancer, the integration of oncology rehabilitation
into existing cardiac or pulmonary rehabilitation programs
where resources are already limited, may not allow for the
additional cost and time associated with additional training of the
program staff. It may be more feasible for the cardiac/pulmonary
rehabilitation programs to partner with the local cancer
treatment centers to share personnel or receive informal training.

Program Funding

A reimbursement strategy is currently unavailable for individuals
with cancer participating in cardiac rehabilitation, highlighting
the need to demonstrate the effectiveness of these programs
in this population (10). In cardiac populations, cardiac
rehabilitation has been found to be cost-effective relative to no
cardiac rehabilitation, but the most cost-effective delivery model
is unclear (65, 73). In cancer survivors, exercise physiologist-
or physiotherapist-led physical activity programs have been
shown to be more cost-effective compared to home-based self-
management programs (74). As such, the cardiac rehabilitation
model may be a cost-effective intervention to support cancer
survivors. Implementing cancer rehabilitation programs using
existing cardiac or pulmonary rehabilitation infrastructure may
be a viable solution to reduce costs for utilization of these
programs by cancer survivors. However, among the general
cardiac rehabilitation landscape in Canada, approximately
200,000 more cardiac spots are needed per year to treat patients
with ischemic heart disease alone, not including other patient
population such as those living with atrial fibrillation, heart
failure, and valvular disease (75). Therefore, funding constraints
may limit enrollment of large numbers of cancer survivors
directly into existing cardiac/pulmonary rehabilitation programs.
Dedicated funding, resources, and staff are likely needed to
enhance capacity for individuals with cancer to participate in
exercise-based multimodal rehabilitation programming.

Limitations

The results of this meta-analysis are limited by the lack of a
control (non-rehabilitation) comparison group, small sample
sizes, heterogeneity in results, and inability to perform subgroup
analysis by cancer type. Within each evaluated outcome measure,
there were too few studies including patients with a given cancer
diagnosis type to allow for subgroup comparisons. As such, some
analyses had moderate-to-high heterogeneity as indicated by I?,
which indicates genuine differences in results between studies
which could be related to grouping various cancer types, stages,
and timing relative to treatment together. However, random
effects models were used because heterogeneity was expected, and
they provide estimates of the average intervention effect.
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CONCLUSION

This systematic evaluation of the structure of 33 existing
exercise-based multimodal rehabilitation programs utilized in
individuals with cancer to-date identified that the program
components, education topics, and staff were not often multi-
disciplinary and/or cancer-specific. In particular, a greater
emphasis on nutrition, and evaluation and management of
psychosocial distress and CVD risk factors, similar to the
program components often offered in traditional cardiac
rehabilitation but with cancer-specific adaptations, would
provide enhanced holistic health benefits. Further, the wide
majority of rehabilitation programs used in individuals with
cancer to-date have not required elevated CVD risk (including
receipt of cardiotoxic treatments) as an enrollment criterion
nor have their program intake assessment or components had a
focus on evaluation and mitigation of CVD risk. A shift toward
a focus on CVD risk reduction in rehabilitation for cancer
types where CVD is a prevalent competing risk will enhance
the potential health impact of these programs. This study
also found that cardiac rehabilitation, pulmonary rehabilitation,
prehabilitation or other exercise-based multimodal rehabilitation
programs utilized under real-world settings in individuals
with cancer produced clinically meaningful and large effect
sizes for cardiorespiratory fitness and 6-minute walk distance,
and medium effect sizes for cancer-specific, health-related
quality of life. Overall, these findings suggest that a model
of exercise-based multimodal rehabilitation that addresses risk
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Background: Exercise has been proven to be an effective therapy for stroke by reducing
the microglia-initiated proinflammatory response. Few studies, however, have focused on
the phenotypic changes in microglia cells caused by exercise training. The present study
was designed to evaluate the influence of treadmill exercise on microglia polarization and
the molecular mechanisms involved.

Methods: Male Sprague-Dawley rats were randomly assigned into 3 groups: sham,
MCAQO and exercise. The middle cerebral artery occlusion (MCAQO) and exercise groups
received MCAO surgery and the sham group a sham operation. The exercise group also
underwent treadmill exercise after the surgery. These groups were studied after 4 and
7 days to evaluate behavioral performance using a modified neurological severity score
(MNSS), and infarct conditions using 2,3,5-triphenyl tetrazolium chloride. Quantitative
real-time polymerase chain reaction (QRT-PCR) and Luminex was employed to determine
the expressions of markers of microglia phenotypes. Western blotting was employed
to identify the phosphorylation levels of Janus kinase1 (JAK1) and signal transducer
and activator of transcription 6 (STAT6). Immunofluorescence was conducted to identify
microglia phenotypes.

Results: Treadmill exercise was found to improve neurobehavioral outcomes,
mainly motor and balance functions, reduce infarct volumes and significantly increase
interleukin-4 (IL-4) expression. In addition, treadmill exercise inhibited M1 microglia and
promoted M2 microglia activation as evidenced by decreased M1 and increased M2
markers. Furthermore, an obvious increase in p-JAK1 and p-STAT6 was observed in the
exercise group.

Conclusions: Treadmill exercise ameliorates cerebral ischemia—reperfusion injury by
enhancing IL-4 expression to promote M2 microglia polarization, possibly via the
JAK1-STAT6 pathway.

Keywords: treadmill exercise, anti-inflammation, cerebral ischemia-reperfusion injury, M2 microglia, interleukin-4
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Treadmill Exercise and Cerebral Ischemia-Reperfusion

INTRODUCTION

Clinically, early exercise has been proven to be an effective
method to promote motor recovery in patients with ischemic
stroke (1, 2). Experimental studies have also demonstrated that
treadmill training is beneficial in ameliorating neurological
deficits in rats after cerebral ischemia (3, 4). Further analysis of
the mechanism of exercise-induced neuroprotection revealed
decreased activation of resident cells such as microglia and
astrocytes (5, 6), suppressed expression of pro-inflammatory
cytokines (6, 7), and reduced leukocyte infiltration in the
penumbra (8, 9), results consistent with our previous
findings (10).

It has been shown that activated microglia become rapidly
polarized into different phenotypes in response to ischemic
conditions (11). The anti-inflammatory phenotype, known as
M2, emerged at the border of the ischemic area from the 1 day,
reached a peak expression at 5 days after MCAO, then decreased
over 7 to 14 days after MCAO, but was still higher than in
the sham group. By comparison, the inflammatory phenotype
M1, appeared in the penumbra after 3 days and was maintained
at a high level until day 14 after MCAO (12). These data
suggested that the M1 phenotype gradually took the place of
the M2 phenotype, dominating at the infarct border. Therefore,
maintaining the M2 phenotype and inhibiting the M1 phenotype
in the penumbra is crucial for the attenuation of cerebral
ischemia reperfusion (CI/RP) injury. Our previous study found
that treadmill exercise effectively inhibited microglia activation
and diminished the expression of pro-inflammatory mediators,
including interleukin-18 (IL-18) and monocyte chemotactic
protein-1 (MCP-1), at 3 and 6 days post-injury (10). Since the
M1 phenotype is able to produce pro-inflammatory cytokines,
it is reasonable to link the exercise-induced neuroprotection to
a significant decline in the M1 phenotype in the penumbra.
Even so, the effects of treadmill exercise on anti-inflammatory
cytokines and the M2 microglia associated with these cytokines
still remains unknown.

To date, IL-4 has been reported to participate in
neuroprotection against cerebral ischemia and that the
upregulation of M2 microglia induced by IL-4 treatment
has a neuroprotective effect (13, 14). Liu et al. reported that
IL-4 deficiency disrupted neurological functions and impaired
microglia M2 polarization in mice after stroke (15). These
investigations suggested that IL-4 is actively involved in
promoting functional recovery through induction of the M2
phenotype. Recently, testing with a customized magnetic rat
premixed multi analyte kits for multiple anti-inflammatory
cytokines, including interleukin-10 (IL-10), interleukin-4 (IL-4),
interleukin-13 (IL-13), and so on, we discovered a significant
increase in the protein level of IL-4 after 3- and 6-days of
treadmill exercise. We speculated that IL-4 might be involved in
the process by which treadmill exercise exerts a beneficial effect
after CI/RP injury. Thus, this question deserves further study
of the anti-inflammatory mechanisms involved in treadmill
training after MCAO and in particular the potential role of IL-4.

The Janus kinase (JAK) signal transducer and activator of
transcription 6 (STAT®6) signaling is acknowledged as the primary

pathway involved in IL-4 responsiveness and its effects in
modulating inflammatory events (16-18). Koh et al. discovered
that IL-4 activated STAT6 to regulate M1/M2 polarization in
various diseases arising as a result of inflammation (19). He et al.
found that the administration of IL-4 led to a transition between
M1 and M2a phenotypes through the JAK1/STAT6 pathway to
promote post stroke recovery (20). Therefore, elucidation of the
IL-4 and related signaling pathways involved in the protective
effect induced by treadmill exercise in a stroke model is needed.

In the present study, we evaluated the mechanisms underlying
the improvements in neurobehavioral deficits after treadmill
training and whether IL-4 boosted microglia to polarize from
the M1 to M2 phenotype in exercise-mediated neuroprotection
in MCAQ rats.

MATERIALS AND METHODS

Animals

Adult, male Sprague Dawley (weighing 250-320g) rats were
obtained from the Slack Experimental Animal Company
(Shanghai, China). The rats were housed in cages (4 rats per
cage) at 23°C in a 12/12h light/dark cycle, with ad libitum
access to food and water. In total 117 rats were familiarized
with the environment for 1 week prior to operations and then
were randomly allocated into a treadmill exercise, MCAO or
sham operation group. All the experimental procedures were
carried out according to the National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals. The
experimental protocols were approved by the Ethics Committee
of Shanghai Jiao Tong University (Ethical code: 2019027). All
efforts were made to minimize the number of animals used and
their suffering.

Middle Cerebral Artery Occlusion Model
Rats in the exercise and MCAO groups underwent right middle
cerebral artery occlusion-reperfusion surgery. After accurate
weighing, rats were anesthetized intraperitoneally before surgery.
Subsequently, they were position on the operating table in a
supine position and shaved to expose the neck. An incision was
made in the neck skin and the right common cervical artery
(CCA), external carotid artery (ECA), internal carotid artery
(ICA) and wing palatine artery isolated. A filament with a silicone
tip of 2.0 cm was inserted through the incision into the lumen of
the ICA and when it reached 1.8-2.0 cm it occluded the ostium
of the right middle cerebral artery (MCA) to produce cerebral
ischemia for 120 min; then the filament was removed to enable
reperfusion. The rats underwent the Zea-Longa test (21) after
reperfusion for 24 h and only those with scores of 1-3 were used
for experiments. The same operation procedure was performed
in rats of the sham operation group except that the filament was
advanced into the ICA. The chosen area of penumbra in the
cortex and striatum was as follows (Figure 1).

Exercise Intervention

A motorized treadmill (ZH-PT/5s, Huaibei Zhenghua, Anhui)
was used in the present study. Before surgery, rats in the exercise
group were familiarized with treadmill running over a 3-day
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penumbra _

FIGURE 1 | The images of the penumbra after MCAO. The images showed
that the black zone marked as “1” represented the selected cortex region near
the infarct core and the area labeled as “2” was marginal striatum around the
infarct core. We used the brain tissue from penumbra to perform gRT-PCR,
Luminex multiplex assay, and Western blotting. The area of penumbra in the
cortex and striatum for immunofluorescence staining was chosen as shown.

period (12 m/min, 10 min/day). Twenty four hour after the
MCAO procedure, rats in the exercise group were trained on the
treadmill (0° slope) for 30 min for 3 or 6 consecutive days. The
treadmill velocity was increased every 10 min from 5 to 9 m/min
and finally to 12 m/min. Rats in the MCAO and sham groups
remained on the treadmill for 30 min without running.

Evaluation of Neurological Scores

For neurological deficit assessment, all rats were scored using an
18-point modified neurological severity score (mNSS) 1, 4, and
7 days after CI-RP by an operator who had no knowledge of the
treatment allocation. mNSS is comprised of motor, sensory, reflex
and balance tests (22). The score was graded from 0 to 18 points,
where 0 represents normality with no neurological signs and a
higher score indicates a more severe neurological injury.

Infarct Assessment

2,3,5-triphenyltetrazolium chloride (TTC) was used to estimate
the volume of the brain infarct. When the last neuro-score
was completed, the rats were deeply anesthetized. The brains
were rapidly removed and kept at —20°C for 10 min and then
sequentially sliced into 2-mm coronal sections. The sections were
immersed in 2% TTC and incubated at 37°C for 30 min in the
dark. Then, the brain sections were fixed in 4% paraformaldehyde
for 24 h and images were recorded using a digital camera.

Quantitative Real-Time Polymerase Chain

Reaction Analysis

Total RNA was extracted from the penumbra and its
concentration and purity examined using BioPhotometer
plus (Eppendorf). Subsequently, RNA (1 pg) was reverse
transcribed into ¢cDNA, which was then added to a reaction
system that included primers and SYBR Green. The quantity
of IL-4 was determined using the Applied Biosystems (7500
Real-Time PCR Software, RRID:SCR_014596). The kits used
for total RNA extraction, cDNA synthesis and rt-PCR were

all obtained from Tiangen Biotech (Beijing, China). U6
(Cat#B661602-0002, Sangon, Shanghai) served as the internal
control and mRNA expression was determined using the
27AACT method (23). The forward primer sequence for IL-4
was: GTACCGGGAACGGTATCCAC, which was designed
based on previous studies (24). All experiments were repeated
three times.

Luminex Multiplex Assay

The supernatants from the isolated brain tissue were collected.
The concentrations of cytokines including IL-4, IL-10, IL-13,
IL-1a, IL-1b, IL-6, and MCP-1 were measured using the Bio-
Plex Pro™ Rat Cytokine 23-Plex Assay (Cat#12005641, Bio-
Rad, Hercules, CA) by Luminex technology, following the
manufacturer’s instructions. The cytokine concentrations were
determined using a Luminex 200 instrument. The expression of
proteins is given in units of pg/mg.

Western Blotting

The extracted protein of the penumbra was homogenized
in RIPA lysis buffer (Yamei, Suzhou) according to the
manufacturer’s instructions. The supernatant of proteins was
subjected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes, which were sealed with 5% skimmed milk
for 2h at room temperature. The rinsed membrane and
primary antibody were incubated together overnight at 4°C,
including p-JAK1 (Cat#YP0154, Immunoway, dilution 1:500), p-
STAT6 (Cat#YP0256, Immunoway, dilution 1:400) and GAPDH
(Cat#YM3029, Immunoway, dilution 1:5000). After 3 washes
with TBST, samples were exposed for 2h at room temperature
to secondary antibodies (Immunoway, dilution 1:10,000). The
bands were observed using an Odyssey Infrared Imaging
System 3.0.29 (LICOR, Nebraska). All experiments were repeated
three times.

Double Immunofluorescence Staining

The brains of every group were sectioned coronally at 40 pm
intervals using a freezing microtome. Slices were soaked in
0.1% Triton X-100 in PBS for 10 min and then blocked for
1h. Subsequently, let the slices incubate overnight at 4°C in
the mixed solution of rabbit anti-Ibal (Cat# 019-19741, Wako,
RRID: AB_839504, dilution 1:500) and mouse anti-CD68 (Cat#
MCA341R, Bio-Rad, RRID: AB_2291300, dilution 1:50) or
mouse anti-Arg-1 (Cat# sc-271430, Santa Cruz Biotechnology,
RRID: AB_10648473, dilution 1:25). After rinsing 3 times
with PBS the next day, incubation fluid was replaced with
corresponding secondary antibodies labeled with goat anti-rabbit
IgG-Alexa Fluor 555 (Cat# A-21428, Thermo Fisher Scientific,
RRID: AB_2535849, dilution 1:1000) and goat anti-mouse IgG-
Alexa Fluor 488 (Cat# A-11029, Thermo Fisher Scientific, RRID:
AB_2534088, dilution 1:500). DAPI (Cat#G1012, Servicebio,
Wuhan) counterstaining was applied to label the cell nuclei for
10 min. Images were captured using a Zeiss confocal microscope
(LSM 800) and ZEN imaging systems (ZEN Digital Imaging for
Light Microscopy, RRID:SCR_013672) at x100 magnification
and the number of CD68 and Arg-1 in Ibal™ cells in the cerebral
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cortex and striatum were quantified with Image-J 1.51 software
(Media Cybernetics Inc. Co., Shanghai, China).

Statistical Analysis

All data were evaluated using SPSS version 26.0 (IBM SPSS
Statistics, RRID:SCR_019096) or GraphPad Prism version
8.3.0 (GraphPad Prism, RRID:SCR_002798). Mean =+ standard
deviation (SD) was used to describe the results. Student’s ¢-test
was adopted to analyze data quantitatively between 2 groups and
one-way ANOVA for multiple group comparisons, followed by
LSD as the post-hoc test. A P < 0.05 was considered to be a
statistically significant finding.

RESULTS

Treadmill Exercise Alleviated Neurological
Deficits and Reduced the Infarct Volume
After MCAO

To identify the neuroprotective effects of treadmill exercise,
the functional deficits and infarct volume at the indicated time
points were evaluated. As shown in Figure 2A, the difference
in baseline of mNSS between the MCAO and exercise groups
was not remarkable. The rats treated with treadmill exercise
for 4 days did not exhibit a significant decrease in neurological
scores (P > 0.05), but showed a greater reduction at 7 days
compared to the MCAO group (P < 0.01), especially in the motor
(P < 0.01) and balance (P < 0.05) subitems. Since rats in the
sham operation group had no deficit, their mNSS scores were 0,
which are not reported in this paper. These data indicated that
treadmill exercise was effective in promoting functional recovery
after MCAO.

The TTC analysis revealed that MCAO surgery produced
histologically proven damage to the cortex and striatum in the
MCAO group. The increased infarct volume induced in the
MCAO group appeared to be attenuated by the treadmill exercise
intervention, an effect which was not quantified in the present
study (Figure 2B).

Treadmill Exercise Inhibited M1 Microglia
Polarization and Promoted Microglia
Polarization Toward M2 Phenotype After
MCAO

To determine which subtype of microglia was activated in the
cortex and striatum in response to MCAO and treadmill exercise,
double immunostaining for microglial biomarker Ibal* and M1-
like marker CD68 or M2-like marker Arg-1 was performed in
this study, respectively. As expected, CD68"T M1 microglia in
the cortex (Figure 3A) and striatum (Figure 3B) was observed
with a smaller number at 24 h and gradually increased over time,
especially at 7 d (P < 0.01 for cortex, and striatum) after MCAO.
Three-day (P < 0.05 for striatum) and 6-day (P < 0.01 for
cortex, and striatum) of treadmill exercise significantly curbed
this growing tendency. In contrast, among 24 h, 4, and 7 d after
MCADO, the highest level of Arg-l+ M2 microglia of the cortex
(Figure 3C) and striatum (Figure 3D) was observed at 4 d (P
< 0.01 for cortex, P < 0.05 for striatum) and treadmill exercise

lasting for 6 d raised it to a much higher level compared to the
corresponding time point in the MCAO group (P < 0.05 for
cortex, P < 0.01 for striatum). These data suggested that there
is a fair chance that treadmill exercise suppressed inflammation
by reducing M1 microglia and facilitating the expression of
M2 microglia.

Treadmill Exercise Altered the Levels of
M1/M2 Markers

To explore further the effects of treadmill exercise on microglia
polarization, we analyzed the expression of surface markers on
M1/M2 phenotypes in the penumbra using Luminex Multiplex
Assays. As shown in Figure4, the level of Ml-like markers,
including IL-la, IL-1b, IL-6, and MCP-1, and the M2-like
marker IL-10 were strongly affected by the treadmill exercise
intervention. IL-1a expression (Figure 4A) reached the highest
level at 24h (P < 0.05), then continued decreasing to the lowest
level (P < 0.05) at 7 d after MCAO compared to the sham group.
It was found that IL-1b expression (Figure 4B) was induced and
elevated at 24 h, further increased and peaked at day 4 (P < 0.05)
and then decreased at day 7 after MCAO compared to the sham
group. The levels of IL-6 (Figure 4C) and MCP-1 (Figure 4D)
reached their peaks at 24 h (P < 0.01 for IL-6, P < 0.05 for MCP-
1) after MCAO and then rapidly declined, but still remained
elevated compared to the sham group. The expression of IL-10
(Figure 4E) increased at 24 h, with a peak at 4 days (P < 0.01),
and decreased rapidly by day 7 (P < 0.01) in the MCAO group.
Treadmill exercise significantly reduced the protein expression
of IL-1a, IL-1b, IL-6, and MCP-1 on day 4 (P < 0.05 for IL-
la, P < 0.01 for IL-1b and IL-6) and day 7 (P < 0.05 for IL-1a
and MCP-1, P < 0.01 for IL-1b and IL-6), except for the MCP-
1 expression at 4 d post-surgery compared to the MCAO group.
In contrast to the levels of M1-like markers, the protein level of
IL-10 was significantly higher only on day 7 post-surgery (P <
0.01) in the exercise group. These results indicated that treadmill
exercise contributed to inhibiting the M1 phenotype at first and
in addition then resulted in an enhancement of M2 polarization.

Treadmill Exercise Increased the
Expression of IL-4 After MCAO

To determine whether IL-4 or IL-13 promoted M2 polarization
in the penumbra after treadmill exercise, Luminex Multiplex
Assays were developed to establish the protein levels of IL-13
(Figure 5A) and IL-4 (Figure 5B) at the indicated time points
among the sham, MCAO and exercise groups, respectively. The
results suggested that the level of IL-4 increased significantly after
the 6-day treadmill exercise (P < 0.01) compared to the MCAO
group. Subsequently, we used qRT-PCR to measure the gene level
of IL-4. Data analysis clearly revealed a significant gain in the
mRNA level of IL-4 in the exercise group on both day 4 (P < 0.01)
and day 7 (P < 0.01) post-surgery compared to the MCAO group
(Figure 5C). These findings suggested that upregulation of IL-
4 signaling is involved in exercise-mediated functional recovery
after MCAO.
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groups before they were humanely killed (n = 1 per group).

A B
mNSS
101
[ balance
84 Bl reflex a
Il sensory 9
2 6- \’
e Il motor
@
44 g J
2 M“
»
0- 3)
O W W N O A A .
,»bsl b‘l b;l '\P‘. '\*b'n ’\I ’\' ,»b.l 3
MCAO Exercise MCAO Exercise

FIGURE 2 | Treadmill exercise alleviated neurological deficits and reduced infarct volume after MCAO. (A) Behavioral functions were assessed using mNSS in the
MCAOQ and exercise groups 24 h post-surgery before the animals were humanely killed (MCAO group: n = 19 for 4-day time points, n = 18 for 7-day time points;
Exercise group: n = 20 for 4-day, n = 18 for 7-day time points). The data are presented as the mean + SD. n.s.: p > 0.05, *P < 0.05, **P < 0.01 vs. MCAO group.
(B) Representative images of brain sections (8 consecutive sections at 2.0 mm intervals from bregma) obtained after TTC staining from rats in the MCAQO and exercise

Treadmill Exercise Regulated Microglia
Polarization Through the JAK1/STAT6
Pathway After MCAO

Treadmill exercise enhanced IL-4 expression, stimulating the
upregulation of the M2 phenotype. To establish whether
JAK1/STAT6 pathway activation was involved, the protein levels
of p-JAK1 and p-STAT6 were detected using western blot
analysis. The results showed that the p-JAKI expression was
significantly increased in the exercise vs. MCAO group on day
4 (P < 0.01, Figures 6A,B) and day 7 (P < 0.01, Figures 6A,B)
post-surgery. The p-STAT6 was markedly increased at 7 d in
the exercise group in comparison to the MCAO group (P <
0.01, Figures 6A,C). These data suggested that JAK1/STAT6 was
activated after treadmill exercise intervention.

DISCUSSION

In the present study, we verified that treadmill exercise could
exert its neuroprotective effects by downregulating the levels of
the M1 microglia phenotype. To our surprise, treadmill exercise
played a role in facilitating the anti-inflammatory reaction by
accelerating the polarization from the M1 to M2 phenotype
and by upregulating the production of the anti-inflammatory
cytokine IL-4. We showed that treadmill exercise intervention
significantly elevated the level of IL-4 to promote M2 polarization
for brain repair and suggest that the JAK1-STAT6 pathway might
be involved in mediating the IL-4 effect.

Previous reports have concluded that the onset time of
therapeutic exercise did not show any benefit either within 3h
or 3 days after modeling (25). Li et al. conducted several animal
studies and found that 6h after reperfusion that inflammatory
injury was exacerbated, but 24h and 3 days stroke recovery
was enhanced (26, 27). These findings are consistent with
results from other studies in which exercise beginning 24 h
post-surgery produced beneficial effects (28, 29). In addition,
Morrison et al. showed the morphology of microglia was changed
and that microglia activity was greatly decreased after 24h
of reperfusion (30). Temporal profile analysis of microglia
expression and activation in ischemic animals revealed that both
were significantly increased in the peri-ischemic area at 96 h and
especially 7 days after reperfusion (31). Therefore, we chose 24 h
after CI/RP as exercise initiation timing and day 4 and day 7 post-
surgery to investigate the effects of treadmill exercise on microglia
polarization and inflammatory responses.

Previous studies have shown that a long-lasting inflammatory
response contributes to neurodegeneration and the aggravation
of brain injury after stroke (32, 33). Exercise has been reported
to induce anti-microglial activation which may effectively
modulate inflammation in different diseases of the central
nervous system (34-36), at least partly because of the increased
secretion of anti-inflammatory factors (37-39) and a decrease
in pro-inflammatory cytokines (40-42). For example, Zhang
et al. found that swimming inhibited microglia activation
in the hippocampus via upregulation of IL-4 after global
cerebral ischemia (34). It has been reported that treadmill
exercise suppressed microglia-induced neuroinflammation via
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FIGURE 4 | Treadmill exercise altered the levels of M1/M2 markers. The levels of M1 markers, including (A) IL-1a, (B) IL-1b, (C) IL-6, (D) MCP-1, and M2 marker (E)
IL-10 in the penumbra at 1-, 4-, and 7-days post-surgery among the sham, MCAQO and exercise groups were examined by Luminex Multiplex Assays. Data are

presented as the mean SD, n = 3/group. #P < 0.05, ##P < 0.01 vs. sham group; *P < 0.05, **P < 0.01 vs. MCAQ group.
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FIGURE 5 | Treadmill exercise increased the expression of IL-4 after MCAO. Protein concentrations of IL-13 (A) and IL-4 (B) in the penumbra were measured by

Luminex Multiplex Assays on day 1, 4, and 7 post-surgery in the sham, MCAO and exercise groups. (C) RNA extracts were prepared from the penumbra and mRNA
analysis of IL-4 was detected by real-time PCR at the same time points in the 3 groups. Data are given as the mean + SD. n = 3/group. #P < 0.05, ##P < 0.01 vs.

sham group; **P < 0.01 vs. MCAQO group.

CD200/CD200R signaling pathway by decreasing the level of
IL-1p and TNF-a in a mouse model of MCAO (43). Although
it has already been established that exercise has an effect on
microglia activation, these studies did not explore the changing
phenotype of microglia. An increasing body of evidence suggests
that there is a dynamic microglial phenotypic polarization in the
penumbra, and whether these microglia exacerbate or alleviate
tissue damage is associated with their different polarization (44,

45). In agreement with these findings, we showed here that
microglia express predominantly M2 markers in the penumbra
between day 1 and day 4 after CI/RP, whereas the expression
of M1 markers progressively increased over 7 days, suggesting a
M2-to-M1 phenotype shift. Therefore, it is necessary to search for
a link that would associate the neuroprotective effects of exercise
to microglia polarization in the penumbra at different time points

after CI/RP.
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FIGURE 6 | Treadmill exercise regulated microglia polarization through the JAK1/STAT6 pathway after MCAO. (A) The representative protein band of p-JAK1 and
p-STAT6 was acquired by western blotting with the protein GAPDH serving as the control. Relative protein level of p-JAK1 (B) and p-STAT6 (C) in the penumbra on
the 1st, 4th, and 7th day among the sham, MCAQ and exercise groups are shown. Data are presented as the mean =+ SD, n = 3/group. ##P < 0.01 vs. sham
group; *P < 0.05, *P < 0.01 vs. MCAQ group.

Some drugs have shown neuroprotective effects in animal
models of stroke by affecting the type of microglia. For instance,
melatonin treatment has been shown to ameliorate brain damage
by shifting the microglia phenotype from pro-inflammatory to
anti-inflammatory polarity (46). Curcumin was also found to
improve functional outcomes via M1-M2 microglial switching
(47). At present, M2a microglia are mainly considered to
suppress inflammation (11). The M2a phenotype may be the
main cell subtype involved in the processes we studied and the
surface marker Arg-1 was selected as the surface marker of M2a
microglia for immunofluorescence staining (48). In the present
study, we found that 3- and 6-day treadmill exercise did indeed
promote an M1-to-M2 phenotype shift in the penumbra, which
was correlated with greater improvements in neurological scores
(particularly in motor and balance) and reduced infarct volumes
compared to the MCAO group. These data support the benefit
of M2 induction on treadmill exercise for stroke recovery. It is
worth noting that in order to induce overall beneficial effects,
it is not enough to simply suppress M1 activation to block
inflammation (49). Nevertheless, treadmill exercise appears to be
a good therapeutic option for stroke rehabilitation.

Based on stimulation of diverse cytokines, microglia could
generally polarize into the M1 or M2 phenotypes. IL-4 and
IL-13 are essential effectors that polarize microglia to the
M2a phenotype (50). An M2a phenotype was indeed induced
after IL-4 application both in vitro and in vivo (51). In our
study, the data obtained by Luminex Multiplex Assays and
real-time PCR revealed a dramatic increase in IL-4 rather
than IL-13 in the exercise compared to the MCAO group.
In summary, treadmill exercise increased IL-4 concentrations,
which was accompanied by decreased numbers of CD68" M1
microglia and increased Arg-1" M2 microglia. Consistent with
the results of immunofluorescence staining, Luminex Assays

revealed a decreased expression of M1 markers (IL-la, IL-
1b, IL-6, and MCP-1) and the increased levels of the M2
marker IL-10. Therefore, IL-4 is likely to be involved in the
M2 polarization induced by treadmill exercise. IL-4 is widely
recognized as a protective and pleiotropic cytokine in CI/RP,
which plays an important role in inflammatory reactions by
modulating microglia polarization (52, 53). Yang et al. used
intracranially injection of interleukin-4 and verified that an IL-
4 supplement could promote neuro-functional recovery and
enhanced microglia M2 polarization in vivo (54). Zhao et
al. reached the same conclusion from the results of in vivo
experiments and also ascertained that IL-4 administration
converted the surrounding microglia to the M2 phenotype in
vitro (55), a finding consistent with conclusions reached after
in vitro experiments carried out by Ting et al. (56). These data
demonstrate the importance of IL-4 in eliciting M2 polarization
after CI/RP.

Binding of IL-4 to its receptor (IL-4R) elicits stimulation of
intracellular signaling, such as the JAK/STAT pathway, which
involves IL-4-specific transcription factor STAT6 (17). The role
of STAT6 in M2 phenotype switching following IL-4 stimulation
was consistently confirmed (57-59). Cai et al. discovered that
knockout of STAT6 significantly reduced the positive effect on
M2 microglia induction (60). Data from one study demonstrated
that IL-4 could promote M2 polarization via activation of the
JAK1/STAT6 pathway (61), while JAK1 inhibition would block
IL-4-dependent STAT6 activation (62), suggesting that JAK1 is
a key molecule downstream of IL-4 signaling. In our study, we
detected the protein levels of p-JAK1 and p-STAT6 and observed
that treadmill exercise markedly increased JAKI and STAT6
phosphorylation. Taken together, it is possible that treadmill
exercise elicits its favorable effects via the IL-4-JAK1/STAT6
pathway to induce M2 polarization.
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Our data clearly showed that IL-4 did not greatly increase
M2 induction until the 6-day treadmill exercise intervention.
Recent studies also highlighted the effect of IL-4 on long-term
behavioral performance after cerebral ischemia (15, 55). The
evidence implied that the therapeutic effects of IL-4 polarization
to an M2 phenotype is likely to accumulate over time, thereby
promoting a greater degree of neurological recovery. Hence, it
will be prudent to investigate further the long-term effects of
treadmill exercise on IL-4 activity and the consequent alterations
in microglia polarization and functional recovery; indeed the
degree of exercise may be a factor leading to stress (25).
Further studies should proceed more cautiously by additionally
increasing the intensity and duration of exercise. Furthermore,
in order to prove further the reliability of the present findings,
IL-4 knockout (KO) mice or inhibitors of JAK1/STAT6 pathways
should be applied in subsequent experiments for comparison.

In summary, the results support the hypothesis that treadmill
exercise can alleviate inflammatory injury and promote microglia
polarization to the M2 phenotype by increasing the expression
of IL-4, which may activate downstream the JAKI1/STAT6
pathway. Our study has identified the anti-inflammatory feature
of treadmill exercise. As far as we are aware, this study is the
first to show that IL-4 is an effective factor in treadmill exercise-
mediated anti-inflammation, involving the induction of the M2
phenotype in microglia.
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This study aims to systematically reveal the changes in protein levels induced by regular
exercise in mice with ischemic-induced heart failure (HF). Aerobic exercise training
for the ischemic-induced HF mice lasted for 4 weeks and then we used the liquid
chromatography-mass spectrometry method to identify and quantify the protein profile
in the myocardium of mice. As a whole, 1,304 proteins (597 proteins up-regulated;
707 proteins down-regulated) were differentially expressed between the exercise group
and the sedentary group, including numerous proteins related to energy metabolism.
The significant alteration of the component (E1 component subunit alpha and subunit
beta) and the activity-regulating enzyme (pyruvate dehydrogenase kinase 2 and pyruvate
dehydrogenase kinase 4) of pyruvate dehydrogenase complex and poly [ADP-ribose]
polymerase 3, a nicotinamide adenine dinucleotide(+)-consuming enzymes, was further
verified in targeted analysis. Generally, this proteomics profiling furnishes a systematic
insight of the influence of aerobic exercise on HF.

Keywords: aerobic exercise, mice, myocardial infarction, heart failure, proteomics

INTRODUCTION

With the increase of life-expectancy and underlying risk factors, heart failure (HF) is emerging
as a major public health issue with the prevalence estimated to be 56 million patients worldwide
(1). In the past few decades,pharmacotherapeutics has made great progress for HF from initial
neuro-hormonal blockade of the cardiovascular system to additional neurohormonal regulation,
as well as some recent anti-hyperglycemic drugs. However, the prognosis of HF patients remains
less satisfactory. It is a challenge that the reductionist approach in this high clinical heterogeneity
disease is due to the diverse therapy responding and treatment intolerance (2). Further multivariate
therapeutic interventions are essential to improve the clinical outcomes of HF patients.

There is strong evidence that cardiac rehabilitation, especially the achievable non-
pharmacological intervention training, could improve functional ability, relieve symptoms as
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GRAPHICAL ABSTRACT | The heart failure model was induced by myocardial infarction in male C57BL/6N mice and then the mice with established HF were
randomly assigned to the sedentary group or the exercise group in the 12-lane treadmill for 4 weeks. Myocardium samples of both exercise groups mice and
sedentary groups mice were harvested, respectively. The LC-MS method was adopted for identification and quantification of the protein expression profile in the
myocardium of mice. The retrieved protein peak area was used for subsequent statistical analysis. With the predetermined criterion (P < 0.05; fold change >2 or
<0.5), 1,304 differentially expressed proteins were detected between the exercise group and the sedentary group, among which 597 proteins were up-regulated after
exercise training and 707 proteins were down-regulated. Further targeted analysis was conducted to verify the expression changes in several key components of

expressed protein; PRM, parallel reaction monitor.

mitochondrial metabolism identified in the preliminary LC-MS analysis. HF, heart failure; LC-MS, liquid chromatography-mass spectrometry; DEP, differentially

well as reduce hospitalization, mortality, and ejection fraction
for HF patients (3-7). Given the significant effectiveness and
safety, training in the management of HF patients has been
an alternative recommendation by authoritative guidelines (8,
9). Recently, more clinical trials began to focus on exercise
intervention in different HF populations. For example, among
HF patients with preserved ejection fraction, exercise training
also yielded a beneficial effect on cardio-respiratory fitness and
quality of life (10, 11) and the TOPCAT study further suggests
that higher levels of physical activity have the potential to reduce
the risk of adverse outcomes, which may attribute to the better
indices of diastolic function (12, 13). In addition, exercise-
based cardiac rehabilitation was also found to be feasible as
an adjuvant treatment option with multiple HF groups with
diverse complications (14, 15). That is to say, exercise may
benefit more different subgroups of HF patients with discrepant
pathophysiological settings, suggesting the multi-target effects of

Abbreviations: HE heart failure; MI, myocardial infarction; MS, mass
spectrometry; LC, liquid chromatography; GO, gene ontology; DEPs, differentially
expressed proteins; ATP, adenosine triphosphate; NAD, nicotinamide adenine
dinucleotide; PDC, pyruvate dehydrogenase complex; PARP3, poly [ADP-ribose]
polymerase 3; DCA, dichloroacetate.

exercise training on HF condition. Experimental studies on the
molecular mechanism of exercise intervention in HF may bring
new enlightenment to the treatment strategies.

It was shown that several preclinical studies have already
provided molecular insights for the beneficial effect of exercise
in various induced HF animal models. As a whole, exercise
training can ameliorate HF-induced dysfunctions by acting on
the current standard pharmacological care-targeted pathways
(16, 17) or non-pharmacological available targets correcting the
inflammatory response, skeletal myopathy, and vagal outflow
(16, 17). More recently, exercise was demonstrated to activate
cardio-myogenesis in adult mice and the robust cardiomyogenic
response was also observed in the adjacent area of the infarcted
zone (18). Further, evidence indicates metabolic remodeling also
contributes to the exercise-induced cardio-protection (19, 20).
Chicco et al. demonstrated that low-intensity exercise could
restore the mitochondrial energy metabolism via improving
the activity of mitochondrial cytochrome oxidase (COx) and
increasing the cardiolipin biosynthesis in the failing heart
(20). In line with a previous result, it was also found that
the cardiac function in myocardial infarction (MI)-induced
HF model was improved after moderate-intensity exercise via
upregulating mitochondrial respiration and glycolysis in our
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previous work (19). Just as the extensive effects in different HF
groups, exercise training exerts its beneficial effects via different
molecular mechanisms.

However, the abovementioned experimental trials were
conducted in diverse animal models and the global alteration
at the molecule level in an individual trial is scarce. Whether
there is a critical target responsible for the effect of exercise
on HF condition remains elusive. To date, no study has
systematically revealed a global view for the alteration of protein
expression regarding the cardiovascular adaptive response to
exercise training in the setting of HF. Hence, in the present study,
we used untargeted mass spectrometry (MS)-based proteomics to
explore the moderate-intensity aerobic exercise-induced changes
in expression level of proteins in mice with ischemic HE, aiming
at a comprehensive understanding on the molecular basis for
exercise-induced regulation of HF.

METHODS

Experimental Animals and Models

In this study, only the male mice were used to avoid possible
interference on exercise response from estrogen. Male C57BL/6N
mice (21-25g; 8-10 weeks) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. All experimental
mice were treated in a uniform environment (22°C constant
temperature; 12/12-h light/dark cycle; standard laboratory chow
and tap water). The experimental procedures of animals strictly
comply with the U.S. National Institutes of Health-published
Guide for the Care and Use of Laboratory Animals (NIH
publication no. 85-23, revised 1996). All experiments involving
animals were reviewed and approved by the animal ethics
committee at Zhongshan Hospital, Fudan University, China.
Mice were subjected to either a surgery by ligation of the left
anterior descending artery to induce MI and subsequent HF or
sham surgery as previously described (21). All survived mice
had echocardiography performed 1 week after surgery and mice
with reduced left ventricular ejection fraction (EF<40%) were
regarded as established HF. Then the mice with established HF
were randomly assigned to sedentary group or exercise group. In
addition, the same number of non-HF mice were also randomly
divided into exercise groups and sedentary groups as controls.

Aerobic Exercise Training and Materials
Preparation

The 12-lane treadmill was utilized to conduct aerobic exercise
1 week after MI surgery. The first 3 days were the adaptative
process of the exercise training in treadmill for mice (10 m/min; 1
h/day). After the adaptative process, regular exercise began at the
fourth day and last 4 weeks (15 m/min; 1 h/day; 5 days/week).
Mice that did not run in the treadmill were gently pushed and
those manifesting the exhaustion condition (i.e., mice did not
follow the running protocol even after 10 times gently push) were
taken away from the treadmill to rest. The exercise capacity of all
mice was tested by increasing the treadmill speed with a gradient
of 5 m/min until exhaustion condition at the last training and
the total running distance until exhaustion was recorded. Cardiac
function of all mice was further tested by echocardiography

after the exercise training and test process. Then, all mice were
euthanized, and organs were dissected and rapidly frozen in
liquid nitrogen.

Sample Preparation for Mass
Spectrometry-Based Quantitative

Proteomic Analysis

The samples were combined, shredded in phosphate bufter saline,
and ground with liquid nitrogen to mix. The lysate (7 M urea,
2M thiourea, 0.1% phenylmethanesulfonyl fluoride-a protease
inhibitor, 65mM dithiothreitol [DTT]) was added at a ratio
of 5:1 (lysate volume: sample weight) and then suspended and
cracked on ice for half an hour. Next, samples were centrifuged
at 12,000 g for 15min. The supernatant was extracted, and the
protein content was determined by the Bradford method. Two
hundred microgram protein dissolved in lysate was taken to react
with 10mM DTT at 37°C for 1h, 20 mM iodoacetamide in the
dark at room temperature for 0.5h and 4 times the volume of ice
acetone for overnight precipitation at —80°C. The supernatant
was extracted after centrifugation at 12,000g for 15min and
resuspended with the 200 UL 50 mM ammonium bicarbonate.
Trypsin was added at 1:50 for enzymolysis overnight at 37°C,
which was terminated when the final concentration of formic acid
was added to 5%. Finally, the final samples were desalted with the
Sepak desalination column (Waters, U.S.) and prepared for mass
spectrometry analysis.

Inverse Separation at High pH

A 100-ug protein was extracted for high pH 2D separation
on chromatographic column (BEH C18,300 A, 1.7 um, 2.1 mm
x 150 mm; Waters, U.S.) and concatenated into 20 fractions,
which were finally combined into 4 fractions. Mobile phase A is
water with 5mM ammonium formate (pH 10.3), and B phase
is acetonitrile. Within 20 min, B phase increased linearly from
5 to 45%. The fractions were lyophilized and redissolved in an
aqueous solution of 1%o formic acid.

The Chromatographic Conditions

We performed the second-dimensional separation using nano
Elute liquid chromatography (LC) system (Bruker Daltonics). A
250 mmx 75 um column (Inopticks) was employed, in which the
mobile phase A and B were water and acetonitrile of 1%o formic
acid, respectively. Peptide separation was conducted at a flow rate
of 300 nL/min within 90 min. The mobile phase B concentration
increased from 2 to 22% in the first 45 min, followed by an
increase to 37% within 5 min and another increase to 80% within
5min before the last 5min for maintenance rinsing. A 200-ng
peptide fragment was used for LC-MS analysis.

Mass Spectrometry Conditions

All fractions were analyzed by a hybrid trapped ion mobility
spectrometry  (TIMS)  quadrupole time-of-flight mass
spectrometer (TIMS-TOF Pro, Bruker Daltonics) using a
nano electrospray ion source with a scanning range of 100-1,700
m/z and a trip range of 0.7-1.3 VS/cm?. The collection time of
a single cycle was 1.16 s comprising 1 MS scan and 10 PASEF
secondary scans. The intense threshold is 5,000 and we set the
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accumulation and release time as 100 ms, ion source voltage as
1,500V, the auxiliary gas as 3 L/min, and the temperature of the
ion source as 180°C.

Data Analysis

The data were analyzed by Peaks Online software (Bioinformatics
Solutions, Inc.) with the mouse database downloaded from
SwissProt (17,046 proteins, 20,200,820 download). The MS1
error was 15 ppm, the MS2 error was 0.05 Dalton, and
the trypsinase was set at half enzyme digestion. Carbamido-
methylation protein C-term was set as fixed modification and
acetylation (protein N-term), oxidation (M) and deamidation
(NQ) were set as variable modification. The retrieved protein
peak area was used for subsequent statistical analysis.

Statistical Analysis

Proteins with an overall missing value of more than 50% are
removed, and the remaining blank values are filled with a
random number between 0 and the minimum area. T-test and
fold-change values of proteins were used to screen differential
proteins, and the GO (gene ontology) was analyzed using R
package clusterProfiler, version 3.16.1.

Verify the Differentially Expressed Proteins
To verify the up and down regulated proteins, we use the
prmPASEF method based on the timsTOF Pro mass spectrum
(22). For each protein, we choose a unique and high scored
peptide to perform the prmPASE experiment; then check the
peptide areas manually, and the areas are exported to plot
the histogram.

RESULTS
Study Overview

Aerobic exercise training for the ischemic-induced HF mice
lasted for 4 weeks, and then myocardial samples of both the
exercise group and sedentary group were harvested, respectively.
Significant improvement in cardiac function was observed in the
HF-exercise group compared with the HF-sedentary group as
has been demonstrated in our preliminary work, including EE,
fractional shortening, and exercise endurance (19). All samples
were pre-separated by high pH reverse phase chromatography
after enzymolysis, and each group of samples was finally
combined into four fractions. The LC-MS method was adopted
for further identification and quantification of the protein
expression profile in the myocardium of mice. As a result, a
total of 6,297 proteins were steadily identified in this experiment,
among which proteins with missing values greater than 50%
were directly deleted and the remaining blank values were filled
by KNN algorithm, finally retaining 4,260 proteins for further
differential analysis (Supplementary Table 1).

Evaluation of the Proteomic Results

Reliability of the LC-MS results was evaluated. The peak
intensity distribution of samples was exhibited in Figure 1A.
We observed that the intensity distribution of 4,260 identified
proteins spanning 6 magnitude orders,which was almost similar

and balanced among these different groups, indicating the high
reproducibility and sensitivity of the LC-MS method. Moreover,
reproducibility of the results was also evaluated by calculating
the correlation of peak intensity between any two samples among
exercise groups or sedentary groups. As presented in Figure 1B,
the adopted LC-MS method revealed excellent repeatability
and reliability in the identification and quantification of
protein expression profile in different samples with an average
correlation coefficient (R package corrplot, version 0.84) of 0.8.
The exercise group and sedentary group could be exactly divided
according to the hierarchical clustering analysis (Figure 1C)
and principal component analysis (Figure 1D) based on the
quantitative data of identified proteins.

DEPs and Pathway Analysis

We further analyzed the alterations of the protein expression
profile induced by regularly aerobic exercise in ischemic-
induced HF mice following the predetermined criterion (adj.
P < 0.05; fold change > 2 or < 0.5) (23). As a whole,
1,304 proteins were differentially expressed between the exercise
group and the sedentary group (Figure2A), among which
597 proteins were up-regulated after exercise training and 707
proteins were down-regulated (Supplementary Table 2). GO
analysis (Figure 2B) for the biological process revealed that
these DEPs play crucial roles in material and energy metabolism
especially the mitochondrial-related energy metabolism. Indeed,
the cellular components analysis (Figure 2B) for the altered
proteins further verified that those DEPs were significantly
enriched in numerous structural and functional components
of mitochondria, including the matrix and inner membrane
of mitochondrial, mitochondrial respirasome, mitochondrial
protein complex, and inner mitochondrial membrane protein
complex. Moreover, ribosome and ribosomal subunit, the
molecular machinery for protein synthesis in cells, are also
significantly enriched by differential proteins. Whereas, the
molecular function analysis (Figure 2B) indicated that those
DEPs were associated with oxidoreductase activity (acting on the
aldehyde or oxo group of donors, NAD or NADP as acceptor),
electron transfer activity, and translation regulator activity. In
summary, our research provided a comprehensive elucidation
for the impact of regular exercise on multiple proteins in the
ischemic-induced HF mice model. Metabolic-related pathways
especially the energy metabolism pathways were significantly
regulated by aerobic exercise training in the HF condition, which
usually was characterized by insufficient energy supply.

Verification of the Expression Changes of
Key Proteins Involved in Energy

Metabolism

The previous analysis has found that a variety of altered
proteins is related to mitochondrial metabolism, which is
usually impaired in a state of HF. Further study of the key
molecules in this vital transition may provide more intuitive
mechanism insight into the metabolic remodeling process of HF
induced by aerobic exercise. Therefore, we conducted targeted
MS analysis to verify the expression changes in several key
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FIGURE 1 | The sensitivity and reliability of the LC-MS results. (A) The peak intensity distribution of all samples. (B) The correlation of all samples using the peak
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components of mitochondrial metabolism identified in the
preliminary LC-MS analysis. Finally, we observed that the
expression level off our proteins involving the metabolism
of adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide (NAD) had consistent direction with the discovery
stage (Figure 3). The expression of pyruvate dehydrogenase
complex E1 component subunit alpha (PDC Ela) and subunit
beta (PDC E1B) were both downregulated to almost the
normal level especially the PDC E1f in the exercise-treated HF
mice compared with the sedentary groups. Two phosphorylase
isoforms of PDC, the pyruvate dehydrogenase kinase 2 (PDK2)
and pyruvate dehydrogenase kinase 4 (PDK4), were also
significantly downregulated in the HF compared to the normal
mice and their levels were further downregulated after exercise.
Whereas, there was no significant change observed for the other
PDK isoforms. The verification of NAD(+)-consuming enzymes
exhibited a dramatic increase of poly [ADP-ribose] polymerase
3 (PARP3) after exercise in HF mice but not poly [ADP-ribose]
polymerase 1 (PARP1).

DISCUSSION

Overall, this study provides a global view of exercise-induced
protein-level alterations by LC-MS methods in the murine model
of MI-induced HF. The MS analysis finally reveals that the
significant shift of 1,304 functional proteins in the adaptive
regulation was induced by exercise in a failing heart. The
differential proteins were mainly related to cardiac metabolism
especially the structure and function of mitochondria. Further
confirmation experiments by targeted MS analysis demonstrated
the significant downregulation of the component (PDC Ela;
PDCE1B) and activity-regulating enzyme (PDK2; PDK4) of PDC
and the significant upregulation NAD(+)-consuming enzymes
(PARP3). Generally, illustration of the cardiac metabolism-
related changes after regular exercise further deepens our
understanding of the cardio-regulation mechanisms of aerobic
exercise in HE which may prompt better use of this non-
pharmacological intervention and lead to novel alternative
therapeutic targets for HF patients.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 732076


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Mi et al.

Changes of Protein After Exercise in Heart Failure

Volcano plot

i

—logl0 (p—value)

\
|
|
|
|
1
1

25 50

00 )
log?2 (fold change)

DEPs; (3) Top 10 of enriched molecular function of DEPs.

generation of precursor
metabolites and energy

energy derivation by avidation
of organic compounds

mitochondrial respiratory chain
complex assembly

nucleobase~containing small
molecule metabolic process
ATP metabolic process

purine=containing compound
metabolic process

respiratory electron

nucleoside phosphate
metabolic process

oxidoreductase activity, acting on the aldehyde or oxo group of donors, NAD or NADP as accepior

FIGURE 2 | Differentially expressed proteins (DEPs) and the gene ontology (GO) analysis. (A) Volcano plots presented the DEPs between the sedentary group and the
exercise group in HF mice, in which the x axis presented the fold change and the y-axis presented the p-value after adjustment. The dotted lines show selection
threshold (adj. P < 0.05; fold change >2 or <0.5). (B) GO analysis: (1) Top 10 of enriched biological processes of DEPs; (2) Top 10 of enriched cellular components of

mitochondrion

P mitochondrial inner membrane
organization

organelle inner membrane
mitochondrial protein complex
ribosome

cellular respiration

ribosomal subunit

mitochondrial matrix

respirasome

mitochondrial respirasome
inner mitochondrial membrane protein complex

transport chain

oxidoreductase complex

|
)

—~
—
-

(2

structural constituent of ribosome
coenzyme binding
oxidoreductase activity, acting on the CH~CH group of donors

electron transfer activity

translation regulator activity

avidoreductase activity, acting on a sulfur group of donors

cell adhesion molecule binding

translation regulator activity, nucleic acid binding

(3)

We employed advanced MS strategies with high sensitivity for
this proteomic study. The results were generally reliable based on
the repeatability and accurate discrimination between groups. As
far as we know, this is the first comprehensive study to explore
the effect of exercise on ischemic-induced HF at the molecular
level, although the results need to be further verified in humans.
Many previous studies have shown the beneficial effect of exercise
training on HE but our understanding of its mechanism is still
insufficient due to some discrete individual mechanism studies.
Through the analysis of global protein alterations, the study
found significant differences in a large number of metabolism-
related proteins after 4 weeks of aerobic exercise, especially
the proteins involving mitochondrial metabolism, hinting at
the crucial role of metabolism remodeling in the regulation of
exercise on HF. PDC, which has a central effect on the control
of anaerobic metabolism or aerobic metabolic flux, has also been
verified to have significant alteration, which suggests that the
aerobic metabolism impaired in HF condition after exercise has
undergone a significant change after regular exercise.

PDC is the gatekeeper enzyme linking glycolysis and the Krebs
cycle by catalyzing the oxidative decarboxylation of pyruvate to
acetyl-CoA in mitochondria and comprises three proportional

catalytic components including pyruvate dehydrogenase (E1),
dihydrolipoamide transacetylase (E2), and dihydrolipoamide
dehydrogenase (E3) (24, 25). PDC is subject to inactivation
at Ela by four PDK isoforms (PDK 1-4) (24). The E2-lipoyl
domains serve as the binding and integrational regions between
the regulatory enzymes and PDC (26). A growing body of
evidence proved the vital role of the adaptive change in the
total level and activity of PDC understanding severely impaired
energy metabolic conditions in a failing heart. Recently, an
elaborate study comprehensively examined the expression of
PDC component proteins and its regulatory proteins found
the increased expression levels of Ela, diminished expression
of PDK4, and indifferent levels of E1f, PDKI1, and PDK2
in the myocardia of HF patients compared to the nonfailing
heart, which support sustained adaptive capacity for PDC
to facilitate glucose metabolism facing the energy deficiency
condition in the failing heart (27). Our results in the mice
model are generally similar to this finding in human myocardium
except the increased level of E1f, suggesting the consistency
of PDC regulation in different species and further serving
as a confirmation of our results in the HF condition. More
importantly, we further supplemented that exercise could
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normalize the expression of Ela and E1p to nonfailing condition
and further decreased the expression level of PDK2 and PDK4.
To date, this is the first study revealing the exercise-induced
regulation of PDC activity in the HF condition.

Generally, the complex regulation of PDC includes the
long-term transcriptional regulation of component subunits or
regulatory enzymes and short-term enzymatic activity regulation
by reversible phosphorylation or metabolic intermediates (28).
Our study found the transcriptional regulation of both
component subunits and PDK after exercise. The expression of
four PDK isoenzymes is regulated diversely and the changeable
characteristic of PDK2 and PDK4 have been identified previously
(29). PDK1 is mostly sensitive to low oxygen supply and the
expression of PDKI1 is generally activated by hypoxia-inducible
factor 1 (HIF-1) in hypoxic conditions acting to the shunting
of glucose metabolites away from the mitochondria in the
case of ROS accumulation (30, 31). Expression of the other
three PDKs are all directly under the upstream regulation by
the peroxisome-proliferator-activated receptor (PPAR), a critical
factor involved in the control of metabolism (32). While they are
sensitive to various stimulating factors, which, respectively, are
high concentration of NADH and high acetyl-CoA to CoA ratios
for PDK2, high concentration of ATP for PDK3, and energy
deprivation for PDK4 (26-28). In our study, the expression of
PDK1 was unchanged in the exercise-treated group, suggesting
that PDH expression is not significantly modulated by the oxygen
supply condition of myocardium. The expression level of PDK3
is too low to be measured due to the overly high affinity to PDC
(33). The co-instantaneous downregulation of PDK2 and PDK4

suggests the metabolic markers conventionally believed didn’t
exert a driving role in the transcriptional regulation of PDC
considering the elevated ATP level after exercise in the HF mice
(19). By which the expression of PDK2 and PDK4 are regulated
and whether PPAR plays dominant roles deserve future works.
Subunits of PDC will be downregulated when deprivation or
diminishment of energy supplement and vice versa (34). Hence,
a higher level of Elain HF serves as an adaptive response to the
energy depletion condition and its normalization after exercise
may represent positive feedback after the relative restoration
of energy supplement. Broadly speaking, lower expression of
PDK suggests a higher proportion of active PDC, whereas the
lower Ela and E1B suggest a lower total PDC level. Combined
with our previous findings that the glucose metabolism was
significantly elevated after exercise (19), we speculated that the
total activity of PDC increased after exercise and the rapid control
of PDC activity by PDK-mediated in activation rather the PDC
component proteins play essential roles in the biological process.

PDC has been increasingly studied as a promising
intervention target to restore cardiac function via regulating the
oxidation of glucose (35). A recent study on a PDC stimulator,
dichloroacetate (DCA), proved its therapeutic effects in restoring
the glycolytic flux, maintaining the levels of ATP and improving
cardiac function in the chronically hypoxic hearts by inhibiting
PDK in mitochondria (36). However, the short half-life limits
the clinical practice of DCA in a large scale and diverse drugs
targeted on PDC are needed. Exercise has also been shown
to regulate metabolism by increasing the expression levels of
glycolytic oxidation-related enzymes (37). However, previous
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evidence on the role of exercise on PDC in HF condition is
limited. Our study fills the gaps for the first time and found
that regular aerobic exercise regulates PDC not only by the
expression of its functional subunits but also the activity-related
enzymes. The results enlighten us not only about the molecular
insight of exercise on HF but also about future therapeutic
selection on PDC. Except the nonpharmacological treatments,
more drug targets could be identified by further exploring
delicate molecular mechanism for the expression changes and
multi-target drugs on PDC may also be a selection.

Nicotinamide adenine dinucleotide (NAD) is a cofactor
for energy metabolism in redox reactions. The reduced form
(NADH) contributes most electrons to the respiratory chain and
the oxidized form (NAD+) is commonly shared as a substrate
by several enzymes including the PARPs (38), which play pivotal
roles in cardiac metabolism by the function as metabolic sensors
(39, 40). PARP, as a ubiquitous nuclear protein, is mainly
responsible for DNA repair of injured cells as pathophysiological
activation (41) but can also lead to NAD™ depletion and cell
death (42). Numerous studies have focused on the regulation of
NAD homeostasis in cardiac diseases (43). For example, it was
found that inhibition of PARP1 exerted cardioprotective roles
in post-MI mediated possibly by attenuating cardiac fibrosis,
regulating autophagy or reducing apoptosis in some pre-clinical
trials (44, 45). In line with previous studies, we observed the
decreasing expression level of PARP1 and PARP3 in the MI-
induced HF mice model. The upregulation of PARP1 after regular
exercise was not verified in subsequent experiments. However,
the expression of PARP3 is significantly upregulated in the
confirmatory experiment. Considering the detrimental effects
of the PARP’s over-activation, we can’t exclude the possibility
that the overexpression of PARP3 after exercise will exacerbate
cardiac fibrosis like PARP1 (46). This may be the unusual obstacle
hanging over the beneficial role of regular exercise on HF and we
should treat it seriously.

LIMITATIONS

Major limitations of our study reflect on the exercise training
mode and HF model. More exercise types including resistance
training or wheel-running, diverse training duration, and
intensity may induce different proteomic alterations in the
same HF model. Moreover, repeatability in other nonischemic
HF models of the metabolic alterations in the current study
remains elusive.

CONCLUSION

Our study exhibits the shift of proteomic profiles induced
by aerobic exercise in the setting of MI-induced HE, which
furnishes not only the systematic insight of the influence of
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Background: As demand for cardiopulmonary exercise test using a supine position
has increased, so have the testing options. However, it remains uncertain whether the
existing evaluation criteria for the upright position are suitable for the supine position.
The purpose of this meta-analysis is to compare the differences in peak oxygen uptake
(VOopeak) between upright and supine lower extremity bicycle exercise.

Methods: We searched PubMed, Web Of Science and Embase from inception to March
27, 2021. Self-control studies comparing VOopeak between upright and supine were
included. The quality of the included studies was assessed using a checklist adapted
from published papers in this field. The effect of posture on VOopeak Was pooled using
random/fixed effects model.

Results: This meta-analysis included 32 self-control studies, involving 546 participants
(63% were male). 21 studies included only healthy people, 9 studies included
patients with cardiopulmonary disease, and 2 studies included both the healthy and
cardiopulmonary patients. In terms of study quality, most of the studies (n = 21, 66%)
describe the exercise protocol, and we judged theVOopeax to be valid in 26 (81%) studies.
Meta-analysis showed that the upright VOopeak exceeded the supine VOopeax [relative
VOopeak: mean difference (MD) 2.63 mi/kg/min, 95% confidence interval (Cl) 1.66-3.59,
2 =56%, p < 0.05; absolute VOopeak: MD 0.18 L/min, 95% C1 0.10-0.26, 2 =63%,p <
0.05). Moreover, subgroup analysis showed there was more pooled difference in healthy
people (4.04 mi/kg/min or 0.22 L/min) than in cardiopulmonary patients (1.03 ml/kg/min
or 0.12 L/min).

Conclusion: VOopeqx in the upright position is higher than that in supine position.
However, whether this difference has clinical significance needs further verification.

Systematic Review Registration: identifier, CRD42021233468.

Keywords: cardiopulmonary exercise test, peak oxygen uptake, bicycle, posture difference, meta-analysis
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VOopeax Difference Caused by Position

INTRODUCTION

The cardiopulmonary exercise test (CPET) is a non-invasive and
safe method for comprehensive evaluation of cardiopulmonary
function during exercise. It has been used in a variety of settings
including differential diagnosis, surgical risk assessment, and
prognosis evaluation. For example, patients with heart failure
and chronic obstructive pulmonary disease with low peak oxygen
uptake (VOypeak) have low survival rates (1, 2).

The two most common modes of CPET are upright bicycle
and treadmill, followed by supine bicycle. Because of less
arm and torso movement during supine cycling compared to
upright cycle or treadmill, there can be less artifact in collected
metrics and greater ease in obtaining clear and stable cardiac
imaging and circulatory measurements when patients are supine.
Therefore, supine CPET combined with cardiac imaging is the
most comprehensive and sensitive means to evaluate the state
of cardiac chambers, cardiac hemodynamics, and valve function
during exercise (3, 4). Due to this advantage, clinical demand
for supine CPET has been on the rise. However, researchers
have hypothesized that the two positions CPET results may
be different. This is because the change from the upright
position to supine position will affect the venous return, cardiac
output (CO), the lung ventilation/perfusion matching (V/Q), and
skeletal muscle blood flow and perfusion (5-8).

Studies have compared the cardiovascular response between
upright and supine cycle exercise tests, but the results have been
inconsistent. For example, Kramer’s study of 14 men with heart
failure showed that the VO, in the upright position exceeded
that in the supine (9). Conversely, Bonzheim’s study found that
VOspeqr in the supine was slightly higher than that in upright
in patients with coronary artery disease (10). Therefore, the
objective of this study was to compare the VO, attained from
upright and supine lower extremity bicycle exercise.

METHODS

This  systematic
in accordance

review was
with  the
Reviews

conducted and reported
Preferred Reporting Items
for  Systematic and Meta-Analyses statement
(Supplementary Materials S1: PRISMA 2020  ChecKklist)
and the Cochrane Handbook for Interventional Reviews and
registered in PROSPERO (CRD42021233468).

Data Sources and Search Strategy

We searched PubMed, Web Of Science and Embase on March 27,
2021 using relevant keywords and a Boolean search string (see
Supplementary Materials S2 for the detailed search strategy):
(((((“Exercise test”)) OR (“exercise test” OR “cardiopulmonary
exercise test” OR “cycle exercise” OR “ergometer” OR “CPET”
OR “CPX”)) AND (“position” OR “posture” OR “supine” OR
“recumbent” OR “recline” OR “lean” OR “tilt” OR “clinostatism”
OR “decubitus” OR “lie”)) AND (“erect” OR “upright” OR

Abbreviations: C(a-v) O,, arteriovenous oxygen difference; CO, cardiac output;
CPET, cardiopulmonary exercise test; SD, standard deviation; MD, mean
difference; VO, peqk, peak oxygen uptake; V/Q, Ventilation/perfusion ratio.

“orthostatic” OR “sit”)) AND (“VO,” OR “oxygen uptake”).
The search string consisted of MeSH and general search terms.
Searches were restricted to English.

Inclusion and Exclusion Criteria
We included self-control trials, and selection criteria conformed

to the PICOS approach, as described hereinafter.

Populations
There were no restrictions regarding subjects, except for persons
with disabilities.

Intervention

Subjects completed an incremental maximum exercise test using
a leg bicycle ergometer in a supine position. However, we
excluded any studies if other interventions had been applied, such
as the use of drugs that may affect hemodynamics, or lower limb
negative pressure.

Comparators
The same subjects completed the exercise using a leg bicycle
ergometer in an upright position with the same exercise protocol.

Outcomes
The outcome measure was absolute and/or relative VOypeqx-

Study Selection

After eliminating duplicate articles, XW and CL screened the
titles and abstracts. Studies that did not mention VOj;cqi or 2
synonym in the study title and/or abstracts, but were likely to
have included them as a secondary measure, were also included.
In the second step, XW and CL read the full texts of articles
considered relevant based on title and abstract. There was full
agreement on the inclusion of the full-text articles.

Assessing Methodological Quality

XW and CL assessed the quality of the included studies
with a modified version of the Downs and Black checklist
(see Supplementary Materials S3) (11). This checklist has been
employed in several reviews in the field of sports science, which
also uses cross-sectional studies for data retrieval. In our modified
version, we considered four domains, including seven items, to
evaluate the included studies’ quality: (1) are the interventions
of interest clarified? (2) are the test positions clarified? (3) is the
time period the participants have between tests similar? (4) was
the test order randomized? (5) how was VOypeq defined? (6)
was the VOypeqi test valid? and (7) are the characteristics of the
participants included in the study clarified? All items were rated

as “Yes,” “No,” or “Not sure.”

Data Extraction

We extracted data on VO, in the respective positions and the
characteristics of the participants (number of participants, sex,
age, body mass, types of disease) as well as the starting workload,
rotation rate, duration and workload increase of the increments
used during the test protocols.
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Statistical Analysis

We performed statistical analysis with RevMan version 5.3. The
data are segmented or combined based on the angle between
the upper body and the horizontal plane, or whether there is
cardiopulmonary disease, and the calculation process is based on
the formula in Cochrane 7.7. Continuous variables are expressed
by means and standard deviation. We assessed heterogeneity
across included studies using a Cochran chi-square test (with 0.1
as the cutoff for statistical significance) and an I? statistic test. We
employed a random effects model where there was evidence of
statistical heterogeneity (I? statistic > 50%). Otherwise, we used
a fixed effects model. If there was heterogeneity, we first analyzed
the source of heterogeneity, and then used subgroup analysis or
other methods to deal with it. After excluding obvious clinical
heterogeneity, we conducted the meta-analysis with a random
response model. The meta-analysis test level was p = 0.05.

RESULTS
Search Results
The detailed study search and selection process is

outlined in Figurel. In total, we retrieved 1,179 records

from the database searches. After excluding duplicates,
we screened 1,011 potentially relevant abstracts, and
excluded 891 for failing to meet the inclusion criteria.
We read the remaining 120 full texts, and deemed
32 self-control trials eligible for systematic review
(9, 10, 12-41).

Methodological Quality of the Included

Studies

The quality of the included studies is shown in Table 1. Only
nine studies (28%) clarified the participants’ inclusion and
exclusion criteria. Most of the studies (n = 21, 66%) clarified
the exercise protocol, but only about half (n = 14, 44%) clarified
the body position during exercise. Twenty studies (62.5%)
mentioned the use of randomization methods to determine
the sequence of positions used in the CPET. In addition, the
interval between the two tests was similar in 18 (56%) of
the studies. Although the VOjpeq was clarified in 14(44%)
studies, VOjpeqc was judged to be valid in 26 (81%) studies
where the criteria for verification of maximal effort were
stated explicitly.

4 )
1179abstracts identified through:
PubMed =776, Web of science =212,
EMBASE = 191
. l J
e A
1011 publications included after
duplicate
\ J
: 1 ‘
1011 titles and/or abstracts screened
\ J
1 > | 891 records were excluded — did
( ) not meet inclusion criteria
120 full texts screened
|\ J
I > | 88 studies were excluded for the following reasons
( . . ) The incremental maximum exercise was not used in
Studies mclude(g 211)1 meta-analysis the tests (19)

The device during upright was not a bicycle (4)
Arm exercise (1)

The outcome variable did not include oxygen uptake
@4

Not a self-control study (15)

Incorporated other interventions (5)

Incomplete data (2)

The data were published multiple times (2)

Non English (1)

Full-text was not available (14)

Data are presented as median, and upper—lower
quartile (1)

FIGURE 1 | Detailed literature search and study selection process.
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TABLE 1 | Methodological quality evaluation for included studies (n = 32).

References 1. Participant’s 2. Test 3. Test 4. Between 5. Test order 6. VO2zpeak 7. VOazpeak
characteristics protocol positions tests period randomized?* clarified?* test valid?*
clarified?* clarified?* clarified?* similar?*

Ade et al. (15) NS Y Y N Y \% Y

Armour et al. (16) NS NS N N Y N Y

Bonzheim et al. (10) Y Y Y Y Y N Y

Chesler and Stein (17) Y Y Y Y Y N Y

Cornelis and Buys (18) Y Y N N Y Y Y

DiMenna et al. (19) N Y NS N N Y N

Egana et al. (20) NS Y Y N Y N Y

Eganaet al. (21) N Y Y Y Y Y Y

Faulkner et al. (22) Y NS N Y Y N Y

Forbregd et al. (23) NS Y Y Y Y Y Y

Forton et al. (24) NS NS Y Y Y N Y

Goldstein et al. (25) NS Y N Y Y N Y

Greenleaf et al. (26) N NS N Y N Y Y

Hughson et al. (27) NS NS N N N N N

Hughson et al. (28) NS Y NS N N Y Y

Jones et al. (29) N Y Y Y N Y Y

Koga et al. (30) NS Y NS N N N Y

Kramer et al. (9) Y NS N Y N N N

Leyk et al. (31) NS Y Y Y Y N Y

Magder et al. (32) NS NS N N N Y N

May et al. (13) Y Y N N Y N Y

Mizumi et al. (14) Y Y Y N N Y Y

Pedersen et al. (33) NS NS N Y Y N Y

Quinn et al. (12) NS Y NS Y Y N Y

Rowland et al. (34) NS Y NS Y N Y Y

Schulman et al. (35) Y NS N Y Y N Y

Tempest et al. (36) NS NS Y N Y Y Y

Terkelsen et al. (37) NS Y N N Y Y N

Walsh-Riddle et al. (38) NS Y Y Y Y N Y

Welbergen and Clijsen (39) NS Y Y Y N N N

Yamada and Sumio (40) Y Y Y Y N Y Y

Zhao et al. (41) NS NS NS N Y N Y

VOopeak, PEEK OXygen uptake; Y, Yes; N, No; NS, Not sure.
*Rating criteria details are listed in Supplementary Materials S3.

Characteristics of the Included Studies
Details of the participants’ characteristics are listed in Table 2.
546 participants were included in the meta-analysis, of which
about 62% were male. 21 studies included only healthy people,
9 studies included patients with cardiopulmonary disease, and
2 studies included both the healthy and the patients with
cardiopulmonary disease. The ages of the included population
ranged from 9 to 72 years old. There were four articles on children
(13, 23, 25, 34), one on both adults and children (41), and the
remaining 27 articles were on adults.

Details on the exercise protocols used in the included studies
are summarized in Table 3. All of the included studies used the
continuous incremental exercise program, except for Quinn’s
study (12). The angle between the upper body and the horizontal
in the supine position ranged from —6 to 65°. In some studies,

there was only one position and one test for supine exercise, while
in other studies, supine exercise contained multiple positions and
multiple tests. For example, Egafia’s study showed that the angles
between the upper body and the horizontal plane in the supine
position included zero, 15 and 30° (21). The interval between the
two tests was within 1 month in all studies, except for May’s and
Mizumi’s (13, 14).

Comparison of VOypeak Between Positions

In terms of the relative VOjpear, our pooled results showed
that the upright VO,peac Was higher than the supine VO;pear
(relative VOypeqr: MD = 2.63 ml/kg/min, 95% CI: 1.66, 3.59,
P = 56%, p < 0.05; Figure2). In the healthy subgroup, the
upright VOspeq remained higher than supine and the effect size
was larger without heterogeneity (relative VOjpea: MD = 4.04
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TABLE 2 | Characteristics of participants for the included studies (n = 32).

References Population Participants (n) Males (n) Age, years BMI (kg/m?)/Body mass (kg)
Mean =+ SD (range) Mean + SD
Ade et al. (15) Healthy 22 22 25+ 3 23.8 +£17.6/75.0 £ 17.6
Armour et al. (16) HF 9 7 61.9+6.1 29.1 £ 2.9/NA
Healthy 10 6 63.8 £ 4.6 26.5 £ 3.1/NA
Bonzheim et al. (10) CAD 14 14 60+6 NA/85 + 11
Chesler and Stein (17) Healthy 21 0 39 =+ 6 (30-50) 23.4 +£0.43/66.2 £ 1.7
Cornelis and Buys (18) Healthy 12 8 21.6 £ NA (21-24) 22.0 £ 1.2/NA
DiMenna et al. (19) Healthy 8 8 35+ 13 NA/80.3 + 6.7
Egana et al. (20) Healthy 22 11 251 £4.72 NA/67.9 + 14.07
Egana et al. (21) Healthy 10 10 24 4+ 4 NA/74.4 + 6.9
Faulkner et al. (22) Healthy 17 17 246 £4.3 NA/76.5 + 8.7
Forbregd et al. (23) Healthy 31 NA (9-15) 18.28 + 2.4/NA
Forton et al. (24) Healthy 26 13 23+ 2 NA/67 + 11
Goldstein et al. (25) Fontan 29 18 184 +£26 19.2 + 3/NA
Healthy 16 9 127 £ 4.9 19.6 £ 5.1/NA
Greenleaf et al. (26) Healthy 4 4 38 + 8 (26-45) 73.7 £ 7.8/NA
Hughson et al. (27) Healthy 8 7 22.6 £0.9 NA/73.3 £2.8
Hughson et al. (28) Healthy 12 12 22 +3 NA/74.6 + 3.4
Jones et al. (29) Healthy 8 8 24 +7 NA/75.0 + 5.8
Koga et al. (30) Healthy 9 8 23.8+9.2 NA/65.8 + 10.6
Kramer et al. (9) HF 14 14 60 + NA (48-72) NA/NA
Leyk et al. (31) Healthy 9 7 26+ 6 NA/71 £ 8
Magder et al. (32) CAD 8 8 59.1 £ 5.6 (49-66) 25.5+1.8/76.75 £ 2.76
May et al. (13) Healthy 80 40 13.1 + 2.3 (8.4-17.8) NA/49.3 + 14.2
Mizumi et al. (14) CTEPH 17 5 58 + 14 NA/NA
Pedersen et al. (33) Healthy 8 8 22 + NA (19-27) NA/73 + NA
Quinn et al. (12) Cardiac disease 9 NA 61.5 + 8.8 (46-73) NA/72.7 £ 14.4
Rowland et al. (34) Healthy 13 13 12.5 £ 1.4 (10.3-14.8) NA/45.5 + 10.5
Schulman et al. (35) Hypertension 20 10 55+ 5 NA/NA
Tempest et al. (36) Healthy 12 6 26.2 + 3.0 NA/72.7 + 9.1
Terkelsen et al. (37) Healthy 10 5 22 + NA (19-25) NA/68.0 + 3.3
Walsh-Riddle et al. (38) Hypertension 20 10 47.9 £+ NA (34-62) NA/NA
Welbergen and Clijsen (39) Healthy 6 6 28 £ 5 (23-34) NA/83 + 9
Yamada and Sumio1999 (40) AMI 19 19 55.3+7.8 NA/64.8 + 6.8
Zhao et al. (41) PE 13 11 19 £ 6 (10-31) NA/E6 + 10

SD, standard deviation; BMI, body mass index; HF, heart failure; CAD, coronary artery disease; Fontan, Single Ventricle Receiving Fontan Palliation; CTEPH, chronic thromboembolic
pulmonary hypertension; AMI, Acute Myocardial Infarction; PE, pectus excavatum. NA, not available.

ml/kg/min, 95% CI: 3.25, 4.83, I = 0%; Figure 2). Similarly, in
patients with cardiopulmonary disease, upright VOjpeax was also
higher than supine, however, the effect size was lower compared
to the healthy subgroup (relative VOjpeqar: MD = 1.03 ml/kg/min,
95% CI: 0.29, 1.76, I* = 47%; Figure 2).

In terms of the absolute VOjpeq, our pooled results also
showed that the upright VOjpeac was higher than the supine
VOypeak (absolute VOjpeq: MD = 0.18 L/min, 95% CI: 0.10,
0.26, I*> = 63%, p < 0.05; Figure 3). Again, the effect size was
higher in the healthy subgroup (absolute VOjpeq: MD = 0.22
L/min, 95% CI: 0.12, 0.32, > = 69%; Figure 3), but lower in
the cardiopulmonary disease subgroup (absolute VO;pea: MD =
0.12 ml/kg/min, 95% CI: 0.02, 0.21 I> = 31%; Figure 3).

Discussion
The purpose of this paper is to evaluate the effect of body position
on VOypeqk in the CPET via meta-analysis. The results indicate
that the VO,;¢qc measured by CPET in the upright position was
higher than that of the supine position during an incremental
cycling exercise test. Moreover, this difference exists in both
healthy people and patients with cardiopulmonary disease.
Physiologic shifts in hemodynamic distribution occur with
along with changes from supine to upright postures. This
hemodynamic shift alters the preload to the right ventricle which
subsequently affects preload to the left ventricle and the Frank-
Starling mechanism associated with ventricular contraction and
stroke volume. Thadani and Parker. have reported hemodynamic

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 734687


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Wan et al.

VOopeax Difference Caused by Position

TABLE 3 | Exercise protocol for the included studies (n = 32).

References Angle?, degrees Protocol Starting load Cadence Increments

Ade et al. (15) -6 Continuous 20W 60 rpm 25 W/min

Armour et al. (16) NA Continuous ow NA 25 W/3 min

Bonzheim et al. (10) 65 Continuous 256W 50 rpm 25 W/2 min

Chesler and Stein (17) 0 Continuous ow 50 rpm 25 W/2 min

Cornelis and Buys (18) NA Continuous 40-75W 60-70 rpm 25W or 30 W/min

DiMenna et al. (19) 0 Continuous ow 80 rpm 30 W/min

Egana et al. (20) 0 Continuous M/F:60/30 W 60 rpm M/F: 30 W/3 min

Egana et al. (21) 0 and 15 and 30 Continuous B60W 60 rpm 30 W/3min until 180 W, then 15 W/min

Faulkner et al. (22) NA Continuous U/Rec:60/30 W NA U/REC: 1 W/5 s

Forbregd et al. (23) 0 and 45 Continuous 20W 60 rpm 2W/5s

Forton et al. (24) 0and 35 Continuous M/F:60/30 W NA M/F: 30/20 W/min

Goldstein et al. (25) NA Continuous 200 kg-m/min 60-70 rpm See the original for details

Greenleaf et al. (26) NA Continuous ow NA See the original for details

Hughson et al. (27) 0 Continuous NA NA 15 W/min

Hughson et al. (28) NA Continuous 256W 60 rpm 20 W/min

Jones et al. (29) 0 Continuous ow 80-85 rpm 30 W/min

Koga et al. (30) 0 Continuous ow 60 rpm 25 W/min

Kramer et al. (9) NA Continuous 200 kpm/min NA 100 kpm/min/3 min

Leyk et al. (31) 0 Continuous 20W 1Hz 20 W*5min and 80 W*5 min, then 10
W/30 s until exhaustion

Magder et al. (32) NA Continuous 20W NA 10 W/min

May et al. (13) NA Continuous 0.25*body weight (kg) 50-60 rpm 0.25*body weight(kg)/min

Mizumi et al. (14) 0 Continuous 10w 60 rpm 10 W/min

Pedersen et al. (33) NA Continuous 160 W 80 rpm See the original for details

Quinn et al. (12) 0 and 35 Discontinuous 150 kg-m/min 50 rpm 150 kg-m/min

Rowland et al. (34) 0 Continuous 25W 50 rpm 25 W/3min

Schulman et al. (35) NA Continuous 256W NA 25 W/3min

Tempest et al. (36) 45 and 65 Continuous NA 70 rpm 20 W/min

Terkelsen et al. (37) NA Continuous 50W 60 rpm 50 W/3min

Walsh-Riddle et al. (38) 45 Continuous 40W 50 rpm 40 W*3min and 80 W*3min and 120
W*3min, then 20 W/min

Welbergen and Clijsen (39) 45 Continuous 100W 90 rpm 100 W*3min and 200 W*3min, then
give maximal effort

Yamada and Sumio (40) 0 Continuous 10w 50 rpm 10 W/min

Zhao et al. (41) 0 Continuous ow NA 15-30 W/min

aAngle between upper body and horizontal plane in supine position.

M, male; F, female; U, upright; REC, recumbent; W, watt; Kpm, Kilopounds; min, minute; s, second; rom, revolutions per minute; NA, not available.

differences between the supine and upright positions in normal
subjects. They found higher heart rates with lower left ventricular
filling pressures and stroke volume index in the upright position,
both at rest and during exercise. However, they noted no
differences in cardiac index or peak work load between the two
modes of exercise (42). Kramer’s study of heart failure patients
also showed significantly higher right atrial pressure in the
supine position, but no differences in cardiac index or stroke
index between the two positions. Further, these authors found
significantly lower VOypeq) in the supine position (9). Moreover,
in chronic thromboembolic pulmonary hypertension patients,
Mizumi’s study showed that CO at rest in the supine position was
significantly higher than that in the upright. However, CO at peak
exercise was comparable between the two positions, even though

VOypeqk in the supine position tends to be lower than that of
the upright (14). These studies suggest that increased ventricular
preload caused by postural changes does not necessarily lead
to an increase in stroke volume or CO as a key mechanism
to facilitate increased oxygen uptake in the upright posture. In
contrast, these data suggest that VOypeq in the supine position
may be limited by factors other than the effect of central
hemodynamic shifts on CO.

According to the Fick principle, VO, = CO * C(a-v) O,
(arteriovenous oxygen difference) (43). Therefore, the VO, is
influenced by both central and peripheral components, including
CO and C(a-v) O, during exercise. Studies have shown that
VOspeqk in the upright position is higher than that in the supine
position, and accompanied by higher C(a-v) O,, while there is
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1.1.1 healthy
Ade 2013 -6° 33.1 5.9 22 284 47 22  6.3% 4.70 [1.55, 7.85] I
Armour 1998 2262 5.03 10 19.16 3.78 10 4.1%  3.46 [-0.44,7.36] T —
Cornelis 2016 50.6 10.6 12 427 86 12 1.0% 7.90[0.18, 15.62]
DiMenna 2010 51 8 8 47 6 8 1.3% 4.00[-2.93,10.93] ]
Egana 2006 0°* 36.55 10.62 22 351 11.15 22 1.5% 1.45[-4.98, 7.88] - 1
Egana 2013 0° 475 54 10 439 56 10 27%  3.60[-1.22,8.42] T
Egana 2013 15° 475 54 10 447 46 10 32%  2.80[-1.60, 7.20] -1
Egana 2013 30° 475 54 10 454 6.2 10 24%  2.10[-3.00, 7.20] -1
Faulkner 2016 49.1 5.3 17 451 54 17 4.8% 4.00 [0.40, 7.60] -
Forbregd 2019 0° 453 7.3 31 43 6.2 31 55%  2.30[-1.07, 5.67] T
Forbregd 2019 45° 45.3 7.3 31 441 7.6 31 4.5% 1.20 [-2.51, 4.91] it i
Forton 2016 35° 43 10 26 43 10 26  21%  0.00[-5.44, 5.44] —
Forton 2016 0° 43 10 26 42 9 26 2.3% 1.00 [-4.17, 6.17] - 1
Goldstein 2010 362 89 16 317 87 16  1.7% 4.50[-1.60, 10.60] -1
Greenleaf 1979 44 10 4 44 10 4 0.3% 0.00[-13.86, 13.86]
Hughson 1991 50.2 1.7 12 446 1.6 12 35.8% 5.60 [4.28, 6.92] &
Jones 2006 0° 435 6.1 8 378 51 8 21% 5.70[0.19, 11.21]
Terkelsen 1999 392 24 10 35.7 2 10 16.6% 3.50 [1.56, 5.44] e
Welbergen 1990 45° 52.32 5.8 6 5049 438 6 1.7% 1.83 [-4.19, 7.85] -
Subtotal (95% CI) 291 291 100.0% 4.04 [3.25, 4.83]
Heterogeneity: Chi? = 16.33, df = 18 (P = 0.57); I? = 0%
Test for overall effect: Z = 10.02 (P < 0.00001)
1.1.2 cardiopulmonary patients
Armour 1998HF 1712 4.07 9 1292 361 9 43%  4.20[0.65,7.75] =
Bonzheim 1992 65° 226 1.6 14 227 1.5 14 40.9% -0.10[-1.25, 1.05] -
Goldstein 2010Fontan 273 68 29 231 6.1 29  4.9% 4.20[0.88, 7.52] e
Kramer 1982 121 24 14 9.8 1.9 14 21.0% 2.30[0.70, 3.90] =
Mizumi 2018 0° 16.6 3.2 17 159 4 17 9.1% 0.70 [-1.74, 3.14] -
Schulman 1995 20 6 20 19 6 20 3.9% 1.00 [-2.72, 4.72] -1
Walsh-Riddle 1989 45°*  31.35 7.14 20 29.95 5.93 20 3.3% 1.40 [-2.67, 5.47] -1
Yamada 1999 0° 19.4 3.1 19 19 34 19 12.6%  0.40[-1.67, 2.47] i
Subtotal (95% Cl) 142 142 100.0%  1.03[0.29, 1.76] *
Heterogeneity: Chi? = 13.13, df = 7 (P = 0.07); I = 47%
Test for overall effect: Z = 2.74 (P = 0.006)
Total (95% Cl) 433 433 100.0% 2.63 [1.66, 3.59] L 2
Heterogeneity: Tau? = 2.82; Chi? = 59.36, df = 26 (P = 0.0002); I = 56% i 1 5 5 ; 5 1’0
Test for overall effez;t: Z=534 (P‘< 0.00001) Favours [supine] Favours [upright]
Test for subaroup differences: Chi? = 13.65. df = 1 (P = 0.0002). I? = 92.7%
FIGURE 2 | Meta-analysis resullts for relative VOzpeak (Ml/kg/min), including overall pooled effects and subgroup effects of the healthy and the cardiopulmonary
disease patients. HF, heart failure; Fontan, Single Ventricle Receiving Fontan Palliation. A degree (°) symbol after the reference refers to the angle between upper body
and horizontal plane in the supine position. A reference without a degree indicates that the details were unavailable in the original text. An asterisk means that the
original text’s grouping data are combined according to the formula in Cochrane 7.7, because the angle between the upper body and the horizontal plane is the same
as in the supine position.

no difference in cardiac index between the two positions (9, 44).
The change in C(a-v) O3 is influenced by both muscle’s ability
to consume oxygen and the amount of muscle mass involved
in the activity. The oxygen uptake in the muscles is determined
by factors such as the amount of muscle work, perfusion
pressure, blood flow and mitochondrial density and activity.
With regards to muscle mass, the upright position requires
greater muscle mass involvement, and thus more physiologic
work. Research by Bouillon et al. has demonstrated that during
upright cycling, the maximum voluntary isometric contraction
of the gluteus maximus, gluteus medius, biceps femoris, lateral
head of gastrocnemius, anterior tibialis, rectus femoris, lumbar
erector spinalis and rectus abdominis exceed those measured in
the semi-reclining position (45). Furthermore, when standing

upright, the distribution of blood in the lower extremity vein
increases due to increased orthostatic tension. Additionally,
the arteries’ diameter is wider than in the supine position,
and the blood flow velocity is slower. This is conducive to
the diffusion of more oxygen from hemoglobin to myoglobin
(46). Furthermore, Eiken found that exposing working legs
to sub-atmospheric pressure can increase perfusion pressure.
This can improve motor ability in the supine position, and
simulate upright exercise in normal gravity (47, 48). Further,
several studies have used near-infrared spectroscopy illuminate
the oxyhemoglobin relationship in the periphery during exercise.
These studies suggest that muscle oxygen absorption capacity
is higher in the upright position (49-51). Therefore, the C(a-
v) Oy during peak exercise is higher in the upright position,
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1.2.1 healthy
Ade 2013 -6° 244 05 22 2.09 0.39 22 7.3% 0.35[0.09, 0.61] oW
Chesler 2004 0°* 1.36 0.05 42 1.23 0.04 42  14.5% 0.13[0.11, 0.15] .
Cornelis 2016 333 038 12 2.81 0.65 12 25% 0.52 [-0.06, 1.10]
Faulkner 2016 3.7 0.71 17  3.41 0.51 17 42% 0.29[-0.13, 0.71] =1 = -
Greenleaf 1979 3.16 0.64 8 3.13 0.66 8 22% 0.03 [-0.61, 0.67]
Hughson 1993 348 0.2 8 3.08 0.13 8 10.5% 0.40[0.23, 0.57] =
Jones 2006 0° 3.26 0.34 8 284 03 8 6.1% 0.42[0.11, 0.73] ek
Koga 1999 3.29 0.51 9 29 04 9 41% 0.39 [-0.03, 0.81] T
Leyk 1994 0° 4.05 0.71 9 3.84 0.76 9 1.9% 0.21[-0.47, 0.89]
May 2013 * 2.07 0.68 80 1.99 0.68 80 8.9% 0.08[-0.13, 0.29] -1
Pedersen 1996 539 04 8 481 0.34 8 51% 0.58 [0.22, 0.94] = ®
Rowland 2003 221 04 13 1.75 0.29 13 7.2% 0.46 [0.19, 0.73] =
Tempest 2017 45° 3.19 0.15 12 3.27 0.19 12 11.5% -0.08 [-0.22, 0.06] [
Tempest 2017 65° 3.19 0.15 12 321 0.18 12 11.7% -0.02 [-0.15, 0.11] i
Welbergen 1990 45° 431 05 6 4.17 0.58 6 23% 0.14 [-0.47, 0.75]
Subtotal (95% CI) 266 266 100.0% 0.22[0.12, 0.32] . 4
Heterogeneity: Tau? = 0.02; Chi? = 45.84, df = 14 (P < 0.0001); I* = 69%
Test for overall effect: Z = 4.24 (P < 0.0001)
1.2.2 patients
Magder 1981 149 0.23 8 142 0.24 8 17.5% 0.07[-0.16, 0.30] I
Mizumi 2018 0° 1 0.32 17 0.95 0.34 17 18.8% 0.05[-0.17,0.27] — |
Quinn 1995 0° 21 02 9 1.8 0.2 9 27.2% 0.30[0.12, 0.48] —
Quinn 1995 35° 21 02 9 21 02 9 27.2% 0.00[-0.18,0.18] —
Zhao 2000 1.48 0.46 13 1.35 0.35 13 9.4% 0.13[-0.18, 0.44] -
Subtotal (95% CI) 56 56 100.0% 0.12[0.02, 0.21] <&
Heterogeneity: Chi? = 5.82, df =4 (P = 0.21); = 31%
Test for overall effect: Z = 2.35 (P = 0.02)
Total (95% CI) 322 322 100.0% 0.18 [0.10, 0.26] <
Heterogeneity: Tau? = 0.01; Chi? = 51.78, df = 19 (P < 0.0001); I = 63% 1 0 = 5 of : 1

Test for overall effect: Z = 4.59 (P < 0.00001)
Test for subaroup differences: Chi? = 1.79. df =1 (P = 0.18). 1?=44.1%

FIGURE 3 | Meta-analysis resullts for absolute VOppeax (L/min), including overall pooled effects and subgroup effects of the healthy and the cardiopulmonary disease
patients. A degree (°) marker after the reference refers to the angle between upper body and horizontal plane in the supine position. References without a degree
symbol indicates that the details were unavailable in the original text. An asterisk means that the original text’s grouping data are combined according to the formula in
Cochrane 7.7, because the angle between upper body and horizontal plane is the same in the supine position.

Favours [supine] Favours [upright]

and this may contribute to the increased VOjpeqi noted in the
upright position.

In addition, studies have shown that the increased venous
return in the supine position is conducive to increasing the fluid
shift to the pulmonary circulation and interstitium. This may
compress small airways and/or blood vessels, unbalancing the
overall pulmonary V/Q ratio and reducing ventilatory efficiency
(52). Bryan et al. (5) demonstrated that the change from an
upright position to the supine position in healthy individuals
results in a decrease in the V/Q of the entire lung from 0.83 to
0.76. Further, Sandoval et al. have shown that even in the resting
state, the change in body position causes significant changes in
alveolar-arterial oxygen partial pressure difference in patients
with Eisenmenger syndrome. This decreases oxygen saturation
in the supine position (53). In contrast, other studies have shown
that the change from an upright position to a supine does not
cause significant reduction in ventilatory efliciency in healthy
people, or even in patients with stable heart failure (16, 18, 24,
37). As such, the extent to which these components affect peak

oxygen uptake in the supine position, and contribute to the lower
values when compared to those measured in the upright position,
remains unclear.

Limitations

It is important to acknowledge limitations associated with this
study. First, the sample sizes of most studies in this meta-
analysis were very small. Second, since this research is a self-
control study, it is difficult to blind participants to the exercise
condition, and therefore difficult to prevent unintentional bias.
Third, the difference in VOjpeqc between the upright position
and the supine position may vary among patient groups,
and the data for patients with cardiopulmonary disease was
insufficient. Therefore, we could not conduct subgroup analysis
according to specific disease types. In the future, with the increase
in research data from patients with cardiopulmonary disease,
subgroup analysis could be conducted according to specific
disease types. Lastly, this analysis was unable to account for
different supine position body angles. The body position of
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research participants should be clarified in future clinical studies
to facilitate subgroup analysis.

CONCLUSION

VOypeak in the upright position is higher than that measured
in the supine position, in both healthy subjects and patients
with cardiopulmonary disease. However, additional verification
is needed to determine whether this difference has clinical
significance. Like bicycle and treadmill exercise modalities, both
supine and upright exercise modalities can be applied for
differential diagnosis, surgical risk assessment, prognosis, and
to evaluate overall exercise capacity and therapeutic effects of
a variety of clinical interventions. Researchers should consider
these differences across exercise modalities, and choose the form
of exercise which best suits their clinical requirements.
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