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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, numerous proteins such as pyruvate dehydrogenase complex E1 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 6MWT 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 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. et al.). 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 combination training exist in the above study, physical activity is still a real-world therapy to boost physical and psychological health for persons with schizophrenia, cancer survivors, and heart failure patients concomitant with chronic kidney disease or chronic obstructive pulmonary disease, and probably individuals with other chronic conditions who need ongoing healthcare and medical attention.



CONCLUSIONS AND FUTURE PERSPECTIVES

The collection of articles in this Research Topic examines the effects of aerobic exercise in the prevention and rehabilitation of cardiovascular diseases with/without some concomitant chronic conditions. These studies elucidate not only the latest accomplishments in the field but also the unmet challenges in current clinical practice. Despite significant evidence of the benefits of exercise-based cardiac rehabilitation, controversial results of exercise still exist and key elements of exercise intensity, training duration, and evaluation methods remain to be illustrated. In addition, further understanding of the underlying molecular mechanisms of aerobic exercise in the prevention of cardiovascular diseases through basic science is desperately needed to optimize current rehabilitation programs. Since research has become a team sport more than ever before, we sincerely hope that researchers all over the world can work together to address these challenges and move the field of exercise-based cardiac rehabilitation forward through translational achievements in the near future.
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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 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 trends in the field (23). The yearly quantity and the document type of publications of research on CR are visually displayed in Figure 1. We can draw directly that the number of CR-related literature has increased year by year on the whole between 2001 and 2020, except for a slight decrease in 2006 and 2010 (Figure 1A), indicating a steady development of CR. Especially since the last 5 years, CR has stepped into a period of rapid development, with the quantity of papers growing much faster than that in the previous decade, which shows that CR is getting more and more attention. It may be attributed to the worldwide increase in CVD patients on the one hand and, on the other hand, perhaps implies that the concept of CR is popularizing from local to global. Furthermore, articles account for about 85% in terms of document type (Figure 1B), which indicates the greater emphasis paid on clinical practice and that original studies such as case report and clinical trials are the mainstream in the area of CR.


[image: Figure 1]
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.




Country Ranking and Co-author Analysis

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


Table 1. Top 5 productive countries and top 10 productive authors of publications about cardiac rehabilitation (CR) and related research.
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FIGURE 2. Authors–countries hybrid network of publications about cardiac rehabilitation (CR) and related research. Circle node represents output country or author of papers; link between nodes represents partnership.




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 are more impactful disciplines. The red nodes with positive burst detection are popular subjects for a certain period of time. For example, exercise prescription is a key component of CR, but clinicians experience difficulties in how to optimally prescribe exercise for patients with different cardiovascular disease risk factors (37), which requires sports medicine specialists to get involved in order to develop a personalized exercise program tailored to the needs of CVD patients. People with CVD are often accompanied by mental disorders, such as stress, anxiety, and depression, and it is a major challenge for heart rehabilitation (38–40). For such patients, the intervention of a professional psychologist or psychiatrist is urgently needed. In a word, CR has a comprehensive goal to aim for the optimal recovery of CVD patients physically, mentally, and socially. An ideal CR therapy demands multidisciplinary cooperation and integrative intervention, including medicine, exercise, nutrition, education, and psychological and social support, thus posing a huge challenge to interdisciplinary collaboration around CR. To obtain better development and application of CR, what need to be strengthened are breaking down the barriers between disciplines as well as accelerating the integration of transdisciplinary intelligence.


[image: Figure 3]
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.



Table 2. Top 15 subject categories of publications about cardiac rehabilitation (CR) and related research.
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Topic Distribution Analysis Based on Keywords

If subject co-occurrence is to explore research topics in a field at a meso level, keyword co-occurrence is to answer the specific questions in the subject from a micro perspective. As a highly condensed version of the paper's content, to some extent, keywords are able to summarize the theme of the paper simply and directly. The keyword co-occurrence network is a text content-based analytical approach. It sorts out the connections 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 Figure 4. 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).


[image: Figure 4]
FIGURE 4. Keyword co-occurrence and clustering. (A) Network of the main keywords in publications about cardiac rehabilitation (CR) and related research. (B) Top 10 keyword clusters.


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 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. 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.


[image: Figure 5]
FIGURE 5. Co-citation network and timeline view of references cited by publications about cardiac rehabilitation (CR) and related research. (A) References co-citation network. Circle node represents reference; the line between the nodes indicates the frequency of the two references being cited at the same time. The betweenness centrality of the nodes with purple circle is >0.1. (B) Timeline view of references. Each horizontal line represents a cluster; the circular nodes on the line represent the top three most cited references in this time slice. The timeline is shown at the top of the figure, and the year corresponding to the node is its publication time. Link between nodes represents the co-citation relationship.


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.


Table 3. Top 15 most cited references of publications about cardiac rehabilitation (CR) and related research.
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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 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 Arena's 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 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-established and innovative interdiscipline, identified potential collaborators for researchers interested in CR, and discovered research trends and hot topics. At the same time, we expect that our work will help more medical practitioners and patients with CVD, especially those in developing countries and regions where heart rehabilitation still lags behind. A deeper understanding of CR can inspire people's interest in it, which will be beneficial to the treatment and prognosis of the hundreds of millions of populations suffering from CVD worldwide.
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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 (CI) 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.

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/1.73m2/min compared with those with eGFR >90 mL/min/1.73m2. 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 HF, 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 m2/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/1.73m2/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 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 24 s. 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 cutoff 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-SF, 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 HF, 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, β-blocker, angiotensin-converting enzyme inhibitor (ACEI) or angiotensin II receptor blockers (ARB), and digoxin except for distribution of age, HF, HFpEF, HFrEF, NT-proBNP, low-density lipoprotein (LDL), albumin, glycated hemoglobin (Hba1c), eGFR, proteinuria, mineralocorticoid receptor antagonist (MRA), and anticoagulants (Table 1).


Table 1. Baseline characteristics of older patients with different staging of CKD.
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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).


Table 2. Baseline physical functionality in older patients with CKD.
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Heart Failure, HFpEF, and HFrEF in the CKD Patients

In all these patients, the prevalence of HF, 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, AF, 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 cutoff ≥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 index scores were significantly increased in the CKD patients with HFrEF.


Table 3. Comprehensive geriatric assessment in older CKD patients with and without heart failure.
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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, 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, β-blocker, and digoxin (Table 4). When those patients were grouped into 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, Table 5, 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, Table 5), those with low HGS (female ≤ 15.435 kg / male ≤ 20.4 kg) 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).


Table 4. Comparison between survivors and non-survivors in older patients with CKD.
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Table 5. Predictors of all-cause mortality in older CKD adults.
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FIGURE 1. KM survival curves for mortality stratified by the different levels of HGS, HF, and non-HF. Poor HGS in females ≤ 15.435 kg/males ≤ 20.4 kg; fair HGS in females >15.435 kg/males >20.4 kg.




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.


[image: Figure 2]
FIGURE 2. KM survival curves for (A) HFpEF and HFrEF. (B) Mortality stratified by the different levels of HGS, HFpEF, and HFrEF.





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 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 CKD1−5 or CKD3b−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 HFrEF, 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 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).

Our results show that death risk was increased in CKD older patients associated with HF, 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 HF, 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 HFrEF, 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 HFpEF, 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 cutoff 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, HF, 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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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 fitness 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 (39.9 ± 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 (CI) 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).

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 ~5 min (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.



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 Table 1, every one of the seven general health questions of the questionnaire had an almost perfect agreement.


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


[image: Figure 1]
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+.


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 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.


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+.
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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 of potential explanations for this variation. The Brazilian Portuguese document was validated with almost triple the sample size than the Spanish version (177 participants), and with some individuals much younger and others much older than the participants in that study (13–85 years old). Also, most individuals in the Brazilian version answered the questionnaire online. Both of these factors could be considered strengths of the current validation, given that the larger age range increases the representativeness of the population, while the online application allows for a more widespread application. It is also possible, however, that these aspects led to a couple of answers being less consistent, which could explain the slightly higher number of questions below an almost perfect agreement. However, when providing feedback about their understanding of the questionnaire, other than two individuals requiring further clarification about one question, no additional concerns were raised.

For the whole sample and for each age group, all of the seven initial questions of the Brazilian version had an almost perfect agreement. However, it is possible that some participants did not pay full attention to all follow-up questions when answering the questionnaire for the second time. This may be a factor for those who answered the PAR-Q+ online by themselves, without the presence of a health/fitness professional. According to Kung et al. (60), a low rate of inattentive answers is expected in any research based on survey responses, and this rate can be higher if there is little or no incentive for respondents to complete a survey. Although our participants voluntarily accepted to participate in the study and received a sound and thorough explanation about the research's importance and how to proceed, they were not financially compensated. Additionally, according to Schneider et al. (61), who examined self-administered and internet-based questions on quality of life, 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 the respondent to the professional in charge of the questionnaire can lead to less accountability when completing the survey. An additional possible cause of some level of inattention is the need to repeatedly answer the same questionnaire in a short period of time (63, 64). This could have been a factor in the present study, since the validation process required participants to answer the same questionnaire twice, seven to 14 days apart. However, in real-life situations, this repetitive process will not be necessary to start or increase participation in physical activity, as per the questionnaire guidelines individuals will only have to respond once within any 12-month period, unless there is a change in their health conditions. Furthermore, in their validation study of the International Physical Activity Questionnaire in 12 countries, Craig et al. (65) noted that longer questionnaires can be seen as boring and repetitive. Although the PAR-Q+ has many more questions than the previous PAR-Q, this innovative format, with the initial and the follow-up evidenced-based questions, is what makes this new screening tool unique, in providing physical activity clearance to 99% of its respondents without needing to be referred to a physician (66). Nevertheless, we showed that the Brazilian Portuguese version of the PAR-Q+, like the original document, takes approximately only 5 min to complete (19).

This questionnaire does not require that every individual who answers positively to one or more of the health general questions obtains clearance from a physician, making it a convenient screening tool in high- as well as in low- and middle-income nations. In industrialized countries, where the offer of medical services is usually sufficient for most the population, providing clearance for physical activity is often considered a time consuming and cumbersome process by physicians (67). Removing unnecessary consultations with this health professional before participating in physical activity or in a fitness appraisal is especially important in lower-income countries like Brazil, since due to social inequities in health, a large number of individuals have limited access to medical professionals (68). In fact, there is a need for low-cost and accurate self-assessment tools related to physical activity that can be utilized around the world in different cultures and ethnic groups (69). Specifically, effective screening provides a significant contribution to maximize physical activity engagement at the population level (16). Accordingly, having the PAR-Q+ properly translated and culturally validated to the Brazilian Portuguese language can contribute to greater numbers of individuals to safely start or increase physical activity participation.



LIMITATIONS

While the present study has a considerable sample size, with individuals living in different locations, this cohort is not necessarily representative of the entire Brazilian population. To address this issue, participants were recruited in the most populous city in the country (São Paulo), which contains individuals from all Brazilian states. Participants were also recruited in two other major cities: Campinas and Vancouver (Canada). Another limitation was the fact that the cognitive debrief happened during the data collection instead of at a specific pre-test moment. The intention was to allow every 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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Aims: The Baduanjin 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, Baduanjin, 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 (CI) 0.6–5.9, p = 0.004]. For the exercise capacity, the control group demonstrated a significant decline in peak oxygen consumption (p =0.018) whereas, the BESMILE-HF group maintained their exercise capacity (p = 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% CI, −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.

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 (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 wIth 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.



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. It is in accordance with the study protocol described previously (10).


[image: Figure 1]
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 legend gives a brief description of each component.



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 CHF, 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 Inc., Armonk, New York, USA). p < 0.05 was considered statistically significant.




RESULTS

A total of 322 individuals were identified. After exclusion of obvious exclusion criteria, such as contraindications to exercise or exercise test, not in the clinically stable stage, 47 (14.6%) were approached and screened for eligibility, and 36 (77%) met pre-defined criteria. They were all invited to participate in this pilot study and half of them (n = 18) refused to participate. Reasons were as followed: distance to the hospital (n = 9), unable to walk (n = 6), and unwilling to take the tests (n = 3). Female were more likely to refuse participations in our study (72.2% of the refused participants). Finally, a total of 18 (50% of those eligible) patients agreed to participate and were then randomized (Figure 2).


[image: Figure 2]
FIGURE 2. Flowchart of the pilot study. CPX, Cardiopulmonary exercise test; MLHFQ, Minnesota Living with Heart Failure Questionnaire.


Baseline characteristics of the included participants are shown in Table 1. The majority of the participants were male (94%) with a mean age of 68 (SD: 10). Clinically, half were NYHA Class II, and the other half were NYHA Class III; 9 (50%), 4 (22%), and 5 (28%) patients had reduced, middle-ranged, and perceived LVEF, respectively. Beta-blockers were used by 89% of the participants. The intervention and control groups were comparable on all demographic and clinical characteristics, expect for history of coronary heart disease.


Table 1. Baseline characteristics of 18 participating patients.

[image: Table 1]


High Fidelity to Intervention

Participants involved in the BESMILE-HF program regarding the self-reported home exercise and attendant rates in other scheduled sessions are shown in Figure 3. Our results showed that the BESMILE-HF program was feasible with relatively high adherence. As a home-based EBCR program, the intervention group demonstrated good compliance with the required exercises. On average, participants exercised 27.5 (SD: 11.4) minutes/day and 5.6 (SD: 2.6) days/week for 6 weeks, reaching both the general required daily exercise time (30 min/day) and exercise frequency (5 days/week), respectively (Figure 3). Moreover, the total home-practice times (mins) had a significant positive relationship with their baseline self-efficacy scores (r = 0.831, p = 0.011).


[image: Figure 3]
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.


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 VO2peak (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).


Table 2. Clinical outcomes in each group and between-group comparison (n = 18).

[image: Table 2]

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 (Table 2.5); quality of life (Table 2.6), 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 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 CHF 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 VO2peak. 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 CHF 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 CHF 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 VO2peak 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 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 (PCI) 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-PCI patients and to recommend exercise intensities that ensure safe levels of exercise.

Methods: We enrolled 41 post-PCI 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 (p = 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


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 β-blockers, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers (ACEI/ARB), statins, diltiazem, and nitrates. Patients were asked not to eat within 3 h 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 β-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% CO2, 16% O2, and N2 (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, VO2, VCO2, and other indicators returned to baseline, whereupon testing was terminated. The measured METs was calculated using the following equation: METs = peak VO2/3.5.



Treadmill Exercise Testing

Submaximal exercise testing was carried out according to the Bruce protocol using the exercise treadmill (T2100, GE Medical Systems, Milwaukee, WI, 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 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, VO2, VCO2, 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 ± s), 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.


[image: Figure 1]
FIGURE 1. Flow diagram of the participants.



Table 1. Subject characteristics (n = 41).
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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 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.



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). Figure 2 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%.


Table 2. Comparison of the two kinds of exercise testing.
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[image: Figure 2]
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.




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, β-blockers, ACEI/ARB, statins, diltiazem, or nitrates (Table 3). The specific relationship is shown in the following regression equation:

[image: image]

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.


Table 3. Regression estimation 1.

[image: Table 3]

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, β-blockers, ACEI/ARB, statins, diltiazem, or nitrates (Table 4). The specific relationship is shown in the following equation:

[image: image]

where Y2 is the percentage of MET difference in treadmill exercise capacity, and X2 is WHR.


Table 4. Regression estimation 2.
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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 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 β-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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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 ± 73.2 m (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 ± 75.8 m, 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 + 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 + 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


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 15 s 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 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.

The mean difference was tested using Student's t-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.

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.


Table 1. Baseline characteristic of patients after cardiac surgery.
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6-Minute Walk Test Performance

The mean 6-MWD of all patients was 321.5 ± 73.2 m, which ranged from 60 to 488 m as seen in Figure 1. 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).


[image: Figure 1]
FIGURE 1. Distribution of 6-MWD of patients after cardiac surgery. 6-MWD, 6-min walk test distance.


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 (Table 2) and were seen to be significantly related with 6-MWT (p < 0.05).


Table 2. Multivariable linear regression model of 6-MWD post cardiac surgery.

[image: Table 2]

For the patients after CABG, the equation is as follows:
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And for the patients after valve surgery, the equation is as follows:
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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 show no significant difference between predicted and observed distances (Table 3).


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


[image: Figure 2]
FIGURE 2. Scatterplot of predicted value with actual 6-MWT. Internal validation: (A) CABG surgery group 2014–2016 population; (B) valve surgery group 2014–2016 population. External validation: (C). CABG surgery group 2018 population. (D) Valve surgery group 2018 population. p, Pearson correlation significant; r = Pearson coefficient; 6-MWT, 6-min walk test; CABG, coronary artery bypass graft.



[image: Figure 3]
FIGURE 3. Bland–Altman plot of 6-MWT distance difference between observed and predicted formula, against actual observed 6-MWT distance for 2014–2016 population: (A) CABG group. (B) Valve surgery group. *Red line indicates mean difference between 6-MWT distance predicted and observed and showed values close to 0 for both groups. Green line indicates upper and lower limit agreement of difference in the population. 6-MWT, 6-min walk test; CABG, coronary artery bypass graft.


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 +118.34 m 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 (VO2) (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 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 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 AF, 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% (R2) 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 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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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-EI 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 (3 times/week, 30 min) for aerobic endurance at 70% peak oxygen consumption (peak VO2) 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 (6MWD), 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.

Discussion: The HF-EI trial will evaluate the effects of different aerobic exercise intensities on peak VO2, 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 HF, 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 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 HF, increased peak oxygen consumption (peak VO2) 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% PeakVO2 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% PeakVO2 intensity) group served as the active control group, and the 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% PeakVO2 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).


[image: Figure 1]
FIGURE 1. Flow chart of the study. RCT, randomised controlled trial; HIT, high intensity training; MIT, moderate intensity training.



[image: Figure 2]
FIGURE 2. Standard protocol items. Peak VO2, peak oxygen consumption; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; PHQ-9, Patient Health Questionnaire-9;GAD-7, General Anxiety Disorder-7.




Setting and Participants

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


Table 1. HF-EI trial inclusion and exclusion criteria.

[image: Table 1]



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 30 min, 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 2. Training program.

[image: Table 2]



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 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 VO2 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 peakVO2 is an important indicator for evaluating the prognosis of HF (22, 40).

Secondary outcomes included, AT oxygen uptake, 6MWD, LVEF, NT pro-BNP, PHQ-9, GAD-7, all-cause- mortality, hospitalization events for HF, 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 5 min, 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 HF-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 VO2, AT oxygen uptake), 6MWD, 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 HF, 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 following calculation formula:

[image: image]

The parameters are set to double-sided α = 0.05, β = 0.1, Power = 1–β = 90%, the average difference in peak VO2 of the three groups were 0, 2, 4(ml/kg/min) and the average difference in MLHFQ of the three groups were 2, 12, 10. The corresponding standard difference values of peakVO2 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 t 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 HFrEF 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 VO2 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.

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 (VO2 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 peakVO2 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 HF, 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 world's CR field.



CONCLUSIONS

The HF-EI trial will assess the effects of different aerobic exercise intensities on peak VO2 and QoL in patients with HFrEF. It will provide a rationale for improving functional capacity and cardiovascular outcomes in patients with HFrEF.
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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).

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 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 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. 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). 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 São 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 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 LMIC, 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 System reported a lack of knowledge and protocols to properly do so (188), which emphasizes the importance of the newly released PA guidelines in the country.



CONCLUSION

Canada followed the pioneer work of Brazil, in launching innovative dietary guidelines. Besides targeting chronic disease prevention, both documents also apply a wholistic approach, addressing economic, biological, sociodemographic, ecological, and cultural dimensions. As well, Brazil and Canada are developing and implementing policies to help support the uptake of their respective dietary guides. Similarly, broader and more inclusive initiatives are needed to allow proper PA access in both countries. Although some PA disparities still persist in Canada, the newest evidence shows that Brazil's population would greatly benefit if the country could follow the Canadian lead in prioritizing investments in PA policies. The launch of the brand new PA Guidelines for the Brazilian Population is a significant step in this respect. In addition to individuals in both countries having a clear guidance to help them to decide what to eat and how, they should also have appropriate guidance to support their entitlement to be physically active and thereby enjoy the numerous advantages linked to this human right.
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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 fitness [peak oxygen uptake (VO2peak)] 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 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 (VO2peak), 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 VO2peak (%VO2peak), percentage of HR reserve (%HRR), or percentage of VO2 reserve (%VO2R) (1, 21). Reserve calculations are generally preferred for precise exercise intensity prescription given they also take into account the patient's 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 VO2peak 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 (CO2) 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 CO2 can no longer be eliminated, and there is a disproportionate increase in VE relative to CO2 production (VCO2) (1, 28). The VT1 is commonly assessed using the V-slope method (i.e., the departure of VO2 from a line of identity drawn through a plot of VCO2 vs. VO2) or the nadir (lowest point) of the VE/VO2 to work rate relationship (1, 27). The VT2 is assessed as the nadir of VE/VCO2 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 due to slowed VO2 kinetics and delay in VO2 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 VO2) 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). It 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 (<1 min) 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 × 4 min protocol (26, 42)] would be of interest. For home-based HIIT, Wisløff 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, VO2peak 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 VO2peak 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 VO2peak 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 %VO2peak (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 VO2peak (59).


Table 1. Classification of aerobic exercise intensity.
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Table 2. Common intensity prescriptions for HIIT and MICT.
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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 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 VO2peak) reflects an integrated ability to transport oxygen (O2) 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 O2 (68). There is extensive evidence that VO2peak is a strong predictor of future CV events and mortality, and even modest increments in VO2peak 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 VO2peak 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 VO2peak 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 VO2peak during CR, there was a 21 % reduction in CV events and a 13 % reduction in all-cause mortality. In patients with HF, the HF-ACTION trial (71) showed that every 6 % improvement in VO2peak (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 HF, Uddin et al. (73) demonstrated that exercise intervention intensity was the greatest predictor of VO2peak post CR, even when including age, sex, and baseline fitness level in the multivariable regression model. Furthermore, each 10 % increase in exercise intensity (as %VO2peak or %HRpeak) was associated with a 1.0 mL/kg/min increase in VO2peak post CR. This is supported by Mitchell et al. (74) in patients attending CR for any indication, finding the greatest improvements in VO2peak 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 VO2peak 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 VO2peak 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 %VO2peak) and other European countries (40–80 %VO2peak; 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 VO2peak 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 VO2peak. Weston et al. (51) examined 10 studies in patients with cardiometabolic disease and found that HIIT improved VO2peak 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 VO2peak 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 (+0.2 mL/kg/min) (52). Furthermore, Way et al. (83) demonstrated that although women tend to experience lower absolute improvements in VO2peak with HIIT than men, they have similar relative improvements in VO2peak (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 VO2peak 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 HIIT and MICT produced equally substantial improvements in VO2peak (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 VO2peak, when performed at a vigorous intensity. In patients with HF, meta-analyses have also found a superior effect of HIIT compared with MICT on VO2peak 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 HFrEF, found similar improvements in VO2peak 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 VO2peak (−1.0 mL/kg/min). While median training intensity for HIIT 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 VO2peak (2.5 mL/kg/min) compared with a PA guidelines control group. However, HIIT and MICT showed similar increases in VO2peak 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 VO2peak 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 VO2 at VT1. Furthermore, the meta-analysis by Pattyn et al. (52) in both CAD and HF patients, found greater improvements in VO2 at VTI after HIIT compared with MICT (mean difference of 0.9 mL/kg/min). This is important as the improved ability to use O2 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 O2 pulse and O2 uptake efficiency slope (OUES) favoring HIIT. Other cardiorespiratory parameters (e.g., HR recovery, VE/VCO2 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 HIIT 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 HF, 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 VO2peak 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 VO2peak 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 VO2peak 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 HFpEF, 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 VO2peak (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 VO2peak. 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 VO2peak 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 VO2peak. 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).




Physiological Adaptations With Exercise Training for Improving VO2peak

There are numerous integrative physiological adaptations that may improve VO2peak in patients with CVD or HF (Figure 1). Based on the Fick equation, VO2 is the product of cardiac output and arterial-venous O2 content difference (a-vO2 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 VO2, respectively (50).


[image: Figure 1]
FIGURE 1. Physiological adaptations from exercise training that may contribute to improvement in VO2peak in patients with cardiovascular disease or heart failure. Cardiac adaptations contribute to VO2peak improvements primarily through increases in stroke volume. Pulmonary adaptations contribute to VO2peak by optimizing arterial oxygen content and therefore oxygen delivery. Muscle adaptations contribute to VO2peak improvements through increased exercise tolerance and enhanced 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. VO2peak, peak oxygen uptake; SV, stroke volume; HR, heart rate; a–vO2 difference, oxygen content difference between arterial and venous blood; LV, left ventricle.



Pulmonary Adaptations

The pulmonary system is responsible for the transport of O2 from the atmosphere to the bloodstream, with alveolar ventilation (O2 exchange with the atmosphere) and diffusion (O2 exchange with the bloodstream) contributing to arterial O2 content, O2 delivery, and VO2peak (68). Reduced alveolar exchange can be a significant contributor to exercise intolerance in patients with HF, 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 O2 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 HF, Tasoulis et al. (107) demonstrated that HIIT improved ventilatory regulation, with an improvement in ventilatory drive (as P0.1/PImax) 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 HF, 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 VO2peak. Whether HIIT is superior to MICT for pulmonary adaptations remains unclear.



Cardiac Adaptations

One of the proposed mechanisms for greater improvement in VO2peak with higher intensity exercise is greater central adaptations in left ventricular structure and function (110), by challenging the cardiac muscle to provide increased cardiac output and O2 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 VO2peak (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 VO2peak (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 VO2peak 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 VO2peak 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 O2 pulse (a surrogate for stroke volume). In contrast, the SAINTEX-CAD study in patients without HF (84) showed significant improvements in peak O2 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 VO2peak 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 O2 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 O2 delivery, peripheral adaptations with training that increase O2 extraction and utilization may also lead to increases in VO2peak by increasing a-vO2 difference. In healthy populations, skeletal muscle capacity for oxidation usually exceeds the capacity for systemic O2 transport (50), and therefore peripheral adaptations may not contribute to large increases in VO2peak. 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 O2 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 VO2peak (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 VO2peak (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 γ coactivator-1a (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 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 ≤1min (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 ≥15 min of high intensity effort per session (138). The Norwegian model (110) involving 4 × 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 VO2peak 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 × 30 s intervals; 100 kcal), HIIT (3 × 3 min intervals; 180 kcal) and MICT (40 min; 360 kcal), and found the greatest increases in stroke volume, LV mass, and VO2peak 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 VO2peak improvement based on the duration of the HIIT intervals. Instead, intensity of the HIIT intervals appeared more important, with numerically larger increases in VO2peak with HIIT intervals at a very hard near-maximal effort (+1.5 mL/kg/min) compared with HIIT intervals at a vigorous effort (+1.1 mL/kg/min) (52). Moreover, HIIT protocols with greater total energy expenditure also produced greater gains in VO2peak (52). This is supported by others, in that high-volume HIIT protocols appear to elicit the greatest increases in VO2peak (138, 140) and vascular function (94).




Practical Application and Progression Models for HIIT in CR Programs


Safety Considerations

While HIIT provides greater improvements in VO2peak, 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 (1 %) (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.



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 VO2 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 O2/session (42) [equating to ~250 kcal/session with ACSM estimation of 1L VO2 = 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 VO2peak, 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 naïve (137) and/or have a high degree of exercise intolerance (from skeletal muscle 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 VO2peak 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 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 VO2peak (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 × 1 min HIIT to 3 × 2 min HIIT), and then gradually progress the number of intervals to 5 × 2 min or 4 × 3 min over a number of weeks by just changing one prescription factor (interval frequency or duration) at a time. Once patients are comfortable with 4 × 3 min intervals, patients could be progressed to 4-min intervals with 3 min recovery for a high-volume HIIT protocol (e.g., 4 × 4 min) to further improvements in central adaptations (116), vascular function (94), and VO2peak (138, 140). Once again, clinicians may want to initially keep the total time at high intensity constant (e.g., from 4 × 3 min HIIT to 3 × 4 min HIIT) and then progress the number of intervals to 4 × 4 min HIIT.


[image: Figure 2]
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; VO2peak, peak oxygen consumption. This figure has been adapted from the previously published work of (158); with permission of Mayo Foundation for Medical Education and Research, all rights reserved.






CONCLUSION

There is extensive evidence that higher intensity exercise contributes to greater improvements in VO2peak than MICT or low intensity exercise, by increments that are known to be clinically meaningful. Higher intensity exercise also produces greater improvements in VO2 at submaximal exercise, which is important for exercise tolerance and carrying out daily living activities. While short-duration HIIT protocols can be a potent stimulus for improving peripheral mitochondrial adaptations and providing similar VO2peak improvements to MICT, longer-duration and higher-volume HIIT protocols seem to be superior for eliciting stroke volume and vascular adaptations, and greater VO2peak improvements compared with MICT. Finally, rather than adopting a one-size fits all model for HIIT, gradual introduction and progression of HIIT in accordance with individual exercise experience and tolerance, may be optimal for reducing musculoskeletal discomfort, as well as maximizing safety, adherence, enjoyment, and physiological outcomes.
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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 (VO2peak, ±2.9 mL/kg/min, 95% CI = 2.6 to 3.3) and 6-minute walk distance (+47 meters, 95% CI = 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 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 AHA's 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).


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, VO2peak), 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 I2 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 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).
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FIGURE 1. PRISMA flow diagram.




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, other core components of rehabilitation were not 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 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 (VO2peak) 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, I2 = 96%; Figure 2). When comparing program type, the improvement in six-minute walk distance was only significant for rehab (n = 7, WMD = 57 m, 95% CI = 29 to 85, p < 0.001, I2 = 96%) (20, 22, 27, 35, 40, 43, 44) and not for prehab (n = 3, WMD = 25 m, 95% CI = −16 to 67, p = 0.236, I2 = 11%) (20, 28) 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 = 50 m, 95% CI = 18 to 81, p = 0.002, I2 = 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 = 41 m, 95% CI = −8 to 90, p = 0.100, I2 = 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 = 70 m, 95% CI = 39 to 101, p < 0.001, I2 = 97%) (24, 29, 37, 42, 46) than prospective (n = 5, WMD = 25 m, 95% CI = −5 to 56, p = 0.107, I2 = 66%) (p = 0.042 between groups).


[image: Figure 2]
FIGURE 2. Forest plot displaying mean difference and 95% CIs for the impact of pre/rehabilitation on 6-minute walk test distance (meters).




VO2peak

Seven studies with n = 373 participants evaluated change in VO2peak 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 VO2peak by 2.9 mL/kg/min (95% CI = 2.6 to 3.3, SMD = 0.75, p <0.001, I2 = 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, I2 = 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, I2 = 0%) (19, 20, 43, 51, 52) and did not differ between subgroups (p = 0.257). The change in VO2peak did not differ between studies with retrospective vs. prospective design (p = 0.578).


[image: Figure 3]
FIGURE 3. Forest plot displaying mean difference and 95% CIs for the impact of rehabilitation on VO2peak (mL/kg/min).




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, I2 = 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, I2 = 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, I2 = 77%).
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FIGURE 4. Forest plot displaying mean difference and 95% CIs 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.


Rehabilitation improved the FACT-Breast total score by 5.1 points (95% CI = 0.1 to 10.1, SMD = 0.26, p = 0.044, I2 = 98%). However, in the leave-one-out sensitivity analyses, with the removal of any of the studies by Dolan et al., Gordon et al. (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 = 1.4, 95% CI = −5.0 to 7.8, SMD = 0.11, p = 0.667, I2 = 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/m2, 95% CI = −0.3 to 0.4, SMD = 0.02, p = 0.777, I2 = 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 = −0.2 kg, 95% CI = −0.9 to 0.6, SMD = −0.05, p = 0.675, I2 = 62%).



Spirometry

Four studies with n = 145 participants reported forced expiratory volume in one second (FEV1) (24, 29, 41, 46) and three with n = 125 participants reported forced vital capacity (FVC) (24, 29, 46). Pre/rehabilitation did not impact FEV1 (WMD = 4.6 % predicted, 95% CI = −5.4 to 14.5, SMD = 0.69, p = 0.369, I2 = 98%) or FVC (WMD = 1.0 % predicted, 95% CI = −4.4 to 6.4, SMD = 0.24, p = 0.719, I2 = 89%). However, sensitivity analysis showed that the removal of the study by Sterzi et al. resulted in a significant improvement in FEV1 (WMD = 9.0% predicted, 95% CI = 2.1 to 15.8, p = 0.011, I2 = 92%) and FVC (WMD = 3.9% predicted, 95% CI = 2.1 to 5.8, p < 0.001, I2 = 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 = −3.5 to 0.5, SMD = −0.11, p = 0.135, I2 = 0%; diastolic: WMD = −0.3 mmHg, 95% CI = −1.6 to 1.1, SMD = −0.01, p = 0.722, I2 = 29%).

There were not three or more unique programs that measured fasting glucose, hemoglobin A1c, 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 FEV1 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, 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 in the same effect size of improvement in VO2peak, 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 42 m 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 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 I2, 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.




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 factors and nutritional and psychosocial concerns, and risk factors through education and counselling with consideration of the needs of individuals with cancer could be a holistic solution to address the range of physical, psychological, and existential stressors associated with a cancer diagnosis and subsequent treatment.
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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, MCAO and exercise. The middle cerebral artery occlusion (MCAO) 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


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-1β (IL-1β) 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 (STAT6) 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 MCAO rats.



MATERIALS AND METHODS


Animals

Adult, male Sprague Dawley (weighing 250–320 g) 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 12/12 h 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).


[image: Figure 1]
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 qRT-PCR, Luminex multiplex assay, and Western blotting. The area of penumbra in the cortex and striatum for immunofluorescence staining was chosen as shown.




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 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 μg) 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 2−ΔΔCT 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 2 h 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 2 h 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 μm intervals using a freezing microtome. Slices were soaked in 0.1% Triton X-100 in PBS for 10 min and then blocked for 1 h. Subsequently, let the slices incubate overnight at 4°C in the mixed solution of rabbit anti-Iba1 (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 × 100 magnification and the number of CD68 and Arg-1 in Iba1+ cells in the cerebral 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 t-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.


[image: Figure 2]
FIGURE 2. Treadmill exercise alleviated neurological deficits and reduced infarct volume after MCAO. (A) Behavioral functions were assessed using mNSS in the MCAO 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 MCAO and exercise groups before they were humanely killed (n = 1 per group).


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 Iba1+ and M1-like marker CD68 or M2-like marker Arg-1 was performed in this study, respectively. As expected, CD68+ 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 MCAO, the highest level of Arg-1+ 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.
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FIGURE 3. Treadmill exercise inhibited M1 microglia polarization and promoted microglia polarization toward M2 Phenotype after MCAO. Double immunostaining with Iba1 and CD68 or Arg-1 at 24 h, 4, and 7d among the sham, MCAO and exercise groups was performed in this study. (A,B) representative images of immunostaining with Iba1 and CD68 in the cortex (A) and striatum (B) and the corresponding histogram was shown on the right side. (C,D) representative images of immunostaining with Iba1 and Arg-1 in the cortex (C) and striatum (D) and the number of double-positive cells was shown on the right side. White arrows indicated the double-positive cells. Bar = 50 μm for all images, n = 3 per group. #P < 0.05, ##P < 0.01 vs. sham group; *P < 0.05, **P < 0.01 vs. MCAO group.




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 Figure 4, the level of M1-like markers, including IL-1a, 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 24 h (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-1a, 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.
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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, MCAO 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. MCAO group.




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.


[image: Figure 5]
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. MCAO group.




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-JAK1 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.


[image: Figure 6]
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, MCAO 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. MCAO group.





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 3 h or 3 days after modeling (25). Li et al. conducted several animal studies and found that 6 h after reperfusion that inflammatory injury was exacerbated, but 24 h 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 24 h 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 CD200/CD200R signaling pathway by decreasing the level of IL-1β and TNF-α 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.

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-1a, 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 JAK1 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.

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 JAK1/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.
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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 mitochondrial metabolism identified in the preliminary LC-MS analysis. HF, heart failure; LC-MS, liquid chromatography-mass spectrometry; DEP, differentially expressed protein; PRM, parallel reaction monitor.


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 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 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 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 HF, 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 (21–25 g; 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 buffer saline, and ground with liquid nitrogen to mix. The lysate (7 M urea, 2 M thiourea, 0.1% phenylmethanesulfonyl fluoride-a protease inhibitor, 65 mM 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 15 min. 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 10 mM DTT at 37°C for 1 h, 20 mM iodoacetamide in the dark at room temperature for 0.5 h and 4 times the volume of ice acetone for overnight precipitation at −80°C. The supernatant was extracted after centrifugation at 12,000 g for 15 min 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 Å, 1.7 um, 2.1 mm × 150 mm; Waters, U.S.) and concatenated into 20 fractions, which were finally combined into 4 fractions. Mobile phase A is water with 5 mM 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 ‰ formic acid.



The Chromatographic Conditions

We performed the second-dimensional separation using nano Elute liquid chromatography (LC) system (Bruker Daltonics). A 250 mm × 75 um column (Inopticks) was employed, in which the mobile phase A and B were water and acetonitrile of ‰ 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 5 min before the last 5 min 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/cm2. 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 accumulation and release time as 100 ms, ion source voltage as 1,500 V, 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 EF, 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.


[image: Figure 1]
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 intensity data. (C) Heatmap of differential expressed proteins within the four experimental groups and hierarchical clustering analysis. (D) O2PLS-DA of the four experimental groups by the identified protein data. LC-MS, liquid chromatography-mass spectrometry; HF+S, sedentary groups of heart failure mice; HF+E, exercise groups of heart failure mice; N+S, sedentary groups of non-heart failure mice; N+E, exercise groups of non-heart failure mice.




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 < .5) (23). As a whole, 1,304 proteins were differentially expressed between the exercise group and the sedentary group (Figure 2A), 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.


[image: Figure 2]
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 DEPs; (3) Top 10 of enriched molecular function of DEPs.




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 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 E1α) and subunit beta (PDC E1β) were both downregulated to almost the normal level especially the PDC E1β 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).


[image: Figure 3]
FIGURE 3. The peak area of verified proteins involved in energy metabolism in the sedentary group and the exercise group of HF mice. ODPA, pyruvate dehydrogenase E1 component subunit alpha; ODPB, pyruvate dehydrogenase E1 component subunit beta; PDK2, pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 2; PDK4, pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 4; PARP3, poly [ADP-ribose] polymerase 3; IDE, insulin-degrading enzyme.





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 E1α; PDC E1β) 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 HF, which may prompt better use of this non-pharmacological intervention and lead to novel alternative therapeutic targets for HF patients.

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 HF, 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 E1α 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 E1α, diminished expression of PDK4, and indifferent levels of E1β, PDK1, 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 E1β, 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 normalize the expression of E1α and E1β 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 PDK1 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 E1αin 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 E1α and E1β 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 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 HF, which furnishes not only the systematic insight of the influence of aerobic exercise on HF but also ample molecular targets for future mechanism's experiments. The significant changes of several functional proteins involving energy metabolism support the pivotal role of metabolic remodeling in the regulation of exercise on HF. Adaptive regulations of PDC induced by exercise manifested the downregulating expression of both PDC protein and PDKs. The seemingly reverse regulation suggests the possibly dominant role of PDK in the activation of PDC and further work to elucidate the mechanism of the altered expression response to exercise treatment in the setting of HF is of great benefit for the mitochondrial energy regulation and viable novel drug developments. Further study on the PARP3 is also essential, especially its effect on the cardiac function.
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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 (VO2peak) 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 VO2peak 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 VO2peak 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 theVO2peak to be valid in 26 (81%) studies. Meta-analysis showed that the upright VO2peak exceeded the supine VO2peak [relative VO2peak: mean difference (MD) 2.63 ml/kg/min, 95% confidence interval (CI) 1.66-3.59, I2 = 56%, p < 0.05; absolute VO2peak: MD 0.18 L/min, 95% CI 0.10-0.26, I2 = 63%, p < 0.05). Moreover, subgroup analysis showed there was more pooled difference in healthy people (4.04 ml/kg/min or 0.22 L/min) than in cardiopulmonary patients (1.03 ml/kg/min or 0.12 L/min).

Conclusion: VO2peak 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


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 (VO2peak) 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 VO2peak in the upright position exceeded that in the supine (9). Conversely, Bonzheim's study found that VO2peak 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 VO2peak attained from upright and supine lower extremity bicycle exercise.



METHODS

This systematic review was conducted and reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement (Supplementary Materials S1: PRISMA 2020 Checklist) 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 “orthostatic” OR “sit”)) AND (“VO2” 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 VO2peak.




Study Selection

After eliminating duplicate articles, XW and CL screened the titles and abstracts. Studies that did not mention VO2peak or a 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 VO2peak defined? (6) was the VO2peak 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 VO2peak 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.



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 I2 statistic test. We employed a random effects model where there was evidence of statistical heterogeneity (I2 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 Figure 1. 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).


[image: Figure 1]
FIGURE 1. Detailed literature search and study selection process.




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 VO2peak was clarified in 14(44%) studies, VO2peak was judged to be valid in 26 (81%) studies where the criteria for verification of maximal effort were stated explicitly.


Table 1. Methodological quality evaluation for included studies (n = 32).

[image: Table 1]



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.


Table 2. Characteristics of participants for the included studies (n = 32).

[image: Table 2]

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, Egaña'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).


Table 3. Exercise protocol for the included studies (n = 32).
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Comparison of VO2peak Between Positions

In terms of the relative VO2peak, our pooled results showed that the upright VO2peak was higher than the supine VO2peak (relative VO2peak: MD = 2.63 ml/kg/min, 95% CI: 1.66, 3.59, I2 = 56%, p < 0.05; Figure 2). In the healthy subgroup, the upright VO2peak remained higher than supine and the effect size was larger without heterogeneity (relative VO2peak: MD = 4.04 ml/kg/min, 95% CI: 3.25, 4.83, I2 = 0%; Figure 2). Similarly, in patients with cardiopulmonary disease, upright VO2peak was also higher than supine, however, the effect size was lower compared to the healthy subgroup (relative VO2peak: MD = 1.03 ml/kg/min, 95% CI: 0.29, 1.76, I2 = 47%; Figure 2).


[image: Figure 2]
FIGURE 2. Meta-analysis results for relative VO2peak (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.


In terms of the absolute VO2peak, our pooled results also showed that the upright VO2peak was higher than the supine VO2peak (absolute VO2peak: MD = 0.18 L/min, 95% CI: 0.10, 0.26, I2 = 63%, p < 0.05; Figure 3). Again, the effect size was higher in the healthy subgroup (absolute VO2peak: MD = 0.22 L/min, 95% CI: 0.12, 0.32, I2 = 69%; Figure 3), but lower in the cardiopulmonary disease subgroup (absolute VO2peak: MD = 0.12 ml/kg/min, 95% CI: 0.02, 0.21 I2 = 31%; Figure 3).


[image: Figure 3]
FIGURE 3. Meta-analysis results for absolute VO2peak (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.




Discussion

The purpose of this paper is to evaluate the effect of body position on VO2peak in the CPET via meta-analysis. The results indicate that the VO2peak 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 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 VO2peak 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 VO2peak 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 VO2peak in the supine position may be limited by factors other than the effect of central hemodynamic shifts on CO.

According to the Fick principle, VO2 = CO * C(a-v) O2 (arteriovenous oxygen difference) (43). Therefore, the VO2 is influenced by both central and peripheral components, including CO and C(a-v) O2, during exercise. Studies have shown that VO2peak in the upright position is higher than that in the supine position, and accompanied by higher C(a-v) O2, while there is no difference in cardiac index between the two positions (9, 44). The change in C(a-v) O2 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) O2 during peak exercise is higher in the upright position, and this may contribute to the increased VO2peak 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 efficiency 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 VO2peak 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 research participants should be clarified in future clinical studies to facilitate subgroup analysis.




CONCLUSION

VO2peak 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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Among the most prevalent multimorbidities that accompany the aging process, chronic obstructive pulmonary disease (COPD) and chronic heart failure (CHF) stand out, representing the main causes of hospital admissions in the world. The prevalence of COPD coexistence in patients with CHF is higher than in control subjects, given the common risk factors associated with a complex process of chronic diseases developing in the aging process. COPD-CHF coexistence confers a marked negative impact on mechanical-ventilatory, cardiocirculatory, autonomic, gas exchange, muscular, ventilatory, and cerebral blood flow, further impairing the reduced exercise capacity and health status of either condition alone. In this context, integrated approach to the cardiopulmonary based on pharmacological optimization and non-pharmacological treatment (i.e., exercise-based cardiopulmonary and metabolic rehabilitation) can be emphatically encouraged by health professionals as they are safe and well-tolerated, reducing hospital readmissions, morbidity, and mortality. This review aims to explore aerobic exercise, the cornerstone of cardiopulmonary and metabolic rehabilitation, resistance and inspiratory muscle training and exercise-based rehabilitation delivery models in patients with COPD-CHF multimorbidities across the continuum of the disease. In addition, the review address the importance of adjuncts to enhance exercise capacity in these patients, which may be used to optimize the gains obtained in these programs.

Keywords: chronic heart failure, chronic obstructive pulmonary disease, rehabilitation, exercise, comorbidities, non-invasive ventilation, aging


HIGHLIGHTED

- Patients with coexistence of COPD-CHF present a further impaired exercise capacity and health status associated to mechanical-ventilatory, cardiocirculatory, autonomic, gas exchange, muscular, ventilatory, and cerebral blood flow disfunctions.

- COPD-CHF calls for a multifaceted and integrated disease management based on pharmacological and non-pharmacological treatment focused in an exercise-based cardiopulmonary rehabilitation delivered emphatically by professionals aware of multimorbidity care. Adjuncts as non-invasive ventilation, may enhance the exercise tolerability, performance, and consequently better physiological adaptations and outcomes.

- Further RCT studies are necessary to investigate randomized clinical trials to investigate the exercise-based rehabilitation in COPD-CHF overlap in a more systematically way in terms of criteria of inclusion, types of CHF (preserved or reduced), components, and outcomes.



INTRODUCTION

Chronic obstructive pulmonary disease (COPD) and chronic heart failure (CHF) are prevalent noncommunicable chronic conditions (1). Aging is a diverse and complex process related to chronic diseases developing, attributed in parts to the long exposure to an unhealthy lifestyle. This process favor the augment in the prevalence of mutually coexistence of diseases (2), as the COPD-CHF that has been highlighted in recent years and associated with poor adverse outcomes (3, 4).

COPD is characterized by chronic obstruction and progressive limitation to airflow, which is not fully reversible (5). On the other hand, CHF is a complex clinical syndrome in which the heart is unable to maintain tissue perfusion according to metabolic demands (6). CHF is defined according to left ventricular ejection fraction (EF) and although both types are possible to coexist, the reduced EF (HFrEF) is the most cited criterion to diagnose HF in patients with COPD.

Both COPD and CHF share the systemic inflammatory process and increased oxidative stress as a pathophysiological basis and smoking is the main etiology involved (7). This association imposes systemic consequences and impact on the quality of life, morbidity and mortality (3, 4). Systemic consequences include changes in cardiopulmonary and autonomic function, peripheral and respiratory muscle weakness (8) and can magnify the symptoms, leading to a marked negative impact on mechanical-ventilatory, cardiocirculatory, autonomic, gas exchange, muscular, ventilatory, and cerebral blood flow, further impairing the reduced exercise capacity and health status than either condition alone (9).

In the face of this complexity, the biggest challenge in the clinical practice involving patients with COPD-CHF is the establishment of an integrated and individualized approach focusing among other things on the management of dyspnea (3), exercise intolerance (10), functionality aimed to improve the survival and quality of life.



IMPACT OF COPD-CHF ON EXERCISE CAPACITY AND SYMPTOMS

Exercise intolerance may be considered multifactorial in COPD-CHF (11). Pathophysiological process of both diseases are related to imbalances of oxygen transport, cardiovascular, respiratory, muscle, and brain disorders (12). In this context, there are several lines of evidence suggesting that oxygen delivery to working muscles may be critically impaired during dynamic exercise in COPD-CHF patients (9). In addition, another impact in patients with COPD-CHF are ventilatory inefficiency and peripheral muscle dysfunction characterized by reduced muscle strength, promoting negative consequences on exercise performance (9, 13).

Studies have demonstrated that reduced oxygen supply (O2), systemic inflammation and increased oxidative stress can contribute to respiratory muscle dysfunction (9, 12–14). In this context, an understanding of the interaction between the mechanisms that lead to symptoms during exercise such as dyspnea, can provide useful information about both diseases (15). Exercise intolerance may be due to critical mechanical-ventilatory restrictions or hypoxemia, demonstrating the contribution of COPD disease (16), or even exercise may be interrupted due to complaints of discomfort in the lower limbs, demonstrating the contribution of both diseases (9).

Cardiopulmonary rehabilitation (CR) for COPD and CHF patients consists of a program of structured, individualized, and supervised physical exercises, usually performed for a period of 6–12 weeks (17). Furthermore, CR in general is interdisciplinary, including health education measures, and its primary objective is to improve exercise capacity and, consequently, dyspnea (18), as well as preventing secondary cardiac events (19). CR may reduce the risk of hospital admissions for all causes, as well as specific hospital admissions for CHF in the short term (up to 12 months). Additionally, CR attributes an important improvement in the quality of life of these individuals (20). Prior to enrollment to exercise rehabilitation, patients should be clinically assessed, an exercise test and risk stratification is recommended. Patients should present clinical stability with no contraindications to exercise training (such as unstable angina, respiratory failure, and severe electrolyte imbalance) and should have optimized comorbidities and pharmacological treatment. Moreover, the risk stratification and need for electrocardiogram monitoring, oxygen supplementation and supervision level must be assessed and programmed individually. During the CR sessions, it is important to remain aware of signs regarding decompensating, such as disproportional increased shortness of breath and fatigue, increased body weight and edema, worsening of pulmonary auscultation, increased coughing, and intolerance to supine position. Breathing techniques, educational support, psychological support, lifestyle management and nutritional counseling are allied components. Desveaux et al. (21) also concluded that motivation and incentive, as well as access to appropriate facilities, are key resources to support adherence to the prescribed activity. Thus, the multifaceted approach achieved by the integration between physical training, pharmacological, and nutritional care in a personalized way (21) is warranted to these patients who present the coexistence of COPD-CHF. Figure 1 summarizes the recommendations and components of an integrated CR.


[image: Figure 1]
FIGURE 1. Summary of components of Exercise-based rehabilitation on the population with COPD-CHF or COPD-Cardiovascular comorbidities. VO2peak, oxygen consumption; HR, heart rate; MR, maximum repetition; MIP, maximum inspiratory pressure; SpO2, Peripheral oxygen saturation.


A recent review conducted by Anderson et al. (22) highlights that home-based rehabilitation seem to be equally effective than those performed in CR centers when considering improving the quality of life in patients post myocardial infarction or revascularization and heart failure. In addition, it supports the continued expansion of home-based and evidence-based CR programs. Moreover, according to Anderson et al. (22) participating in a more traditional program with supervision carried out at a center or in a home program reflects the local availability, as well as the individual preference of the patient.



EXERCISE-BASED REHABILITATION DELIVERY MODELS FOR COPD-CHF PATIENTS

Although there is strong evidence supporting exercise-based rehabilitation as standard of care for people with COPD or CHF, there are only few RCTs demonstrating the models and effects of rehabilitation specifically for mutually combined COPD-CHF diagnosis. In most of the studies included in the review we found that studies primarily focused on the COPD population whereas cardiovascular impairments had a secondary emphasis.

Regardless of basic cardiac or pulmonary rehabilitation approaches, COPD and CHF have similar systemic manifestations such as limitation in exercise capacity, skeletal muscle dysfunction, dyspnea, deconditioning, reduced level of activities of daily living, and quality of life (23). To the best of our knowledge until now, there are only two studies focusing on rehabilitation specifically in patients with coexisting COPD-CHF (24, 25). Smyrnova et al. (23) carried out hospital based yogic breathing as an adjuvant therapy in PR to enhance the effects on the intervention group and found a significant difference compared with the control group. Bernocchi et al. (24) carried out a telerehabilitation home-based program with an individually tailored exercise program for each participant who were primarily having COPD-CHF diagnosis and found that home-based intervention was feasible and effective in improving exercise capacity. Most of the included studies which were performed with interventions in rehabilitation centers found improvements in objective measures such as exercise capacity, muscle strength, and subjective measures such as a sensation of dyspnea and quality of (QoL) assessed by Minnesota and saint George. Whereas, the home-based program with regular follow-up and counseling also demonstrated similar improvements, Table 1 provides information on rehabilitation exercise-based delivered models and their effects on patients with coexisting COPD-CHF (24, 25) or COPD-cardiovascular comorbidities (26–32). The main approach to rehabilitation delivery was undertaken in an outpatient setting, center-based or/and home-based, and almost all programs were comprehensive including exercises, education, and lifestyle change support. The program provided both supervised or unmonitored sessions and the exercise training was usually offered in an individually tailored manner.


Table 1. Exercise-base rehabilitation models and their effects on the population with COPD-CHF or COPD-Cardiovascular comorbidities.
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Exercise Training Programs in Patients With COPD-CHF

Although statements have suggested exercise-based rehabilitation as a standard of care for people with COPD or CHF, there are few RCT studies that demonstrate the models provided specifically for the COPD-CHF overlap syndrome. A specific analysis of exercise-based rehabilitation, in both isolated conditions, shows a similarity in the specific type of interventions and training prescription, such as aerobic, resistance, and inspiratory muscle training. We carried out an analysis of the articles mentioned in Table 1, in a total of nine studies covered, we selected five RCTs that presented a better methodological description of the applied rehabilitation protocols (24, 25, 30–32). Only two studies (23, 24) evaluated the effect of rehabilitation on the coexistence of diseases. Table 2 presents a summary of the three main types of exercise adopted, with intensity, duration, frequency, and supervision according to current evidence on an exercise-based rehabilitation program. In addition, the analysis described in the following paragraphs highlights the main forms of exercise prescription in this population and, at the same time, demonstrates the similarity between them in these three types of exercise-based therapy (Table 2).


Table 2. Summary of exercise components and prescription (intensity, duration, frequency, and supervision) according to current evidence of exercise-based rehabilitation program to COPD-CHF or COPD cardiovascular comorbidities.
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One of these modalities is aerobic training aiming to condition the muscles involved in walking and improving cardiorespiratory fitness (34). Exercises with an intensity >60% of the peak work rate in an incremental or constant test, performed for 30–60 min, are necessary to achieve these objectives (34). Interval training is proposed as an alternative to continuous training, especially for individuals who are unable to tolerate continuous high-intensity aerobic training due to intolerable symptoms and, therefore, shorter sessions should be advised in order to accumulate at least 30 min of exercise. Aerobic training per session (35). The training intensity can also be defined and/ or titrated according to Borg's dyspnea scores (4–6, moderate to intense) (32). A frequency of 3–5 sessions per week is recommended (35). Walking and the cycle ergometer are considered the best training modalities (32).

Aerobic exercise aims to minimize limiting symptoms such as skeletal and respiratory muscle dysfunction, dyspnea, and fatigue in these patients. These symptoms reduce patients' ability to exercise and compromise cardiac fitness, which further limits their exercise tolerance, creating a vicious downward spiral that can eventually lead to generalized debility and immobility. However, in some cases aerobic exercise is contraindicated. Patients with unstable heart and lung disease, locomotor difficulties that preclude patient exercise, significant cognitive, or psychiatric impairment that could lead to an inability to follow simple commands in a group setting should not be referred for rehabilitation (24, 25, 35).

Another modality is skeletal muscle resistance training (36). Evidence shows that resistance training alone or combined with aerobic training improves peak VO2, QoL, and walking performance in patients with isolated heart failure (37, 38). While recognizing that the ideal prescription for resistance training for people with COPD-CHF has not been determined, the statement refers to the British Thoracic Society guidelines for prescribing resistance exercises (35). Most evidence recommends a prescription based on the maximum repetition test (1MR) (36). The overload principle is emphasized, which involves increasing the dosage of exercise over time to maximize gains in muscle strength and endurance. This can occur by increasing the weight, increasing the number of repetitions per set, increasing the number of sets of each exercise and/or decreasing the rest period between sets or exercises (36).

The exercise modality that is also performed in both pathologies is inspiratory muscle strength training (IMT) (39). IMT tries to improve the strength and resistance of the respiratory muscles by means of devices that allow inhalation against resistance within a certain limit (39). IMT can reduce dyspnea by favorably altering the relationship between the current inspiratory pressure generated and the maximum inspiratory pressure (34) and reducing the impairment of dynamic hyperinflation (37). The prescription of this modality includes a minimum load ranging from 30 to 80% of MIP assessed by manovacuometry. Most studies include prescriptions that vary with daily training (5–7 times a week) for a considerable period (around 30 min daily), some studies emphasize the division of this time (2 sets of 15 min each), and some studies include the number of repetitions in each set (12–15 repetitions) in their protocols (39).

In the absence of a clear protocol to guide the practice, physical therapists should use clinical assessment and provide carefully monitored and supervised exercises and a multidisciplinary and collaborative team approach for training, prescription and progression of individualized exercises (35). An initial and continuous assessment that includes the severity of the disease and symptoms, the comorbidities and the patient's goals should be emphasized. This should be combined with individual and aggregate measurement and analysis of patient-centered results and exercise capacity (35). Finally, rehabilitation must emphasize sustainable exercise that translates into increased physical activity in the long term through safe and effective interventions.

The study provides evidence that it is safe and feasible to apply early (40) pulmonary rehabilitation in patients with acute exacerbation of COPD. Most studies do not report care needs during exercise sessions. The current evidence demonstrates that continued supervised maintenance exercise compared to usual care following pulmonary rehabilitation reduces health care use in COPD (41). Similarly in heart failure, the exercise training was associated with modest significant reductions for both all-cause mortality or hospitalization and cardiovascular mortality or heart failure hospitalization (42). Cardiac rehabilitation may improve all-cause mortality in the long term (>12 months follow up; RR = 0.88, 95% CI: 0.75–1.02). Moreover, the CR probably reduces overall hospital admissions in the short term (up to 1 year of follow-up and may reduce HF-specific hospitalization) (20).



Adjuncts to Exercise Training Programs to Optimize Cardiac Rehab in COPD-CHF Patients

Several adjuncts associated with physical exercise have been applied in these patient populations, in their isolated or associated form in order to improve exercise capacity, reducing the overloaded respiratory muscles and consequently the breathlessness and increase muscle O2 availability. Noninvasive positive pressure ventilation (NiPPV) as an adjunct during exercise is able to acutely relieve the ventilatory muscles and improve the supply of peripheral O2 in these patients.

Previous studies have proven the positive effect of NiPPV on exercise tolerance, increase oxygen uptake and counterbalance mechanical ventilator changes in both COPD (43) and HF (44). A potential mechanism that could explain these benefits is the pulmonary mechanical effect that may improve cardiac function and regional vascular distribution (45, 46). In addition, recent evidence has demonstrated that NiPPV can also positively modulate heart rate variability during high-intensity exercise in COPD-CHF patients (47). The use of non-invasive ventilation during high intensity exercise (HIT) is thus recommended when the objective is to quickly emphasize peripheral muscle gains in a rehabilitation program when dyspnea symptoms can be the potential limiting factor for tasks that require greater efforts in these patients. Unfortunately, few studies have evaluated the effect of NiPPV during long-term rehabilitation programs in patients with COPD-CHF. Additionally, da Luz Goulart et al. (47) demonstrated that NiPPV applied through two pressure levels (Bilevel) 8–12 cmH2O to inspiratory pressure and 4–6 cmH2O for positive end-expiratory pressure produced a marked acute benefit on endothelial function associated with improved exercise tolerance during a bout of high-intensity aerobic exercise in patients with coexisting COPD-HF. The NiPPV improving peripheral oxygenation may also have influenced the local metabolic activity, causing an acute “restoration” of endothelial function in COPD-CHF patients (47).

Previously, Mazzuco et al. (48) have applied proportional assist ventilation mode of NiPPV (volume assist = 12–16 cmH2O = and flow volume assist = 4–8 cmH2O) and demonstrated an accelerated VO2 recovery kinetics following high-intensity exercise in COPD-CHF. Therefore, the NiPPV was proved to be an interesting adjunct in CR programs to sustain higher levels of exercise intensity, reducing the work of breathing and beneficially modulate vascular reactivity and exercise tolerance during a single bout high-intensity exercise.

The risk of bias of the included studies in this mini-review was performed using the PEDro Scale Tool (0–10) (49) was demonstrated in Table 1 and highlighted the need for more quality in RCT studies in this field of research. In the quality assessment, we observed that 100% of the studies meet the criteria of between-group comparison, 88% eligibility criteria and point estimates and variability, 77% random allocation and baseline comparability, 44% blinding assessors, adequate follow-up and intention-to-treat analysis, 11% concealed allocation, and 0% meet the criteria of blinding subjects and therapists.




CONCLUSION

Patients with coexistence of COPD-CHF present a further impaired exercise capacity, daily life activities and health status. Cardiopulmonary rehabilitation, involving a multifaceted program and professionals prepared and attentive to multi-morbidity, aimed at improving aerobic capacity, respiratory and peripheral muscle strength, and endurance, appear to be safe, and effective in improving symptoms, exercise capacity and functionality. However, further randomized clinical trials deserve to be conducted to investigate in a higher level of quality the exercise-based rehabilitation in COPD-CHF overlap in a more systematically way in terms of criteria of inclusion, types of CHF (preserved or reduced), components and outcomes as exacerbation rates, morbidity, and mortality.
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Rationale: Regular active exercise is considered therapeutic for cardiovascular disease, in part by increasing mitochondrial respiratory capacity, but a significant amount of exercise capacity is determined genetically. Animal models, demonstrating either high capacity aerobic running (HCR) or low capacity aerobic running (LCR) phenotypes, have been developed to study the intrinsic contribution, with HCR rats subsequently characterized as “disease resistant” and the LCRs as “disease prone.” Enhanced cardioprotection in HCRs has been variable and mutifactoral, but likely includes a metabolic component. These studies were conducted to determine the influence of intrinsic aerobic phenotype on cardiac mitochondrial function before and after ischemia and reperfusion.

Methods: A total of 34 HCR and LCR rats were obtained from the parent colony at the University of Toledo, housed under sedentary conditions, and fed normal chow. LCR and HCR animals were randomly assigned to either control or ischemia-reperfusion (IR). On each study day, one HCR/LCR pair was anesthetized, and hearts were rapidly excised. In IR animals, the hearts were immediately flushed with iced hyperkalemic, hyperosmotic, cardioplegia solution, and subjected to global hypothermic ischemic arrest (80 min). Following the arrest, the hearts underwent warm reperfusion (120 min) using a Langendorff perfusion system. Following reperfusion, the heart was weighed and the left ventricle (LV) was isolated. A midventricular ring was obtained to estimate infarction size [triphenyltetrazolium chloride (TTC)] and part of the remaining tissue (~150 mg) was transferred to a homogenation buffer on ice. Isolated mitochondria (MITO) samples were prepared and used to determine respiratory capacity under different metabolic conditions. In control animals, MITO were obtained and prepared similarly immediately following anesthesia and heart removal, but without IR.

Results: In the control rats, both resting and maximally stimulated respiratory rates were higher (32 and 40%, respectively; p < 0.05) in HCR mitochondria compared to LCR. After IR, resting MITO respiratory rates were decreased to about 10% of control in both strains, and the augmented capacity in HCRs was absent. Maximally stimulated rates also were decreased more than 50% from control and were no longer different between phenotypes. Ca++ retention capacity and infarct size were not significantly different between HCR and LCR (49.2 ± 5.6 vs. 53.7 ± 4.9%), nor was average coronary flow during reperfusion or arrhythmogenesis. There was a significant loss of mitochondria following IR, which was coupled with decreased function in the remaining mitochondria in both strains.

Conclusion: Cardiac mitochondrial capacity from HCR was significantly higher than LCR in the controls under each condition. After IR insult, the cardiac mitochondrial respiratory rates were similar between phenotypes, as was Ca++ retention capacity, infarct size, and arrhythmogenicity, despite the increased mitochondrial capacity in the HCRs before ischemia. Relatively, the loss of respiratory capacity was actually greater in HCR than LCR. These data could suggest limits in the extent to which the HCR phenotype might be “protective” against acute tissue stressors. The extent to which any of these deficits could be “rescued” by adding an active exercise component to the intrinsic phenotype is unknown.

Keywords: aerobic capacity, HCR, LCR, intrinsic, coronary occlusion, mitochondria, energetics


INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality in developed countries (1). The most common cause of cardiac injury is ischemic heart disease secondary to progressive coronary occlusion and is complicated frequently by complications such as ventricular arrhythmias and congestive heart failure (2). The most effective therapy, thus, far for limiting ischemic injury is early reperfusion, but reperfusion in itself has risks (3–5) to the extent that acute coronary occlusion and therapeutic intervention are collectively considered to produce an aggregate phenomenon recognized as ischemia-reperfusion (IR) injury (6–9).

Continuing research is aimed to explore the therapeutic interventions against IR injury. Although numerous pharmacological and preconditioning approaches to cardioprotection have been explored, regular exercise participation is recognized as an important, cost-effective, and safer lifestyle intervention in the prevention and treatment of IR injury (10–14). Redundant protective effects are evident in the exercised heart, namely, increased levels of heat shock proteins (15), altered nitric oxide (NO) signaling (16–18), enhanced Ca2+ handling proteins (19), improved ATP-sensitive potassium channels (20), and enhanced endogenous antioxidant (13, 21).

As an important site for ATP production via oxidative phosphorylation, mitochondria are critical in regulating normal cardiac metabolism and play a key role in the susceptibility of the heart to IR injury (22–28). The heart is an organ with high metabolic demand. Providing the myocardium with adequate coronary perfusion and oxygen delivery is crucial, but enhanced mitochondrial capacity also is essential. Mitochondrial respiratory rate and enzyme activities are the major elements that drive the oxidative phosphorylation process and structural integrity of the mitochondria. Myocardial IR can cause severe effects on mitochondrial homeostasis which dramatically affects mitochondrial function and survival (29–32). In addition to the detrimental effects of impaired mitochondrial energy production, mitochondrial ionic imbalance, and cell stress signaling can cause mitochondrial-mediated cell death (33–37).

Myocardial IR injury is an important cause of impaired heart function in the early postoperative period after cardiac surgery and acute myocardial ischemia. Growing evidence has become available supporting a crucial role of mitochondrial dysfunction in myocardial IR injury. Mitochondrial dysfunction during ischemia is a major mechanism that contributes to cardiomyocytes damage during IR (24, 26–31). Increased reactive oxygen species (ROS) generation, defects in electron transport chain activity and oxidative phosphorylation process, impaired respiratory chain complexes activity, opening of the mitochondrial permeability transition pore (mPTP), and release of cytochrome care considered contributing factors in mitochondrial dysfunction associated with heart IR (30–36).

Stunned (reversibly injured and nonfunctioning) myocardium displays relatively excess oxygen consumption for a specified rate of contractile work and, therefore, has a declined mechanical efficiency, which may be due to a rapid recovery of the intracellular pH during reperfusion (6). Once perfusion is restored, the intracellular increased accumulation of H+ during ischemia is transported into the extracellular space to normalize the pH in exchange for Na+ via Na+/H+ exchanger, while ATP depletion inactivates Na+/K+-ATPase. The combined effect results in an increase in intracellular Na+ which, in turn, activates the sarcolemmal 2Na+/Ca2+ exchanger, resulting in the exchange of intracellular Na+ with extracellular Ca2+. A high rate of 2Na+/Ca2+exchange can finally lead to Ca2+ overload which, in turn, induce arrhythmogenesis, myocardial stunning, contracture, and ultimately apoptotic or autophagic cell death. Fluctuations in Ca2+from the sarcoplasmic reticulum during reperfusion stimulate the opening of the mPTP (29, 30). Opening of the mPTP leads to rapid dissipation of the membrane potential gradient which is essential for the synthesis of ATP, water enters through the open pore causing mitochondrial swelling and lysis triggering apoptosis and cell death (28–30).

The proposed mechanisms underlying exercise-induced cardioprotection in IR are numerous. Some are systemic (12), some are vascular (12–14, 21), some are neural (38, 39), some are structural (9), and some are energetic/metabolic (40, 41) including expression of selected mitochondrial proteins resulting in a mitochondrial phenotype that is resistant to IR-induced injury (13, 19). While these studies generally support exercise-induced adaptations that produce resistance to injury, few address the mitochondrial functional consequences following an injury.

Although regular exercise training is recognized as an important lifestyle intervention in the prevention and treatment of CVD and IR injury, not all the individuals experience the same benefits from participating in the exercise. There is a paradox that some individuals with many modifiable risk factors (hypertension, diabetes, and obesity), and who do not exercise, also do not get CVD, while others who have no risk factors, and exercise regularly, and still experience adverse cardiac outcomes, suggesting a significant intrinsic component to the exercise effect. It has been estimated that up to 70% of the variation in exercise capacity is due to the intrinsic genetic component (42). Thus, studying the differential impacts of intrinsic aerobic exercise capacity after cardiac IR injury using intrinsic aerobic phenotype rats bred for low and high aerobic running capacity would provide a better platform for understanding the influences of intrinsic aerobic capacity on cardiac metabolic capacity and mitochondrial adaptive response pre- and post-IR injury in these phenotypes.

Koch and Britton used phenotypic selection based on treadmill running time at 11 weeks of age in an outbred rat strain (NIN:N) to create divergent strains that have become known as high capacity aerobic running (HCR) and low capacity aerobic running (LCR) rats (43–47). The HCR animals generally are characterized as “disease resistant,” while the LCR animals are characterized as disease prone. Interestingly, the HCR/LCR strains demonstrate many of the same traits related to CVD that had been previously associated with active exercise (48–52) including some mitochondrial/metabolic effects (53, 54). Still, cardioprotection in the HCRs is not always observed (55–57), and while LCR did associate with a higher incidence of pump failure, it did not associate with multiorgan system failure in hemorrhagic shock (58). We have previously reported that cardioprotection in HCRs was present but limited, was likely intrinsic to the tissue, and could be overwhelmed by IR severity (57). Given the consistent metabolic differences that characterized HCR and LCR, the current studies were designed to identify the relative influence of aerobic phenotype on the impact of IR on subsequent mitochondrial function.



MATERIALS AND METHODS


Animal Strains

A total of 34 HCR and LCR female rats from generation 32 were obtained from the parent colony at the University of Toledo. The protocol for generating the animal model has been described in detail previously (43–46). Briefly, starting with an outbred founder population (N: NIH stock), two-way selective breeding using run time until exhaustion on a graded treadmill exercise test as selection criteria, was used to create low capacity runner (LCR) and high capacity runner (HCR) strains. A total of 13 animals of each sex with the shortest run times and 13 animals of each sex with the highest run times were used as the founding population of LCR and HCR cohorts. Well-managed breeding strategies within each cohort were used to create subsequent generations that were increasingly divergent in total running capacity. Upon arrival at this location, animals were maintained in quarantine under standard husbandry conditions. Animal procedures were conducted following the American Physiological Society guidelines for the humans and safe use of animals and all the protocols involving animals in these experiments were approved by the East Carolina University Animal Care and Use Committee.



Cardiac Ischemic-Reperfusion Injury

Rats were anesthetized with an intraperitoneal injection of ketamine/xylazine (90/10 mg/kg ip, Patterson Veterinary Supply, Greeley, Colorado, USA). Once appropriate anesthetic depth was achieved, the thorax was opened and the heart was excised rapidly. The aortic root was cannulated and the coronary circulation was flushed immediately with warm saline. After the saline flush, the control hearts were flushed again with cold saline and transferred to buffer to being mitochondrial isolation. The IR hearts were immediately arrested with 10 ml of iced St Thomas' cardioplegic solution (NaCl 110.0 mM, NaHCO3 10.0 mM, KCl 16.0 mM, MgCl2 16.0 mM, CaCl2 1.2 mM, and pH 7.8) at 4°C and the hearts were then stored in this solution at the same temperature for 80 min. After 80 min of cold global ischemic arrest, the aorta was cannulated and the heart was immediately perfused retrogradely on a Langendorff perfusion apparatus with Krebs–Henseleit buffer (KHB) for 120 min at 37°C (KHB composition (mM): NaCl 118; KCl 4.7; MgSO4 1.2; KH2PO4 1.2; NaHCO3 25; CaCl2 1.4; glucose 11; and pH 7.3–7.4). Perfusion was gravity-fed constant pressure maintained at 80 mm Hg, established by the appropriate height of the perfusion reservoir above the heart. Coronary flow and heart rhythm were monitored throughout the reperfusion period. The Langendorff system is widely used because of the ability to control a large number of performance variables (preload, rate, and afterload), but it also has the disadvantage of not actively pumping a volume. In addition, since the system is crystalloid perfused typically, any circulating agents like pro- or anti-inflammatory cytokines are not present, nor are hormones or autonomic nervous influences. In this case, that can be an asset, since any of those can be changed by exercise and would not be confounding aspects of the study.



Tissue Isolation and Infarct Size Quantification

Following reperfusion, the IR hearts were taken off the cannula and weighed. The right ventricle and atrial tissue were removed and a midventricular ring was obtained from the left ventricle (LV) for infarct size quantification, while the balance of the LV was prepared for mitochondrial isolation, or for −80°C storage and future analysis. The midventricular ring was placed in a 0.1% triphenyltetrazolium chloride solution and incubated at 37°C for 10 min in a shaking water bath. Following incubation, both sides of the slice were photographed with a digital camera attached to a dissecting microscope. Images were quantified using Image J software where total area, lumen area, and infarcted area were measured and quantified as described previously (21, 30, 57).



Mitochondria Isolation

Left ventricular mitochondria were isolated as described in Fisher-Wellman et al. (68). Briefly, one portion of isolated LV (~40 mg) was immediately placed in ice-cold buffer A [phosphate-buffered saline (pH = 7.4), supplemented with EDTA (10 mM)]. All the tissues were minced and resuspended in buffer C (MOPS (4-Morpholinepropanesulfonic acid, 50 mM; pH = 7.1), KCl (100 mM), EGTA (egtazic acid, 1 mM), and MgSO4 (5 mM) supplemented with bovine serum albumin (BSA; 2 g/l)) and then homogenized via a Teflon pestle and borosilicate glass vessel. Tissue homogenates were centrifuged at 500 × g for 10 min at 4°C. Supernatant from each tissue was then filtered through thin layers of gauze and subjected to additional centrifugation at 10,000 × g for 10 min at 4°C. Mitochondrial pellets were washed in 1.4 ml of buffer B [MOPS (50 mM; pH = 7.1), KCl (100 mM), EGTA (1 mM), and MgSO4 (5 mM)], transferred to microcentrifuge tubes, and centrifuged at 10,000 × g for 10 min at 4°C. Buffer B was aspirated from each tube and final mitochondrial pellets were suspended in 100–200 μl of buffer B. Protein content was determined via the Pierce BCA protein assay. Functional assays involving isolated mitochondria were carried out in the following buffers: buffer D-potassium-MES (105 mM; pH = 7.2), KCl (30 mM), KH2PO4 (10 mM), MgCl2 (5 mM), EGTA (1 mM), BSA (2.5 g/l); buffer E-HEPES (20 mM; pH = 8.0), KCl (100 mM), KH2PO4 (2.5 mM), MgCl2 (2.5 mM), and glycerol (1%).



Mitochondrial Respiratory Control (JO2)

High-resolution O2 consumption measurements were conducted at 37°C in 2 ml of assay buffer by using the Oroboros Oxygraph-2K (Oroboros Instruments, Innsbruck, Austria), as previously described (67). Briefly, isolated mitochondria (0.025 mg/ml) were added to assay buffer, supplemented with creatine (Cr; 5 mM), phosphocreatine (PCr; 1 mM), and creatine kinase (CK; 20 U/ml), followed by the addition of respiratory substrates then ATP (5 mM). Respiratory control was assessed through the sequential additions of PCr to final concentrations of 6 mM, 12 mM, 15 mM, and 21 mM before additions of 5 μM fluoro-carbonyl cyanide phenylhydrazone (FCCP). Calculation of ATP free energy of hydrolysis (ΔGATP) was determined for each PCR concentration as previously described (68) using an online tool (Bioenergetic Calculators (dmpio.github.io)).



Citrate Synthase Activity

Citrate synthase activity was measured using a standard, commercially available kit (Sigma, St Louis, Missouri, USA), according to the instructions of the manufacturer. The assay generates a colorimetric signal in proportion to the rate of conversion between acetyl-CoA and oxaloacetic acid and is read on a spectrophotometer.



Ca2+ Retention Capacity

Calcium retention protocols were modified from Sloan et al. (30) where 0.5 mg mitochondria were suspended in an assay buffer containing: 125 mM KCl, 5 mM HEPES, 2 mM KH2PO4, and 1 mM MgCl2 (25°C, pH = 7.3). The fluorescent Ca2+ indicator, calcium green 5 N salt, was utilized to track changes in extramitochondrial calcium levels. Extramitochondrial calcium fluorescence was measured using a fluorescence spectrophotometer (Photon Technology International, Birmingham, New Jersey, USA), with excitation and emission wavelengths set to 506/532 nm, respectively. Calcium-induced mPTP opening experiments were performed under state 2 respiration conditions (5 mM glutamate/5 mM malate). Mitochondrial PTP opening was induced by subjecting mitochondria to sequential 50 nmol CaCl2 pulses every 3 min, which causes a repeated decrease in the fluorescent signal as Ca2+ is taken up by the mitochondria. Induction of mPTP was denoted by a sharp increase in extramitochondrial Ca2+fluorescence, representing the release of the accumulated Ca2+ from the mitochondrial matrix. Calcium-retention capacity was quantified as the amount of calcium needed to induce PTP opening (nmol CaCl2/mg mitochondria).



Statistical Analysis

Statistical analysis was performed by using commercial software (GraphPad Prism, San Diego, California, USA). Data are expressed as means ± SD and a p < 0.05 was considered as statistically significant.




RESULTS


Myocardial Infarct Size

Infarctions were somewhat larger than expected despite the relatively long ischemic times, considering the use of the cold cardioplegic solution. About 80 min of cold global ischemic arrest and 120 min of warm reperfusion, myocardial infarct size was not significantly different between LCRs and HCRs (47.2 ± 4.8 vs. 42.9 ± 5.2, respectively). Hearts from HCR and LCR animals showed different patterns of infarction, with HCR being more contiguous and LCR more diffuse, but relatively similar in the overall amount of tissue involved (Figure 1).


[image: Figure 1]
FIGURE 1. Examples of triphenyltetrazolium chloride (TTC)-stained myocardial sections, and graphical summary of group data for infarct size results (n = 9 per group).




Coronary Artery Flow

When normalized to heart weight, baseline coronary flow at the onset of reperfusion was not different between LCR and HCR hearts (20.5 ± 3.2 vs. 23.6 ± 2.8, respectively). However, coronary flow decreased by 68% in LCRs and by 56% in HCRs over the 2 h of reperfusion and coronary flow decreased more quickly in the LCRs compared to the HCRs, becoming significantly different at 40 min of reperfusion (Figure 2). In a constant pressure system, the decreasing flow is consistent with an increased coronary vascular resistance. Still, there was a substantial drop in coronary flow in both groups, and the relatively higher/less diminished flow, was not enough to produce any difference in overall infarction size.


[image: Figure 2]
FIGURE 2. Summary of coronary flow results during reperfusion of low capacity aerobic running (LCR) and high capacity aerobic running (HCR) hearts. Data are expressed as mean ± SD. n = 9 per group. *p < 0.05 in designated comparison.




Reperfusion Arrhythmia

Upon harvest, the hearts were placed immediately into the cold storage solution, so there were no baseline rhythm measurements. The first perfusion on the column constituted the onset of rewarming and reperfusion. Arrhythmia was evaluated followed by the guidelines established by the Lambeth Conventions and graded by using a numerical scoring system as described previously (30). Fibrillation was a uniform finding early in reperfusion with similar frequency and severity in both LCR and HCR hearts (Figure 3).


[image: Figure 3]
FIGURE 3. Summary of arrhythmia results during reperfusion of LCR and HCR hearts (left panel), and the arrhythmia scoring system that was used (right panel) to generate the data. Data are expressed as mean ± SD. n = 9 per group. *p < 0.05 in designated comparison.




Mitochondrial Respiratory Capacity
 
Control Comparisons

Cardiac mitochondria respiratory rates were 32% higher at rest in HCR and more than 40% higher under maximally stimulated conditions, compared to LCR (both p < 0.05). Generally, HCR mitochondria showed significantly higher mitochondria respiration with all substrates compared to LCR. The addition of the uncoupling agent, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (1 μM), at the end of the respirometry experiments rescued absolute rates of oxygen consumption (Figure 4).


[image: Figure 4]
FIGURE 4. Summary of mitochondrial respiration results in samples isolated from HCR and LCR control ventricles. The top inset shows representative tracing, while the graphic summarizes group results. Data are expressed as mean ± SD. n = 8 per group. *p < 0.05 in designated comparison.




Post-ir Injury Comparisons

In contrast to control experiments, HCR mitochondria no longer showed relatively increased respiratory capacity compared to LCR (Figure 5). Comparing control to post-I/R under pyruvate/malate conditions, respiratory rates were reduced in both phenotypes to levels <10% of baseline (Figure 6). There was recruitable respiratory capacity in both HCR and LCR postischemic mitochondria, but the differences between phenotypes that been observed across the spectrum of substrate conditions were no longer present after ischemia. In fact, HCRs showed a greater loss of respiratory capacity in response to FCCP than the LCR (Figure 6).


[image: Figure 5]
FIGURE 5. Summary of mitochondrial respiration results in samples isolated from HCR and LCR ventricles following IR. The top inset shows representative tracing, while the graphic summarizes group results. Data are expressed as mean ± SD. n = 9 per group. *p < 0.05 in designated comparison.



[image: Figure 6]
FIGURE 6. Summary of mitochondrial respiration, comparing results within and between phenotypes, under control and post-ischemia-reperfusion (IR) conditions. Data are expressed as mean ± SD. n = 8 per group for controls and 9 per group for IR. *p < 0.05 in designated comparison.


The amount of mitochondrial protein harvested from LV tissue samples (w/w) was not different between HCR and LCR under control conditions (Figure 7A). Following cold storage ischemia and rewarming/reperfusion, there was a significant decrease in mitochondrial protein in both strains (p < 0.05), consistent with a loss of mitochondria. However, the decrease was similar in both groups (Figure 7A). Interestingly, the citrate synthase activity of the remaining mitochondria following reperfusion also was reduced comparably in both groups, consistent with possible functional impairment in surviving mitochondria (Figure 7B).


[image: Figure 7]
FIGURE 7. Summary of mitochondrial protein “yield” from left ventricle (LV) samples (left panel) and citrate synthase activity (CSA, right panel) before and after IR. Data are expressed as mean ± SD. n = 8 per group for controls and 9 per group for IR. *p < 0.05 in designated comparison.




Ca2+ Retention Capacity

There were no differences in baseline mitochondrial calcium retention. Similar to the respiratory deficits that occurred in mitochondria after I/R, the ability to retain calcium was also reduced significantly following ischemia. On average, the permeability transition pore (PTP) opened with about 75% less calcium than it did before the I/R insult but the impairments were similar in both the phenotypes (Figure 8).


[image: Figure 8]
FIGURE 8. Summary of results for the calcium-retention experiments. Inset is a representation of the tracings obtained, while the chart is a graphical summary of the group data. Arrow in inset indicates the change in calcium uptake that occurs when the transition pore opens. Data are expressed as mean ± SD. n = 8 per group for controls and 9 per group for IR. *p < 0.05 in designated comparison.






DISCUSSION

The results of this study showed that while there was increased mitochondrial capacity in HCRs compared to LCRs, the increased cellular respiratory capacity did not translate to reduced injury from ischemic arrest and reperfusion even with the benefit of supplemental cardioprotection by using established cardioplegia regimens. Moreover, there was accelerated relative loss of mitochondrial respiratory capacity in the HCRs compared to the LCRs, even though coronary blood flow was better preserved during reperfusion in the HCRs compared to the LCRs. The lack of benefit despite better flow was a bit unexpected, as dynamic exercise has generally associated cardioprotection with improved perfusion. A decrease in infarct size after training was seen in rats subjected to a swim training regimen after permanent occlusion which the authors attributed to increased myocardial vascularity (59). In a much-cited paper, Brown et al. demonstrated that prolonged endurance training confers a cardioprotective effect against infarction in myocardium subjected to severe ischemia and subsequent reperfusion (21). In addition, they observed that during severe ischemia, coronary flow to regions of the myocardium outside the ischemic area at risk was better maintained in hearts isolated from endurance-trained rats. Furthermore, on reperfusion of the area at risk, the increase in flow to the previously ischemic region of the heart was markedly higher in hearts isolated from trained rats (21).

We have demonstrated that the cardioprotection associated with the HCR phenotype may be limited (57). We did not have sufficient animals available to complete a preliminary dose response study to determine the optimal cold storage time, and it is possible that despite the cardioplegia, the ischemic time was simply too long and overwhelmed and benefit the HCR phenotype might have conferred. However, the results are consistent with those reported by others working with the model (55, 56). Still, there are important differences worth noting. In particular, active exercise training programs produce improvements to ischemic tolerance via a host of mechanisms (5, 6, 9, 10, 14, 15), notably including increased mitochondrial functional capacity (19, 24, 59). Gallego-Selles et al. described experiments in humans subjects indicating that, at least in skeletal muscle, nrf2 is activated rapidly by exercise to exhaustion and can dynamically modulate ROS and mitochondrial-sourced proteins such as catalase (61). Flockhart demonstrated, also in human subjects, that participating in an intense, active exercise program produced functional impairment in the mitochondria that also was associated with at least a transient decrease in glucose tolerance (62). In our hands, despite an increased resting mitochondrial capacity in the HCRs, there was no protection against the ischemic insult. Together, it seems clear that there can be substantial differences in the role of mitochondria in the response to ischemia that can be influenced by the nature and duration of the exercise training and confounded by differences dictated by the intrinsic capacity for exercise, independent of actual active exercise. The importance and role of pathways such as nrf2/keap1/catalase and others in bridging the components of an exercise effect (intrinsic vs. active) remain to be determined.

Several previous experimental studies of myocardial ischemia generally have indicated a good correlation between disruption of complex I through a variety of mechanisms (16–18, 33, 41), as well as opening of the permeability transition pore, with outcomes in cardiac ischemia and reperfusion (23, 26, 28–30). Some have suggested that complex I is considered the main site of damage to the respiratory chain in IR, while downstream electron transport chains are relatively resistant to IR injury (60, 63, 64). Furthermore, Veitch and his colleagues (63) found a major decline in complex I activity in perfused rat hearts subjected to 20 min of global ischemia, and Cairns and his group (64) demonstrated that this damage was exacerbated by reperfusion.

In contrast to these studies, our results suggest a more generalized loss of mitochondrial respiratory capacity following IR. Perhaps that should not be surprising. Animals that have been selectively inbred using aerobic running capacity as the selection criteria create a strain optimized for performance when aerobic conditions exist. Ischemia certainly is not an aerobic condition. While it is possible that the HCR phenotype augments several factors that could delay the onset of ischemia and which would be protective (57), they may be maladapted if the transition to anaerobic conditions still occurs. Structural adaptations like increased capillary density or increased vasodilator capacity, which might have been beneficial in delaying the onset of ischemia, would also be factors that could aggravate the potential for reperfusion injury once perfusion was reestablished after an acute ischemic episode. When ample oxygen is present, cardiac mitochondria have greater substrate flexibility than many other tissues, meaning that cardiac mitochondria can respire effectively using a wide variety of substrates (67). Tolerance for IR may not be related so much to the capacity to respire using a given substrate, but more to the ability to switch from one substrate to another. With the newest approaches that have been developed (68), and the energy hypothesis that is being advanced by the HCR LCR work (46, 53), the HCR LCR phenotypes could provide interesting and valuable perspective on factors contributing to substrate preference. To the extent that HCR complex I respiratory capacity was impacted strongly by IR, and that there was a similarity between PTP function and infraction size in HCR and LCR, suggest that a more complex assessment of specific mitochondria adaptations in these strains might be warranted.

Mitochondria comprise a large fraction of the heart mass and are critical for the normal mechanical and electrophysiological function of the cardiomyocyte, playing roles that extend beyond bioenergetics and metabolism. Proper function is required to meet the high energetic demand of the cardiomyocyte and playing an essential role in controlling oxidative stress and Ca2+ handling (34). Ischemia-reperfusion injury increases the production of ROS and induces calcium overload into mitochondria (35) which can interact together to induce opening of the mPTP and, therefore, triggering apoptosis by promoting the release of proapoptotic proteins (i.e., cytochromec) and subsequent activation of the programmed cell (65, 66).

Our results indicate that intrinsic aerobic capacity must be tied to mitochondrial performance at a subcellular level. It also is clear that the dynamic role of mitochondria in cardiac ischemia, perfusion, and heart failure is only now beginning to be appreciated, but remains confused, perhaps in part because the underlying intrinsic elements have not been adequately considered in the assessment of the active exercise response. Models such as these HCR and LCR phenotypes should provide a unique window on how that background influences the extent to which inducible adaptive responses can be accomplished best using an active exercise regimen.
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Purpose: Enhanced external counterpulsation is a non-invasive treatment that increases coronary flow in patients with coronary artery disease (CAD). However, the acute responses of vascular and blood flow characteristics in the conduit arteries during and immediately after enhanced external counterpulsation (EECP) need to be verified.

Methods: Forty-two patients with CAD and 21 healthy controls were recruited into this study to receive 45 min-EECP. Both common carotid arteries (CCAs), namely, the left carotid (LC) and right carotid (RC), the right brachial (RB), and right femoral (RF) artery were imaged using a Color Doppler ultrasound. The peak systolic velocity (PSV), end-diastolic velocity (EDV), mean inner diameter (ID), resistance index (RI), and mean flow rate (FR) were measured and calculated before, during, and after the 45 min-EECP treatment.

Results: During EECP, in the CCAs, the EDV was significantly decreased, while the RI was markedly increased in the two groups (both P < 0.01). However, immediately after EECP, the RI in the RC was significantly lower than that at the baseline in the patients with CAD (P = 0.039). The FR of the LC was markedly increased during EECP only in the CAD patients (P = 0.004). The PSV of the patients with CAD was also significantly reduced during EECP (P = 0.015) and immediately after EECP (P = 0.005) compared with the baseline. Moreover, the ID of the LC, RB, and RF was significantly higher immediately after EECP than that at the baseline (all P < 0.05) in the patients with CAD. In addition, they were also higher than that in the control groups (all P < 0.05). Furthermore, by the subgroup analysis, there were significant differences in the FR, PSV, and RI between females and males during and immediately after EECP (all P < 0.05).

Conclusions: Enhanced external counterpulsation creates different responses of vascular and blood flow characteristics in carotid and peripheral arteries, with more significant effects in both the carotid arteries. Additionally, the beneficial effects in ID, blood flow velocity, RI, and FR after 45 min-EECP were shown only in the patients with CAD. More importantly, acute improvement of EECP in the FR of the brachial artery was showed in males, while the FR and RI of the carotid arteries changed in females.

Keywords: enhanced external counterpulsation, carotid arteries, peripheral hemodynamics, coronary artery disease, acute response


INTRODUCTION

Enhanced external counterpulsation is a non-invasive treatment for patients with stable coronary artery disease (CAD), who are not amenable to standard revascularization procedures, such as percutaneous coronary intervention (1, 2). Several studies have demonstrated that enhanced external counterpulsation (EECP) alleviates symptoms of angina and reduces myocardial ischemia (3, 4). Enhanced external counterpulsation also significantly increased myocardial perfusion and coronary collateral flow in patients with CAD (5, 6). In addition, EECP has been previously shown to increase coronary artery flow velocity (7). However, little is known about whether it can affect vascular and blood flow characteristic variables in conduit arteries such as the carotid and those of the limbs, as the pathogenesis and progression of CAD are influenced not only by the behavior of the coronary arteries but also by other more peripheral systemic vessels (8).

These alterations of peripheral vascular and blood flow characteristics play a key role in the modulation of central arterial function, cardiac load, and myocardial perfusion (9). For instance, lower peak systolic velocity (PSV), higher resistance index (RI), and lower end-diastolic velocity (EDV) in the common carotid artery (CCA) are related to adverse cardiovascular events (10–12). Studies showed that the left and right CCA may exhibit different prognostic values in the investigated population (13, 14). Due to the different anatomical origins of the left and the right CCA, it was speculated that hemodynamics would have different effects depending on whether the left carotid (LC) or right carotid (RC) artery was considered (15). Brachial artery blood flow velocities are associated with carotid atherosclerosis (16). More importantly, the presence of atherosclerotic plaques and altered vascular function in the aorta, femoral, and carotid arteries are strong predictors of CAD (17).

Nevertheless, there have been few studies on the effects of EECP on conduit artery vascular and blood flow characteristics, and the controversy remains even in patients with CAD. It has been reported that EECP can increase the peak limb blood flow and improve the endothelium-dependent vasodilation in the resistance arteries (18). A similar improvement has been shown in the femoral and brachial arteries (19). Enhanced external counterpulsation can also reduce carotid vascular resistance (9). Whereas, others have found that EECP does not affect the central and peripheral arterial stiffness (20). It has also been reported that the cerebral mean flow velocities increased in patients with stroke during EECP, while it remained unchanged in the elderly controls (21).

Given the controversial reports of the effects of EECP on systemic circulation, this study aimed to investigate the acute effects of EECP on the vascular and blood flow characteristics in the carotid, brachial, and femoral arteries in patients with CAD. Meanwhile, to further explore the mechanisms of these effects, we also aimed to compare the responses to those of the controls at the baseline, during, and immediately after 45 min-EECP.



MATERIALS AND METHODS


Participants

We enrolled patients with CAD to EECP treatment, diagnosed by angiographically proven stenosis ≥50% in at least one major coronary artery. They were admitted to the Department of Cardiovascular Medicine of the Eighth Affiliated Hospital of Sun Yat-sen University. The exclusion criteria were contraindications for EECP, including uncontrolled hypertension (SBP ≥ 180 mmHg and/or DBP ≥ 100 mmHg), carotid dissection, and deep vein thrombosis at lower extremities. In addition, we recruited healthy people as the control through the Health Examination Center of the Eighth Affiliated Hospital of Sun Yat-sen University. After explaining the purpose of this study and the potential risks, all the participants provided written informed consent. This study was conducted in accordance with the Declaration of Helsinki and was approved by the medical ethics committee of the Eighth Affiliated Hospital of Sun Yat-sen University.



Procedures

All participants received a single, 45-min session of EECP treatment. They lay supine on the EECP treatment bed with their legs and buttocks wrapped in cuffs, which were sequentially inflated from the lower to the upper thigh and buttocks at the beginning of the diastolic phase, followed by a quick, simultaneous deflation of all the cuffs just before the onset of systole. The EECP was conducted using an Oxygen Saturation Monitoring Enhanced External Counterpulsation Instrument (PSK P-ECP/TM, Chongqing, China). The pressure generated by the device was 0.028–0.033 MPa (212.8–250.8 mmHg).



Measurement of Peripheral Vascular and Blood Flow Characteristics

A Color Doppler Ultrasound (GE logic E) examination was performed 10 min before the start of the EECP at 15–25 min after its start and 30 s−1 min immediately after the end of the session. The measurement time for each part was about 2 min and the measurements were performed in the order: RC, LC, right brachial (RB), and right femoral (RF) arteries (19, 22). The right and left CCAs were scanned 1.5 cm proximal to the internal-external carotid bifurcation. The RB and RF measurement sites were fixed approximately 5 cm above the antecubital fossa and 2 cm below the inguinal ligament, respectively. The RF artery was not measured during the EECP because the legs and buttocks on this side were wrapped in the cuffs.



Variables Calculation

The variables, PSV, RI, peak diastolic velocity (VD), PSV/VD (VS/VD), and velocity-time integral (VTI) in the CCAs were continuously recorded for 10 s and then were tracked and calculated.

The mean inner diameters (ID) of all the arteries were calculated as

[image: image]

where IDsys and IDdia are the systolic and diastolic diameters, respectively.

The RI was analyzed only in the carotid arteries because, as a measure of cerebral resistance, it is closely associated with cardiovascular risk. It was calculated as

[image: image]

where Vpeak is the PSV and Vend−dia is the EDV.

The mean flow rate (FR) was calculated from the vessel diameter, cardiac period, and velocity-time integral as

[image: image]

where VTI is the averaged velocity-time integral, and t is the averaged cardiac cycle time.



Statistical Analysis

The results are expressed as means ± SE. The normal distribution for all the vascular and blood flow characteristic variables was evaluated by a Kolmogorov–Smirnov test. The basic characteristics of the two groups were compared by an independent t-test. A Chi-square test was also used for the analysis of the gender and risk factors in the two groups. The dependent variables before, during, and after the 45-min EECP, and between the patients with CAD and controls were analyzed by two repeated measures-ANOVA. Gender was regarded as a covariate in the two-way ANOVA of the inter and intra groups. In addition, the hemodynamic variables in each artery were also performed by subgroup analysis of gender. The post hoc analysis was conducted using Fisher's least significant difference. The software SPSS version 20.0 (IBM SPSS Statistics, Armonk, New York, United States) was used for all the statistical tests, and P < 0.05 was taken as a measure of statistical significance.




RESULTS

The basic information of the two groups is listed are Table 1. There were 42 patients with CAD and 21 healthy controls in the study. There were no significant differences between them in number, age, height, weight, and body mass index (BMI) (p > 0.05), while significant differences appeared in gender and risk factors in this study (P < 0.05).


Table 1. Base information and major cardiovascular risk factors in the two groups.

[image: Table 1]

The ultrasound picture and Doppler spectrum of carotid and brachial arteries during EECP are presented in Figures 1, 2, respectively. The effect of EECP on the measured variables varied in each artery as did the differences between the patients with CAD and controls are illustrated in Figures 3–7. In addition, the significant differences in the hemodynamic parameters in females and males of both groups were analyzed by subgroup analysis. These results are shown in Table 2.


[image: Figure 1]
FIGURE 1. Measurement of blood flow velocity spectrum in the right common carotid artery (CCA) [A before enhanced external counterpulsation (EECP) and B during EECP].



[image: Figure 2]
FIGURE 2. Measurement of blood flow velocity spectrum in the right brachial (RB) artery (A before EECP and B during EECP).



[image: Figure 3]
FIGURE 3. Effect of EECP on the mean inner diameters (ID) of the left and right carotid artery (RC/LC) (A,B), RB (C), and right femoral (RF) artery (D) in the patients with coronary artery disease (CAD) and controls before, during, and after a 45 min-EECP. a indicates significant differences in measurements obtained during EECP vs. pre-EECP; b indicates differences between post-EECP vs. during-EECP, and c refers to comparisons between post-EECP vs. pre-EECP. “*” and “**” denote p < 0.5 and < 0.01 respectively. “+” and “++” denote p-values of the difference between groups < 0.5 and < 0.01, respectively.



Table 2. Significant differences of the hemodynamic variables for the patients with CAD and controls by subgroup analysis.

[image: Table 2]


Mean ID

During EECP, the ID of the LC was significantly increased compared with the baseline in the patients with CAD (P = 0.013, Figure 3B). Immediately after EECP, the ID of the LC, RB, and RF was significantly higher than that at the baseline (all P < 0.05) in the patients with CAD. In addition, the ID of the patients with CAD in the carotid, brachial and femoral arteries was also higher than that in the control groups (all P < 0.05, Figure 3). However, there was no significant difference in the ID of the controls during and immediately after EECP (all P > 0.05).



PSV

The PSV of the LC was significantly reduced during (P = 0.015) and after EECP (P = 0.005) compared with the baseline in the patients with CAD. However, in the control group, the PSV in the RC and RB was significantly decreased after and during EECP, respectively. These results are illustrated in Figure 4. Based on the subgroup analysis of gender, there was a different pattern in the PSV of the LC and RB between males and females immediately after EECP (both P < 0.05, Table 2).


[image: Figure 4]
FIGURE 4. Effect of EECP on the peak systolic velocity (PSV) of the RC and LC (A,B), RB (C), and RF (D) in the patients with CAD and controls before, during, and after a 45 min-EECP. a indicates significant differences in measurements obtained during EECPvs. pre-EECP; c refers to comparisons between post-EECP vs. pre-EECP. * and ** denote p < 0.5 and < 0.01 respectively.




EDV

The EDV in the CCAs significantly decreased in the two groups during EECP, and then markedly increased following the 45 min-EECP (all P < 0.01, Figure 5). Additionally, during EECP, the EDV of the RC was lower in the patients with CAD than in the controls (P = 0.000, Figure 5A). The EDV in the RB was significantly reduced compared with the baseline only in the patients with CAD (P = 0.000, Figure 5C). However, there was no significant difference in the EDV of the RF immediately after EECP in the two groups (P > 0.05, Figure 5D).


[image: Figure 5]
FIGURE 5. Effect of EECP on the end-diastolic velocity (EDV) of RC and LC (A,B), RB (C), and RF (D) in the patients with CAD and controls before, during, and after a 45 min-EECP. a indicates significant differences in measurements obtained during EECP vs. pre-EECP; b indicates differences between post-EECP vs. during-EECP. ** and ++ denote p-values < 0.01 of the difference between groups.




RI

In the carotid arteries, there was a significant increase in the RI during EECP both in the patients and controls (Figure 6). However, in the RC, the effect was maintained when measured at the end of the treatment period only in the patients with CAD (P = 0.039, Figure 6A). Moreover, the baseline values of the patients were not significantly higher than those of the controls but differ in the RC during (P = 0.002) and immediately after EECP (P = 0.036, Figure 6A). Furthermore, by the subgroup analysis of gender, the RI in the RC was significantly lower immediately after EECP compared with the baseline only in females with CAD (0.703 ± 0.016 vs. 0.731 ± 0.014, P = 0.002, Table 2), while the same change in the RI of the LC was shown only in healthy men (0.723 ± 0.013 vs. 0.682 ± 0.009, P = 0.044, Table 2).


[image: Figure 6]
FIGURE 6. Effect of EECP on the resistance index (RI) of RC (A) and LC (B) in the patients with CAD and controls before, during, and after a 45 min-EECP. a indicates significant differences in measurements obtained during EECP vs. pre-EECP; b indicates differences between post-EECP vs. during-EECP, and c refers to comparisons between post-EECP vs. pre-EECP. * and ** denote p < 0.5 and < 0.01 respectively. + and ++ denote p-values of the difference between groups < 0.5 and < 0.01, respectively.




Mean FR

The FR of the LC was significantly increased during EECP, and then markedly recovered to the baseline in the patients with CAD (both P < 0.01, Figure 7B). It led to a significant difference in the FR between the patients with CAD and controls during EECP (P = 0.029). The FR in the RC was significantly reduced immediately after EECP compared with during EECP only in the controls. Contralaterally, the FR in the RB was markedly higher immediately after EECP than that during EECP in both groups (all P < 0.01, Figure 7C). By the subgroup analysis, the FR of the LC was markedly elevated during EECP in the females with CAD (879.522 ± 60.419 vs. 779.718 ± 50.483, P = 0.021). By contrast, the FR of the RB was significantly increased in the healthy males and those with CAD during and immediately after EECP (all P < 0.05, Table 2).


[image: Figure 7]
FIGURE 7. Effect of EECP on the flow rate (FR) of RC and LC (A,B), RB (C), and RF (D) in the patients with CAD and controls before, during, and after a 45 min-EECP. a indicates significant differences in measurements obtained during EECP vs. pre-EECP; b indicates differences between post-EECP vs. during-EECP. * and ** denote p < 0.5 and < 0.01 respectively. + denotes p-values of the difference between groups < 0.5.





DISCUSSION

This study was designed to investigate the responses of the carotid and peripheral artery vascular and blood flow characteristics to EECP, both during and after a 45 min-session EECP. During EECP, there were different responses of ID, PSV, and FR in the CCAs and RB. Additionally, immediately after EECP, the ID of the LC, RB, and RF was significantly higher, while the PSV of the LC and the RI of the RC were significantly lower than those at the baseline only in the patients with CAD. Moreover, the RI and FR of the carotid arteries were changed in females, while a significant difference in the FR of the RB was shown in males.

In this study, a significant effect on the ID in the LC was observed in the patients with CAD. Additionally, immediately after EECP, the ID of the carotid and peripheral arteries was significantly higher than that at the baseline only in the patients with CAD. Importantly, they were also higher than those in the control groups. Previous large-scale studies have reported that carotid artery response is closely associated with coronary heart disease (23, 24). In addition, a study supported the present findings that EECP had arterial effects on large and small vessels of the carotid circulation in patients with CAD (9). One possible mechanism is by decreasing arterial pressure (25), the other mechanism is EECP, as well as physical training, may also activate the catecholamines and/or metabolic vasodilator pathways (9). A study also demonstrated that femoral artery diameter and vascular shear stress were significantly increased after supervised exercise training (26). Studies have also shown that changes in shear rate led by femoral artery vascular tone elicit an increased femoral baseline diameter after EECP intervention (19). More importantly, studies have demonstrated that endothelial functional changes induced by the shear rate in the peripheral circulations were modestly correlated with changes in the coronary flow reserve (27). The acute increase of ID in the patients with CAD may be related to the effects of peripheral function on the coronary circulation in this study (28).

There were some controversies in the changes of ID in the RB and RF during and immediately after EECP. Zhang et al. found that EECP did not cause an increase in the internal diameter of the RB (29). Gurovich et al. reported that peak diameter was also not increased, while absolute change (mm) of the brachial and femoral arteries significantly increased immediately after EECP (19). They found that the change of the brachial artery diameter affected the improvement of the brachial flow-mediated dilation (FMD), which was closely related to an increase in the brachial artery shear stress (19). Studies have suggested that both flow- and pressure-induced forces played an important role in vessel wall diameter (30–32). Inflation of the EECP cuffs can produce high-pressure retrograde blood flow in the femoral arteries and simultaneous moderate-pressure antegrade flow in the brachial arteries (29, 33). The brachial blood flow velocity in the diastole increased by 132% and led to the increase of the brachial artery wall shear stress (29). Cai et al. observed a 1.2-fold increase in femoral artery retrograde blood flow velocity (34). In this study, the PSV of the patients with CAD was significantly reduced during and after EECP compared with the baseline. In addition, the PSV of the RB and EDV of the carotid and peripheral arteries also significantly decreased in the patients with CAD.

Although few studies have focused on blood flow velocity during EECP, the use of an intra-aortic balloon pump, which has some similar mechanisms of action to EECP, induced a decrease of carotid PSV, and an increase in mean blood flow velocity (35) which supports the findings that cerebral flow velocity in the systole is significantly decreased during EECP both in the patients and controls (36). This was attributed to the decreased systolic blood pressure and enhanced cerebral vascular autoregulation (36). Furthermore, decreased systolic blood pressure reduces cardiac afterload after deflation, resulting in decreased PSV. Immediately after EECP, there was no significant difference in the systolic flow velocity in both the patients and controls (36). By contrast, we found that the PSV and EDV of the LC and the RI of the RC were significantly lower than those at the baseline immediately after EECP. Some studies consisted of our findings that EECP increased the cerebral peak velocity in diastole both in the patients and controls (21, 36). It has been shown that improved carotid flow following EECP is associated with decreased arterial stiffness and resistance, dependent upon arterial pressure, modulation of smooth muscle activity, and shear stress (9). More importantly, other investigations suggested that a better coronary vasodilatory response was associated with well-functioning endothelium and blood flow velocity (28).

Some studies have found that blood flow velocity is a parameter related to the arterial diameter, RI, and blood flow (37). More importantly, studies also reported that the regulation of steady blood flow is associated with carotid diameters and blood flow velocity (38). In the present study, there were different responses from the vascular and blood flow characteristics in the CCAs and RB during and immediately after EECP. The FR of the LC was significantly increased during EECP in the patients with CAD. It led to a significant difference in the FR between the patients with CAD and controls during EECP. The FR in the RC was significantly reduced immediately after EECP compared with during EECP only in the controls. Contralaterally, the FR in the RB was markedly higher immediately after EECP than during EECP in both groups. There were some controversial results in the FR during and immediately after EECP. Levenson et al. (9) found that in patients with CAD, the mean carotid blood flow was significantly increased during EECP. Lin et al. found that the cerebral blood flow of patients with ischemic stroke increased during EECP, but there was no change in the elderly subjects (21). Werner et al. found that EECP induced an augmentation in the cerebral blood flow both in the patients and controls (36). Cerebral autoregulation plays an important role in guaranteeing the constancy of cerebral perfusion during EECP (39). The increased FR in the RB after EECP may be related to the increase of the brachial artery wall shear stress (29).

We also found that the FR in the LC was higher than in the RC during and after the 45 min-EECP. This result was consistent with previous findings that the prognostic power of the altered vascular and blood flow characteristics for cardiovascular events is greater in the right CCA than the left (13, 14). Furthermore, the FR of the LC was markedly elevated during EECP in females with CAD. By contrast, the FR in the RB was significantly increased in healthy males and those with CAD during and immediately after EECP. Studies found that cardiovascular function during exercise is also affected by gender (40, 41). Meanwhile, the blood pressure and total peripheral resistance during exercise are higher in women than in men. They thought that the vasodilatory capacity of active muscle groups plays an important role in the cardiovascular differences between women and men (42).

In the study, the RI of the RC was also significantly lower immediately after EECP compared with the baseline only in females with CAD. The decrease of the RI which is strongly associated with cerebrovascular resistance can predict the degree of atherosclerosis and is also beneficial to the increase of blood flow (42, 43). Although the RI significantly increased during EECP, it recovered quickly after the treatment stopped. More importantly, the RI of the right CCA was lower after treatment than the pre-EECP values in the patients with CAD. Our results support those of a previous study that short-term EECP reduces the β-stiffness index and carotid vascular resistance in patients with CAD (9). In addition, studies reported that EECP can reduce distal brain resistance and increase cerebral perfusion (21). It suggests that the benefits of EECP may be attributable to the global improvement of cerebral perfusion (44). Moreover, cerebral autoregulation confirms the constancy of cerebral blood flow under fluctuant cerebral perfusion pressure (39). Furthermore, decreased RI elevates peripheral vascular function, which may, in turn, induce an improvement of the diastolic flow pattern in the coronary arteries (45). Indeed, reduced RI is an important reason for the improvement of carotid hemodynamics in patients with CAD.


Limitations

Some limitations of the present study should be emphasized. Firstly, the sample size was relatively small. Secondly, the order of the measurements after the EECP was femoral, brachial, RC, and LC artery to firstly observe the blood flow from the legs which was directly pressurized during and after EECP. Therefore, at the end of the treatment, the recovery time was minimal for the femoral and increased by 30 s−1 min for each subsequent measurement site. Thirdly, we did not continuously measure these arteries at 1–2 min after EECP. Further study is needed to investigate the duration of the effect on these muscular arteries.




CONCLUSIONS

Enhanced external counterpulsation creates different acute responses from the inner diameters, blood flow velocity, and FR between the carotid and peripheral arteries, with more obvious effects in both carotid arteries. Additionally, after the 45-min EECP, the more sustained effects in the inner diameters, RI, blood flow velocity, and FR were shown only in the patients with CAD. Moreover, an acute improvement brought by EECP to the FR of the brachial artery and blood flow velocity of the carotid artery showed in men, while the FR and RI of carotid arteries changed in females. This indicated that EECP should be conducted with different counterpulsation modes, separately intervening carotid arteries and peripheral arteries. More importantly, these findings suggest that EECP can regulate the vascular and blood flow characteristics of conduit arteries, and further improve the carotid and peripheral function in patients with CAD.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Medical Ethics Committee of the Eighth Affiliated Hospital of Sun Yat-sen University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

YZ and GW proposed the scientific problems. YZ, GW, and JD designed the experiments. YZ, ZM, ZC, WZ, and HW collected the experimental data. YZ and XZ processed and calculated the data. YZ conducted the statistical analysis and wrote the draft manuscript. WW and GW contributed to the revision and final version of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was, in part, supported by the National Natural Science Foundation of China (Grant No. 819770367 and 81670417) and the National Key Research and Development Program of China (No. 2020YFC2004400).



REFERENCES

 1. Bonetti PO, Holmes DR, Lerman A, Barsness GW. Enhanced external counterpulsation for ischemic heart disease. J Am Coll Cardiol. (2003) 41:1918–25. doi: 10.1016/S0735-1097(03)00428-5

 2. Members TF, Montalescot G, Sechtem U, Achenbach S, Andreotti F, Arden C, et al. 2013 ESC guidelines on the management of stable coronary artery disease: the Task Force on the management of stable coronary artery disease of the European Society of Cardiology. Eur Heart J. (2013) 34:2949–3003. doi: 10.1093/eurheartj/eht296

 3. Lawson WE, Hui JC, Soroff HS, Zheng ZS, Kayden DS, Sasvary D, et al. Efficacy of enhanced external counterpulsation in the treatment of angina pectoris. Am J Cardiol. (1992) 70:859–62. doi: 10.1016/0002-9149(92)90727-G

 4. Kim MC, Kini A, Sharma SK. Refractory angina pectoris: mechanism and therapeutic options. J Am Coll Cardiol. (2002) 39:923–34. doi: 10.1016/S0735-1097(02)01716-3

 5. Masuda D, Nohara R, Hirai T, Kataoka K, Chen L, Hosokawa R, et al. Enhanced external counterpulsation improved myocardial perfusion and coronary flow reserve in patients with chronic stable angina. Evaluation by13N-ammonia positron emission tomography. Eur Heart J. (2001) 22:1451–8. doi: 10.1053/euhj.2000.2545

 6. Gloekler S, Meier P, de Marchi SF, Rutz T, Traupe T, Rimoldi SF, et al. Coronary collateral growth by external counterpulsation: a randomised controlled trial. Heart. (2010) 96:202–7. doi: 10.1136/hrt.2009.184507

 7. Michaels AD, Accad M, Ports TA, Grossman W. Left ventricular systolic unloading and augmentation of intracoronary pressure and doppler flow during enhanced external counterpulsation. Circulation. (2002) 106:1237–42. doi: 10.1161/01.CIR.0000028336.95629.B0

 8. Hirai T, Sasayama S, Kawasaki T, Yagi S. Stiffness of systemic arteries in patients with myocardial infarction. A noninvasive method to predict severity of coronary atherosclerosis. Circulation. (1989) 80:78–86. doi: 10.1161/01.CIR.80.1.78

 9. Levenson J, Simon A, Megnien JL, Chironi G, Gariepy J, Pernollet MG, et al. Effects of enhanced external counterpulsation on carotid circulation in patients with coronary artery disease. Cardiology. (2007) 108:104–10. doi: 10.1159/000095949

 10. Bai CH, Chen JR, Chiu HC, Pan WH. Lower blood flow velocity, higher resistance index, and larger diameter of extracranial carotid arteries are associated with ischemic stroke independently of carotid atherosclerosis and cardiovascular risk factors. J Clin Ultrasound. (2007) 35:322–30. doi: 10.1002/jcu.20351

 11. Ozari HO, Oktenli C, Celik S, Tangi F, Ipcioglu O, Terekeci HM, et al. Are increased carotid artery pulsatility and resistance indexes early signs of vascular abnormalities in young obese males? J Clin Ultrasound. (2012) 40:335–40. doi: 10.1002/jcu.21927

 12. Chuang SY, Bai CH, Cheng HM, Chen JR, Yeh WT, Hsu PF, et al. Common carotid artery end-diastolic velocity is independently associated with future cardiovascular events. Eur J Prev Cardiol. (2016) 23:116–24. doi: 10.1177/2047487315571888

 13. Lee SW, Hai JJ, Kong SL, Lam YM, Lam S, Chan PH, et al. Side differences of carotid intima-media thickness in predicting cardiovascular events among patients with coronary artery disease. Angiology. (2011) 62:231–6. doi: 10.1177/0003319710379109

 14. Loizou CP, Nicolaides A, Kyriacou E, Georghiou N, Griffin M, Pattichis CS. A comparison of ultrasound intima-media thickness measurements of the left and right common carotid artery. IEEE J Transl Eng Health Med. (2015) 3:1900410. doi: 10.1109/JTEHM.2015.2450735

 15. Luo X, Yang Y, Cao T, Li Z. Differences in left and right carotid intima-media thickness and the associated risk factors. Clin Radiol. (2011) 66:393–8. doi: 10.1016/j.crad.2010.12.002

 16. Jarhult SJ, Sundstrom J, Lind L. Brachial artery hyperemic blood flow velocities are related to carotid atherosclerosis. Clin Physiol Funct I. (2009) 29:360–5. doi: 10.1111/j.1475-097X.2009.00879.x

 17. Khoury Z, Schwartz R, Gottlieb S, Chenzbraun A, Stern S, Keren A. Relation of coronary artery disease to atherosclerotic disease in the aorta, carotid, and femoral arteries evaluated by ultrasound. Am J Cardiol. (1997) 80:1429–33. doi: 10.1016/S0002-9149(97)00701-7

 18. Avery JC, Beck DT, Casey DP, Sardina PD, Braith RW. Enhanced external counterpulsation improves peripheral resistance artery blood flow in patients with coronary artery disease. Appl Physiol Nutr Metab. (2014) 39:405–8. doi: 10.1139/apnm-2013-0309

 19. Gurovich AN, Braith RW. Enhanced external counterpulsation creates acute blood flow patterns responsible for improved flow-mediated dilation in humans. Hypertens Res. (2013) 36:297–305. doi: 10.1038/hr.2012.169

 20. Dockery F, Rajkumar C, Bulpitt CJ, Hall RJ, Bagger JP. Enhanced external counterpulsation does not alter arterial stiffness in patients with angina. Clin Cardiol. (2004) 27:689–92. doi: 10.1002/clc.4960271206

 21. Lin W, Xiong L, Han J, Leung TW, Soo YO, Chen X, et al. External counterpulsation augments blood pressure and cerebral flow velocities in ischemic stroke patients with cerebral intracranial large artery occlusive disease. Stroke. (2012) 43:3007–11. doi: 10.1161/STROKEAHA.112.659144

 22. Zheng ZS, Li TM, Kambic H, Chen GH, Yu LQ, Cai SR, et al. Sequential external counterpulsation (SECP) in China. Trans Am Soc Artif Intern Organs. (1983) 29:599–603.

 23. Kallikazaros I, Tsioufis C, Sideris S, Stefanadis C, Toutouzas P. Carotid artery disease as a marker for the presence of severe coronary artery disease in patients evaluated for chest pain. Stroke. (1999) 30:1002–7. doi: 10.1161/01.STR.30.5.1002

 24. Sedaghat S, van Sloten TT, Laurent S, London GM, Pannier B, Kavousi M, et al. Common carotid artery diameter and risk of cardiovascular events and mortality: pooled analyses of four cohort studies. Hypertension. (2018) 72:85–92. doi: 10.1161/HYPERTENSIONAHA.118.11253

 25. Armentano R, Simon A, Levenson J, Chau NP, Megnien JL, Pichel R. Mechanical pressure versus intrinsic effects of hypertension on large arteries in humans. Hypertension. (1991) 18:657–64. doi: 10.1161/01.HYP.18.5.657

 26. Dopheide JF, Rubrech J, Trumpp A, Geissler P, Zeller GC, Schnorbus B, et al. Supervised exercise training in peripheral arterial disease increases vascular shear stress and profunda femoral artery diameter. Eur J Prev Cardiol. (2017) 24:178–91. doi: 10.1177/2047487316665231

 27. Hägg U, Wandt B, Bergström G, Volkmann R, Gan LM. Physical exercise capacity is associated with coronary and peripheral vascular function in healthy young adults. Am J Physiol Heart Circ Physiol. (2005) 289:H1627–34. doi: 10.1152/ajpheart.00135.2005

 28. Al-Badri A, Kim JH, Liu C, Mehta PK, Quyyumi AA. Peripheral microvascular function reflects coronary vascular function. Arterioscler Thromb Vasc Biol. (2019) 39:1492–500. doi: 10.1161/ATVBAHA.119.312378

 29. Zhang Y, He X, Chen X, Ma H, Liu D, Luo J, et al. Enhanced external counterpulsation inhibits intimal hyperplasia by modifying shear stress responsive gene expression in hypercholesterolemic pigs. Circulation. (2007) 116:526–34. doi: 10.1161/CIRCULATIONAHA.106.647248

 30. Helisch A, Schaper W. Arteriogenesis: the development and growth of collateral arteries. Microcirculation. (2003) 10:83–97. doi: 10.1080/mic.10.1.83.97

 31. Heil M, Schaper W. Influence of mechanical, cellular, and molecular factors on collateral artery growth (arteriogenesis). Circ Res. (2004) 95:449–58. doi: 10.1161/01.RES.0000141145.78900.44

 32. Schaper W, Scholz D. Factors regulating arteriogenesis. Arterioscler Thromb Vasc Biol. (2003) 23:1143–51. doi: 10.1161/01.ATV.0000069625.11230.96

 33. Ozawa ET, Bottom KE, Xiao X, Kamm RD. Numerical simulation of enhanced external counterpulsation. Ann Biomed Eng. (2001) 29:284–97. doi: 10.1114/1.1359448

 34. Cai D, Wu R, Shao Y. Experimental study of the effect of external counterpulsation on blood circulation in the lower extremities. Clin Invest Med. (2000) 23:239–47. doi: 10.1038/sj.cgt.7700222

 35. Applebaum RM, Wun HH, Katz ES, Tunick PA, Kronzon I. Effects of intraaortic balloon counterpulsation on carotid artery blood flow. Am Heart J. (1998) 135(Pt. 1):850–4. doi: 10.1016/S0002-8703(98)70045-6

 36. Werner D, Marthol H, Brown CM, Daniel WG, Hilz MJ. Changes of cerebral blood flow velocities during enhanced external counterpulsation. Acta Neurol Scand. (2003) 107:405–11. doi: 10.1034/j.1600-0404.2003.00074.x

 37. Schmidt-Trucksass A, Grathwohl D, Schmid A, Boragk R, Upmeier C, Keul J, et al. Structural, functional, and hemodynamic changes of the common carotid artery with age in male subjects. Arterioscler Thromb Vasc Biol. (1999) 19:1091–7. doi: 10.1161/01.ATV.19.4.1091

 38. Levenson JA, Simon AC, Safar ME. Vasodilatation of small and large arteries in hypertension. J Cardiovasc Pharmacol. (1985) 7(Suppl. 2):S115–120. doi: 10.1097/00005344-198507002-00022

 39. Markus HS. Cerebral perfusion and stroke. J Neurol Neurosurg Psychiatry. (2004) 75:353–61. doi: 10.1136/jnnp.2003.025825

 40. Hossack KF, Bruce RA. Maximal cardiac function in sedentary normal men and women: comparison of age-related changes. J Appl Physiol Respir Environ Exerc Physiol. (1982) 53:799–804. doi: 10.1152/jappl.1982.53.4.799

 41. Higginbotham MB, Morris KG, Coleman RE, Cobb FR. Sex-related differences in the normal cardiac response to upright exercise. Circulation. (1984) 70:357–66. doi: 10.1161/01.CIR.70.3.357

 42. Martin WHIII, Ogawa T, Kohrt WM, Malley MT, Korte E, Kieffer PS, et al. Effects of aging, gender, and physical training on peripheral vascular function. Circulation. (1991) 84:654–64. doi: 10.1161/01.CIR.84.2.654

 43. Frauchiger B, Schmid HP, Roedel C, Moosmann P, Staub D. Comparison of carotid arterial resistive indices with intima-media thickness as sonographic markers of atherosclerosis. Stroke. (2001) 32:836–41. doi: 10.1161/01.STR.32.4.836

 44. Liebeskind DS. Collateral circulation. Stroke. (2003) 34:2279–84. doi: 10.1161/01.STR.0000086465.41263.06

 45. Tanaka H, Dinenno FA, Monahan KD, Clevenger CM, DeSouza CA, Seals DR. Aging, habitual exercise, and dynamic arterial compliance. Circulation. (2000) 102:1270–5. doi: 10.1161/01.CIR.102.11.1270

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhang, Chen, Mai, Zhou, Wang, Zhang, Wei, Du and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	CLINICAL TRIAL
published: 18 November 2021
doi: 10.3389/fcvm.2021.736208






[image: image2]

The Role of 6-Minute Walk Test Guided by Impedance Cardiography in the Rehabilitation Following Knee Arthroplasty: A Randomized Controlled Trial

Yangyang Lin1†, Xingwei Hu2†, Yalin Cao3, Xing Wang4, Yao Tong4, Fengjuan Yao5, Peihui Wu6* and Huiling Huang4,7*


1Department of Rehabilitation Medicine, The Sixth Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China

2Department of Cardiology, Affiliated Hospital of Zunyi Medical University, Zunyi, China

3Department of Cardiology, Guizhou Provincial People's Hospital, Guiyang, China

4Department of Cardiology, The First Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China

5Department of Cardiac Ultrasound, The First Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China

6Department of Articular Surgery, The First Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China

7Key Laboratory on Assisted Circulation, Ministry of Health, Guangzhou, China

Edited by:
Jian Yang, Fudan University, China

Reviewed by:
Paulo M. Dourado, University of São Paulo, Brazil
 Xuejuan Jin, Fudan University, China

*Correspondence: Peihui Wu, wupeihui3@mail.sysu.edu.cn
 Huiling Huang, hhling@mail.sysu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to General Cardiovascular Medicine, a section of the journal Frontiers in Cardiovascular Medicine

Received: 04 July 2021
 Accepted: 19 October 2021
 Published: 18 November 2021

Citation: Lin Y, Hu X, Cao Y, Wang X, Tong Y, Yao F, Wu P and Huang H (2021) The Role of 6-Minute Walk Test Guided by Impedance Cardiography in the Rehabilitation Following Knee Arthroplasty: A Randomized Controlled Trial. Front. Cardiovasc. Med. 8:736208. doi: 10.3389/fcvm.2021.736208



Objective: To explore the effect of the 6-minute walk test (6MWT) guided by non-invasive cardiac output on the rehabilitation of patients with knee osteoarthritis following artificial total knee arthroplasty.

Methods: About 66 patients with knee osteoarthritis planned to undergo artificial total knee arthroplasty were included from March 2019 to October 2019, and randomly assigned to the intervention group or control group. Under the guidance of a clinical rehabilitation physician, orthopedic physician, and cardiologist, a home rehabilitation exercise program based on 6MWT and non-invasive cardiac output was formulated for patients with knee osteoarthritis. The participants of the intervention group conducted full rehabilitation training supervision and guidance through the WeChat platform to ensure their rehabilitation pieces of training were completed safely and effectively. As for the control group, patients were just given rehabilitation training manuals at the time of discharge and completed the training by themselves.

Results: At 6 months post-operatively, 6-minute walk distance (413.88 ± 44.61 vs. 375.00 ± 40.53 m, P < 0.05), active metabolic equivalent (4.13 ± 0.29 vs. 3.88 ± 0.27, P < 0.05), stroke volume after 6MWT (114.97 ± 12.05 vs. 98.38 ± 16.43 ml, P < 0.05), and cardiac output (11.92 ± 1.68 vs. 9.79 ± 1.82 l/min, P < 0.05) of the intervention group were significantly higher than those of the control group. The symptom evaluation scores of the intervention group were also better than those of the control group.

Conclusions: The multidisciplinary post-operative rehabilitation exercise training program is beneficial to the recovery of lower limb function and the improvement of exercise capacity after knee replacement, and it also helps to improve the non-invasive hemodynamic indicators related to the cardiac function of the patient.

Clinical Trial Registration: http://www.chictr.org.cn/index.aspx.

Keywords: rehabilitation training plan, knee arthroplasty, 6MWT, non-invasive cardiac output, ICG


STRENGTHS AND LIMITATIONS OF THIS STUDY

▸ Ours was the first study to investigate the effect of the 6-minute walk test (6MWT) guided by the non-invasive cardiac output on the rehabilitation of patients with knee osteoarthritis undergoing artificial knee arthroplasty.

▸ We explored the feasibility and effectiveness of multidisciplinary post-operative rehabilitation guidance and follow-up based on the mobile Internet platform.

▸ A total of 36 patients were unable to return to the hospital to perform the assessment of 6MWT and the non-invasive cardiac output at 6 months due to the outbreak control of COVID-19, which may have led to bias.



INTRODUCTION

Knee osteoarthritis (KOA) commonly occurs in the aged population, and they are also the high-risk group of cardiovascular diseases such as hypertension and coronary heart disease. The 6-minute walk test (6MWT) has been acknowledged as one of the most important methods to evaluate the cardiopulmonary function, exercise capacity, and quality of life of patients with various cardiopulmonary diseases, because of its easy implementation, safety, and low cost (1, 2). The change of 6-minute walking distance (6MWD) has been confirmed by many studies to assess the effects of drug therapy and personalized cardiopulmonary rehabilitation training (3, 4). The main technical principle of non-invasive cardiac output (CO) is thoracic bioelectrical impedance analysis. Parameters, namely, stroke volume (SV), CO, myocardial contractility index (CTI), preload rate, and peripheral vascular resistance, can be obtained through the analysis of impedance cardiography. Therefore, the hemodynamics can be monitored dynamically (5). By synchronizing non-invasive CO with 6MWT, the hemodynamic changes were detected real-time, continuously, and dynamically, to formulate a precise rehabilitation training plan.

With the development of joint surgery, rehabilitation exercise is becoming more and more important in the early stage after the operation. As an auxiliary treatment manner, post-operative rehabilitation exercise can improve the knee joint function and relieve pain timely and effectively and reduce the occurrence of complications (6). However, the effect of exercise rehabilitation after total knee arthroplasty on cardiovascular function in patients with knee osteoarthritis remains unclear. In addition, the long-term compliance of some patients is poor in traditional family rehabilitation training. With the popularity of smartphones, a variety of mobile terminal software for the popularization of health science emerged. But there are few relevant studies on whether follow-up through mobile Internet platforms can improve compliance and the effect of rehabilitation.



METHODS


Study Design

The study was a prospective, randomized controlled trial with a follow-up of 6 months after the intervention with assessments performed to determine the role of 6MWT guided by impedance cardiography in the rehabilitation following knee arthroplasty. From March 2019 to October 2019, patients with knee osteoarthritis were screened for eligibility and invited to participate in the study before the operation in the Department of Articular Surgery of the First Affiliated Hospital of Sun Yat-sen University. Patients who met the following inclusion criteria and did not meet any of the exclusion criteria would be recruited. If the eligible patients consented to participation, they would be randomly allocated into two groups (the intervention group or the control group) in a 1:1 ratio. All participants would provide their written informed consent to participate in this study. In addition, we set up an independent outcome measurement committee to measure outcome variables and an intervener committee to implement the interventions. The study was approved by the Ethics Committees of the First Affiliated Hospital of Sun Yat-sen University, China. The study has been retrospectively registered on the Chinese Clinical Trial Registry, and the project is under approval.

Inclusion criteria (7):

(1) With advanced knee osteoarthritis needs surgical treatment;

(2) Between the ages of 50 and 80;

(3) New York Heart Association (NYHA) grades I–III;

(4) Not living alone;

(5) No obvious abnormality of vital signs before operation;

(6) No history of central nervous system diseases and mental disorders;

(7) Normal liver and kidney function; and

(8) Can communicate normally with medical staff.

Exclusion criteria:

(1) Secondary osteoarthritis: such as rheumatoid arthritis, traumatic arthritis, and Charko's joint;

(2) Mild joint lesion, the course <1 month, the pain visual analog scale (VAS) <4 when walking up and down stairs or squatting, or serious joint pain, VAS more than 8 when walking on a flat road;

(3) Unable to walk due to severe joint disease, or suffering from other diseases that affect motor function, such as Parkinson's disease and cerebral infarction;

(4) Received intra-articular injection therapy within 6 months or oral glucocorticoids within 1 month;

(5) Case history of serious cardiocerebrovascular events, and/or NYHA grade worse than IV;

(6) With central nervous system disease and cannot communicate normally;

(7) Poorly controlled hypertension and respiratory dysfunction; and

(8) Received long-term drug treatment that affected the experimental results or a history of alcohol or drug abuse.



Central Randomization and Blinding

To avoid or reduce bias as much as possible, the randomization and allocation of intervention would be managed through a central computer network system. The random code list was generated by an independent statistician with SAS System Release 9.2 software, and which would be put into the interactive web response system (IWRS) before the experiment was applied. After eligible patients signed the informed consent form, the designated third party (a nurse) logged in to IWRS to obtain the intervention assignment. The interventions were implemented by the staff of the intervener committee. The staff of the outcome measurement committee and patients were all masked to the treatment assigned. Meanwhile, the researchers did not know which group the patients were allocated to neither did the surgeons who treated the patients during the hospital stay. As far as we knew the concealment was successful.



Sample Size Estimation

The primary outcome variable was assessed by the 6MWT. According to the data extracted from the previous study (8), a change of 50 m in the 6MWT was considered a meaningful change in older adults. We estimated the sample size with PASS software, version 15.0, to detect a difference of 50 m between the groups. With a standard deviation of 70, a statistical power of 80%, and a two-tailed significance level of 0.05, each group had to have 30 patients. With a lost follow-up of 5%, 32 patients at least would included in each group.



Intervention Programs

The included patients were randomly assigned into the intervention group and the control group. Unilateral artificial knee arthroplasty was performed and followed up 6 months after the operation. Under the multidisciplinary guidance of clinical rehabilitation physician, orthopedic physician, and cardiologist, a home rehabilitation exercise program that based on 6MWT and non-invasive CO was formulated for the patients with KOA (including three stages: 1–4, 4–8, and 8–24 weeks after surgery). To ensure the rehabilitation training plan was completed safely and effectively, in addition, to providing rehabilitation training manuals, the intervention group patients received full supervision and precise rehabilitation training guidance by the investigators through the Wechat platform. As for the control group, patients were just provided rehabilitation training manuals when they discharged and completed the training by themselves. The shape, color, size, and thickness of the rehabilitation training manuals were exactly the same.



Outcome Measure
 
Primary Outcome Measure

The 6MWT was used as the primary outcome measure, it was performed before surgery and at 6 months post-operation. The changes of 6MWD, activity metabolic equivalent (METs), and exercise energy consumption were monitored. No encouragement was given to the patients during the test.



Secondary Outcome Measure

(1) Non-invasive hemodynamic indexes: Before surgery and at 6 months post-operatively, systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial pressure were monitored under resting state, and heart rate, SV, CO, cardiac index (CI), CTI, left cardiac work index (LCWI), left ventricular ejection time, early diastolic filling rate (EDFR), systemic vascular resistance index (SVRI), and ejection fraction (EF) were also detected at rest and the end of the test.

(2) Symptom assessment: At admission and 6 months after the operation, the pain VAS and the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) were compared, respectively, between the two groups to evaluate the effect of rehabilitation training.




Statistical Analyses

All statistical tests were performed using SPSS software, version 22.0. Descriptive statistics for continuous data were given as mean values with SDs (M ± SD). Normally distributed continuous data were analyzed using an independent sample t-test, the chi-squared test was used to analyze differences between groups for categorical data. Changes within the groups were analyzed by paired sample t-test. Abnormally distributed continuous data were analyzed by non-parametric Mann–Whitney U rank-sum test. Primary and secondary outcome variable analyses were conducted after the exclusion of those patients who were randomized but were found not to receive any allocated interventions or not any follow-up information (full analysis set, FAS). FAS is the main dataset of this study for the outcome evaluation. Due to the outbreak control of COVID-19, more than half of the participants were unable to return to the hospital to assess 6MWT and non-invasive cardiac output at 6 months, which would seriously affect the outcome evaluation. Thus we reported the result of 6MWT and non-invasive cardiac output based on a preprotocol analysis set. Differences were regarded as statistically significant when the two-tailed P-value was < 0.05.




RESULTS


Study Patients

A total of 127 patients were screened for eligibility and invited to participate in our study before surgery, of whom 66 were randomized in a 1:1 ratio. Figure 1 outlines the reasons for non-recruitment. In addition to 40 patients who did not meet eligibility criteria, 13 declined to participate, eight had been taking part in another clinical trial. One patient withdrew from the study due to poor wound healing before intervention was applied. Three participants withdrew from intervention and follow-up because of contralateral total knee arthroplasty within 5 months post-operatively [n = 2 (6.06%) the intervention group, n = 1 (3.03%) the control group]. Two lost to follow-up owing to invalid contact information in the control group. Ultimately, 60 participants completed the rehabilitation training plan and follow-up. Unfortunately, due to the outbreak control of COVID-19, 18 separately in both groups were unable to return to perform the assessment of 6MWT and non-invasive cardiac output at 6 months. However, we obtained the data of VAS score and WOMAC score through a telephone follow-up survey.


[image: Figure 1]
FIGURE 1. Flow diagram of the participants through the study [With reference to the CONSORT 2010 Flow Diagram, Schulz KF, et al., BMJ, 2010, 340: p. c332; (9)].




Characteristics of the Participants

General data of the included patients were collected, namely, gender, age, height, weight, body mass index (BMI), operative time, amount of blood loss, location of disease, and presence of hypertension, and there was no statistically significant difference in all above indicators (P > 0.05, Table 1).


Table 1. Characteristics of the study participants ([image: image] ± s).
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Evaluation of Exercise Tolerance Between the Two Groups

At 6 months post-operatively, 6MWD, METs, and exercise energy consumption in the intervention group were significantly increased than those before surgery (P < 0.05), in which 6MWD and METs were better than the control group (P < 0.05). Moreover, the exercise energy consumption in the control group was higher after 6 months than that before operation (P < 0.05). Although 6MWD and METs in the control group were improved compared with pre-operation, there was no statistical difference (P > 0.05) (Table 2).


Table 2. 6MWT measures between the two groups ([image: image] ± s).

[image: Table 2]



Non-invasive Cardiac Output Indexes Between the Two Groups

(1) At rest state

At 6 months after surgical operation, the parameters, namely, SV, CO, CI, CTI, LCWI, and EF increased and SVRI decreased compared with pre-operation in the intervention group (P < 0.05), and cardiac output and CI in the control group were also significantly improved (P < 0.05). Meanwhile, SV, CTI, and SVRI in the intervention group were better than all of them in the control group after 6 months (P < 0.05) (Table 3).

(2) At the end of 6MWT

At 6 months, the indexes, namely, SV, CO, CI, LCWI, and EF in the intervention group were significantly improved compared with those before operation (P < 0.05), while no significant changes were found in non-invasive cardiac output in the control group (P > 0.05). Furthermore, SV and CI in the intervention group were higher compared with the control group after 6 months, while SVRI was lower (P < 0.05) (Table 4).


Table 3. Non-invasive cardiac output at rest ([image: image] ± s).

[image: Table 3]


Table 4. Non-invasive cardiac output at the end of 6MWT ([image: image] ± s).

[image: Table 4]



Symptom Assessment

There were no significant differences in VAS score, total score, and each score of WOMAC between the two groups before surgery (P > 0.05). After 6 months post-operatively, the VAS score and WOMAC score within both groups were better than those before surgical operation (P < 0.05), and all of VAS score, WOMAC score, namely, total score, pain score, and physiological function score in the intervention group significantly preceded the control group (P < 0.05) (Tables 5, 6 and Figures 2, 3).


Table 5. VAS score between groups ([image: image] ± s).
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Table 6. WOMAC score measure between groups ([image: image] ± s).
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[image: Figure 2]
FIGURE 2. VAS score between groups. VAS, visual analog scale.



[image: Figure 3]
FIGURE 3. WOMAC score measure between groups post-intervention. WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.





DISCUSSION

For patients undergoing knee arthroplasty, the purpose of post-operative rehabilitation exercise is mainly to adapt to the prosthesis, prevent joint stiffness, increase the range of motion, and promote the recovery of function. In addition, rehabilitation exercise also has a certain positive effect on cardiopulmonary function and systemic inflammatory response. In our study, under the multidisciplinary guidance of clinical rehabilitation physician, orthopedic physician, and cardiologist, a home rehabilitation exercise program that based on 6MWT synchronized with non-invasive cardiac output was formulated for the patients with KOA, and the influence of post-operative rehabilitation exercise on cardiac and lower limb function of patients with KOA, and how to formulate an appropriate post-operative treatment, follow-up and rehabilitation training plan to make operation to achieve the best therapeutic effect were explored.


Assessment of Activity Tolerance

In addition to reflecting the cardiac function of patients under submaximal exercise, 6MWT is also used to evaluate the activity tolerance and lower limb function. A study suggests that low muscle strength and joint pain of the lower extremity may lead to slow walking speed and short 6MWD during 6MWT (10). Other studies have demonstrated that 6MWT has good reliability and validity in the assessment of motor function and activity tolerance in patients with lower limb arthritis and joint replacement (11, 12).

In this study, we found that 6MWD, METs, and exercise energy consumption of patients in the intervention group significantly increased compared with pre-intervention after 6 months of rehabilitation exercise (P < 0.05), and 6MWD and METs were better than the control group (P < 0.05).

Patients with knee osteoarthritis commonly tend to develop bad habits such as being sedentary and bedridden because of lower limb pain, and their daily activity was significantly lower than that of normal people (13). And patients who underwent artificial knee arthroplasty will be able to walk longer distances, have better exercise capacity, and can tolerate more activity through rehabilitation training. During the 6 months of post-operative rehabilitation training, the exercise tolerance and motor function were significantly improved, enabling the patients to do more and longer exercise, and obtain a virtuous cycle. In addition, the improvement of walking distances and METs in the intervention group were better than those in the control group, which indicates that rehabilitation exercise under professional guidance and supervision can help patients develop good training habits and maintain a certain amount of daily exercise, and contribute to complete the training plan on time, and improve their activity tolerance.



Evaluation of Non-invasive Cardiac Output

Patients with lower extremity joint disease may fail to reach the submaximal exercise state due to low limb pain during 6MWT, which will affect the evaluation of cardiac function. The post-operative 6MWD of the patients in the intervention group increased significantly, should this be attributed to the improvement of cardiac function or the recovery of lower limb function? Obviously, the traditional 6MWT has some limitations.

Non-invasive cardiac output detection technology, also known as non-invasive hemodynamic monitoring technology, which main technical principle is thoracic electrical bioimpedance. As the heart relaxes and contracts, the intravascular blood flow changes, and the impedance when the current passes the chest also change accordingly. Non-invasive hemodynamic monitoring by impedance cardiography is based on the principle of the impedance of the thorax, parameters, namely, SV, CO, CTI, EDFR, SVR, etc. could be obtained by processing impedance cardiogram, and these parameters could be detected dynamically and continuously. By synchronizing impedance cardiography, non-invasive hemodynamic monitoring with 6MWT, the changes in cardiac function can be more accurately reflected during 6MWT.

In our research, it was found that in addition to the increase of CO, CI, CTI, EF, and LCWI, SVRI was also significantly decreased at 6 months after operation in the intervention group. We held the opinion that, with the improvement of lower limb function after the operation, patients gradually increased the amount of daily activity and carried out rehabilitation exercises as required, which was conducive to the improvement of physical fitness and cardiac function. Besides the improvement of the strength and coordination of lower limb muscles by the training exercise itself, deep breathing, abdominal and chest breathing training would contribute to enhancing the strength of respiratory muscles, expanding the range of thoracic movement, and increasing the distance of the diaphragm downward in the process of post-operative rehabilitation training, which could effectively expand the airway, reduce respiratory resistance. And then the circulating blood volume also increased when the ventilation-perfusion ratio remained constant, further improving cardiac function, consequently. Furthermore, rehabilitation exercise could promote venous blood reflux caused by muscle contraction, which increased circulating blood volume. It was basically consistent with the results of Wang et al. (14).

At the end of the trial, CI and CO in the intervention group were higher than those in the control group, while SVRI was lower. And EF and LCWI were also increased compared to pre-operation (P < 0.05). It suggested that multidisciplinary exercise prescription based on hemodynamics and post-operative rehabilitation guidance on the strength of mobile Internet platforms were helpful to the recovery of cardiac function. Some scholars have proposed that patients with hip or knee arthritis could not significantly improve their daily activities after joint replacement (15). In fact, the effect of traditional family rehabilitation training is limited by the own educational level, compliance, and understanding of rehabilitation training. And the effect of a post-operative rehabilitation training plan with professional supervision and guidance is better than the traditional family rehabilitation training.

In the control group, there was no significant difference in the changes of non-invasive cardiac output between pre-operation and post-operation, which may be associated with the lack of guidance in traditional family rehabilitation training. Although the daily activities of patients have improved after surgical operation, insufficient training time and intensity, lack of aerobic exercise training, and irregular functional training on the improvement of cardiac function are limited.



Improvement of Symptoms

VAS and WOMAC scores are commonly used to evaluate the subjective feelings of patients with osteoarthritis. VAS score is mainly used for the overall evaluation of pain symptoms of patients, and the WOMAC scale is divided into three dimensions, namely, pain, joint stiffness, and dysfunction (16, 17). Pain and limitation of physiological function are the main reasons for most patients with osteoarthritis to seek medical treatment. After joint functional exercise and moderate aerobic exercise, patients with osteoarthritis were evaluated by WOMAC, KOOS, and other rating scales again, and their scores were found to be improved (18). Domestic scholars have verified the effectiveness of using the WOMAC scale to evaluate the pathogenetic condition of Chinese patients with knee arthritis (19).

In this study, the subjective pain assessment of patients in both groups had been significantly improved after rehabilitation training (P < 0.05), and the VAS score of the intervention group was better than that of the control group, and the difference was statistically significant (P < 0.05). Meanwhile, the pain score and function score of WOMAC in the intervention group were better than those in the control group (P < 0.05), which was basically consistent with the results of previous studies.

Moreover, combined with the indexes of non-invasive cardiac output, this study showed that patients with knee osteoarthritis were treated with surgery and rehabilitation training, even though some patients had poor compliance and did not complete the rehabilitation training as planned, it is also possible to improve their exercise tolerance and cardiac function by increasing the amount of daily activity. And the score of rating scales given by the patients in the intervention group was better, which indicated that rehabilitation training under professional supervision could make patients obtain a better quality of life and be more satisfied with the surgical effect.




CONCLUSIONS

To formulate a precise rehabilitation training plan with 6MWT guided by non-invasive cardiac output is beneficial to the recovery of lower limb function and the increase of exercise tolerance after knee arthroplasty, and the improvement of cardiac function and quality of life. The accurate rehabilitation exercise prescription based on the guidance of clinical rehabilitation physician, orthopedic physician, and cardiologist is worth applying and popularizing for patients underwent knee arthroplasty.
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Introduction: In this study, we determined the influence of intrinsic exercise capacity on the vascular adaptive responses to hind limb ischemia. High Capacity Running, HCR; Low Capacity Running, LCR, rats were used to assess intrinsic aerobic capacity effects on adaptive responses to ischemia.

Methods: Muscle samples from both ischemic and non-ischemic limb in both strains were compared, histologically for the muscle-capillary relationship, and functionally using microspheres to track blood flow and muscle stimulation to test fatigability. PCR was used to identify the differences in gene expression between the phenotypes following occlusive ischemia.

Results: Prior to ligation, there were not significant differences between the phenotypes in the exhaustion time with high frequency pacing. Following ligation, LCR decreased significantly in the exhaustion time compare with HCRs (437 ± 47 vs. 824 ± 56, p < 0.001). The immediate decrease in flow was significantly more severe in LCRs than HCRs (52.5 vs. 37.8%, p < 0.001). VEGF, eNOS, and ANG2 (but not ANG1) gene expression were decreased in LCRs vs. HCRs before occlusion, and increased significantly in LCRs 14D after occlusion, but not in HCRs. LCR capillary density (CD) was significantly lower at all time points after occlusion (LCR 7D = 564.76 ± 40.5, LCR 14D = 507.48 ± 54.2, both p < 0.05 vs. HCR for respective time point). NCAF increased significantly in HCR and LCR in response to ischemia.

Summary: These results suggest that LCR confers increased risk for ischemic injury and is subject to delayed and less effective adaptive response to ischemic stress.

Keywords: vascular occlusion, aerobic running capacity, exercise, peripheral artery occlusion, limb ischemia


INTRODUCTION

Peripheral artery occlusive disease (PAOD) is a major health problem with limited treatment options affecting 8-12 million Americans (1, 2). The pathophysiology of PAOD is characterized by an impaired perfusion to the lower extremities. Exercise training is one treatment option that improves quality of life and tissue perfusion characteristics, by inducing increased capillary density (3), increasing the surface area for exchange of oxygen and other substances between capillaries and muscle fibers, thereby limiting ischemic symptoms (4). Exercise training has been shown to increase capillary number within healthy skeletal muscle through the process of angiogenesis, mediated, at least in part, by vascular endothelial growth factor (VEGF) driven pathways (5–8). The mechanisms by which exercise training improves intermittent claudication in PAOD patients remains unclear (2, 9, 10). Clinical studies of PAOD indicate that patients limited by intermittent claudication who engage in any amount of weekly physical activity beyond light intensity, have a lower mortality rate than their sedentary counterparts who perform either no physical activity or only light-intensity activities (11), even after adjusting for other predictors of mortality, which include age, and body mass index (BMI). Thus, exercise training appears to induce adaptive remodeling within ischemic skeletal muscle, but the pathways and mechanisms responsible for this remodeling are still not well-characterized.

Exercise is a complex stimulus with multifactorial outcomes. These outcomes are determined by at least two genetic components (12–17). One component establishes the innate aerobic exercise capacity that each individual possesses irrespective of any subsequent training or activity (12–17), and the second genetic component establishes the pattern of responses to active exercise training (1, 2, 11, 18–20). It is estimated that up to 70% of the variation in exercise capacity are due to the genetic predisposition of an individual (12, 13). Many studies have focused on the active exercise training component (1, 2, 6, 7, 11, 18–21), but even within these studies, there is a heterogeneous response in subjects to training protocols (2, 6, 7, 11, 18–22). It is this finding that suggests the importance of investigating intrinsic exercise capacity and its impact on the response to ischemic stress.

Active exercise training in healthy individuals increases both perfusion and energy demand in the working muscle, although under strenuous exercise, the increase in demand is thought to exceed the increase in perfusion. This relative ischemic stress generates a remodeling stimulus for angiogenesis, but there must be limits because progressive loss of perfusion with advancing occlusive disease also induces a relative ischemia lower work intensity, but does not generate a comparable expansion of the vascular bed to offset it. The process of vascular remodeling is multifactorial, with vascular endothelial growth factor (VEGF) and its receptor family including VEGFR-1 [Fms-like tyrosine kinase 1 (FLT-1)], VEGFR-2 [Kinase insert domain-containing receptor (KDR) also known as fetal liver kinase (FLK-1)], and neuropilin-1 (NP-1) all participating (6, 7, 19). VEGFR-2 appears to respond following exercise training as well as with ischemic challenge independent of any active exercise (4, 19, 20). Other potential angiogenic factors that may influence intrinsic exercise capacity associated responses to ischemic challenge are angiopoietin 1 and 2 (Ang1 and Ang2) and nitric oxide (NO) (8, 18, 20, 23). Both factors are known to be involved in exercise training induced angiogenesis and ischemia induced angiogenesis, as well as the combination of both stressors. The angiopoietins are important cytokines that assist in vascular development and remodeling (24). Ang 1 promotes maturation and stabilization of vessels and is expressed widely throughout tissues, whereas Ang 2 competes with Ang 1 by displacing it from the activating Tie2 receptor. The Tie2 receptor is expressed at sites of vascular remodeling. Thus Ang1 dominance is associated with a stable vasculature while Ang2 dominance is associated with active angiogenesis (24). NO can be increased with VEGFR2 or KDR activation (24). The increase in NO production can be critical to VEGF signaling and the remodeling response of the skeletal muscle. The influence of intrinsic exercise capacity on the angiogenic response following an ischemic event has not been studied.

Low aerobic capacity or low cardiovascular fitness, is a strong predictor of early mortality within PAOD patients (2, 3, 9, 11). Koch and Britton (14–17), developed a rat model to investigate the role of intrinsic aerobic exercise capacity on responses and adaptations to chronic disease. Studies with this model show that the low endurance running capacity phenotype (LCR) rats are more prone to develop hepatic steatosis (25) and more sensitive to high fat diet-induced insulin resistance (26). These LCR rats displayed a higher incidence of both cardiovascular and metabolic syndrome risk factors than the high endurance running capacity (HCR) rats (27). Previous studies have found that the LCR phenotype has decreased capillary density when compared to the HCR counterparts (14–17, 27), which suggest that the LCR may have a decreased tolerance in hind limb ischemia models of PAOD. Studies of skeletal muscle responses to the stress of high fat feeding indicate that while the LCR's are less tolerant, the inducible responses are slower in onset but largely intact (26). However, while resting differences between the phenotypes are suggestive, it remains unknown whether the induced responses of peripheral ischemic challenge are altered by the intrinsic aerobic phenotype. Therefore, this study was designed to test the hypothesis that an increased intrinsic aerobic capacity will manifest more compensation in response to peripheral ischemia using a an established unilateral hind limb femoral artery occlusion (19, 20).



METHODS


Animal Strains

40 LCR and 40 HCR generation 22 rats were obtained from Drs. Lauren Koch and Steven Britton at the University of Michigan. Those authors have previously described the selection process of artificial selection used to generate the HCR and LCR strains (14–17). Briefly, two-way artificial selective breeding was used to create low capacity runner (LCR) and high capacity runner (HCR) strains that were divergent for treadmill running capacity (run time to exhaustion on a graded treadmill exercise test). The 13 lowest and 13 highest running capacity rats of each sex were selected from the founder population (N: NIH stock) and randomly paired for mating. This pattern was repeated over subsequent generations to produce the divergent strains using a rotational breeding scheme for minimal inbreeding. In the present study animals from generation 22 were used. It is important to note that all the animals were housed under sedentary conditions, except for the 5 days at 11 weeks of age when the animals were phenotyped for treadmill running capacity. At all other times, animals had no exercise other than spontaneous cage activity. Once phenotyping was verified, animals were prepared for shipping at 14 weeks of age, or as soon after as weather conditions (airport tarmac temperatures <85°F) permitted. Once received by the Department of Comparative Medicine at ECU, the animals were maintained under mandatory quarantine for 10 weeks before they were released for study. Therefore, all animals were at least 24 weeks of age before they were available to be enrolled in a protocol. Rats were provided standard rat chow and water ad libitum, and were kept on a 12 h light/12 h dark time schedule until sacrifice. Animal procedures were conducted in accordance with American Physiological Society guidelines for the humane and safe use of animals, and all protocols involving animals used for these experiments were approved by the East Carolina University Animal Care and Use Committee.



Hind Limb Femoral Artery Occlusion

Femoral artery occlusion was produced as described previously by Lloyd et al. (19, 20). Briefly, rats were anesthetized with 90:10 ketamine/xylazine solution (dosage 0.08-0.1 ml mixture per 100 g body weight i.p.), and the incision site was prepared with Betadine and 70% alcohol. Utilizing a small incision, the right femoral artery was isolated and three separate ligatures were placed along the femoral vascular tree. One ligature was placed 5-6 mm distal to the inguinal ligament, a second was placed on a collateral artery arising from the inguinal fat pat, and the third was placed 5-6 mm distal to the first ligature. A perfusion deficit was verified by a color and temperature in the occluded limb, compared to the contralateral limb. When all three ligatures were in place, the incision was closed in layers, analgesia was administered (Buprenex, 0.1 ml per 100 g body weight, i.p.) and each rat was placed on a warming blanket under a heating lamp to recover. Once spontaneous movement and sternal recumbancy were observed, the animals were placed in their cages homes and returned to the animal facility. Animals were sacrificed at 7 (18 HCR and 18 LCR) or 14 days (10 HCR and 10 LCR) following placement of the ligatures.



Microsphere Injections

To determine relative bulk perfusion in ischemic and non-ischemic muscles, colored tracer microspheres were utilized, essentially as described in the literature in multiple studies (28, 29).

Briefly, on the day of study (7 or 14 days after occlusion) the animals were again anesthetized as described above, the right carotid artery was exposed and cannulated using a PE50 catheter, which was positioned in the left ventricle by retrograde advancement. Positioning of the catheter in the left ventricle was determined by observing the characteristic transition from arterial pressure to left ventricular pressure values and was verified postmortem by visual inspection of catheter tip placement in the left ventricle. Yellow, and persimmon (15 um) Dye-Trak microspheres (Dye-Trak; Triton Technology, San Diego, CA) were dispersed by sonication and vortex mixing. The number of microspheres for any given color (mean diameter, 15 um) injected into the left ventricle was about 900,000/0.3 ml. The microspheres were loaded into the catheter and given as a bolus injection followed by a flush of 0.5 ml of saline.

Microsphere injections were performed three times on the day of euthanasia, 7 days following surgery to occlude the right femoral artery. Yellow microspheres were injected first as a control, which allowed comparison of flow between the non-ischemic left gastrocnemius muscle, and the right, post-occlusion gastrocnemius. Following the first injection, the left femoral artery was ligated acutely, at similar locations to those used previously for the right femoral artery. Immediately after ligation, the persimmon microspheres were injected. Comparison of tracer densities was used to determine the difference between native collateral flow (left gastrocnemius) with the remodeled, post-ischemic perfusion (right gastrocnemius). Kidneys were also utilized for comparison of equal distribution and to assess approximate equal microsphere distribution between the phenotypes as the kidney weights were not different between the phenotypes.



Microsphere Tissue Digestion and Recovery

Unless otherwise indicated, all chemicals were obtained from Sigma-Aldrich (Sigma-Aldrich Inc., St. Louis, MO). All reagent solutions were generated in-house following manufacturer's directions for microsphere recovery and processing (Dye-Trak; Triton Technology, San Diego, CA). Following the last injection of microspheres, gastrocnemius, soleus and plantaris muscles were excised and fixed in formalin for 1 h. Tissue was weighed (~1.0-2.0 g) and then subjected to tissue digestion and processing as outlined by Dye-Trak. Once a pellet of blanched microspheres and any remaining debris was obtained, the supernatant solution was used for dye analysis. Photometric absorption of each dye solution was determined by UV/Visible Spectrophotometer (wavelength 300-700 nm with 1 nm optical band width). The composite spectrum of each dye solution was resolved into the spectra of the single constituents by a matrix inversion technique, using formulas provided by the manufacturer for that purpose. The absorption spectrum of each dye was measured separately from a control sample of each colored microsphere and was used as a reference for the matrix inversion, determining the contribution of each color to the measured composite spectra at 440, 495, 545, 672 nm. In the present study, the various vascular interventions precluded access to a reference withdrawal arterial blood sample to convert microsphere count to blood flow in ml/min/g tissue. Instead, the raw counts reflect relative flow. There were no significant differences in blood pressure between any of the animals at any of the injections, there were no significant differences in renal sphere counts with any of the injections, and there were no significant differences between right and left kidneys Together, these controls suggest that there was consistent, uniform distribution of the tracers.



High Frequency Stimulation

As a gross functional test of differences between HCR and LCR phenotypes, demand ischemia was induced by direct electrical stimulation of the gastrocnemius muscle. The pacing protocol was similar to that described by Keeton et al. (30). Briefly, high frequency electrical stimulation was accomplished using a pair of wire electrodes, ~5 mm apart, inserted directly into the body of the gastrocnemius muscle. Electrical impulses were delivered using a stimulator (Grass Instruments, Columbus OH) set to deliver repeated single pulses at a frequency of 5 Hz, 200-400 mV, and pulse duration of 1-ms duration. Preliminary experiments were used to establish the threshold voltage for stimulation response (100-200 mV), and a stimulation frequency that would produce spontaneous exhaustion of muscle contraction. The electrical stimulation protocol lasted until the muscle failed to contract with enough force sufficient to cause a visible displacement of the foot. Eight HCR and 8 LCR rats underwent high frequency pacing prior to hind limb femoral artery occlusion to establish baseline differences between the phenotypes, and 13 HCR and 14 LCR rats received pacing at the time of euthanasia to establish functional differences in the effective remodeling following femoral artery ligation.



Rosenblatt Staining and Analysis

Gastrocnemius muscles for each animal not used for microsphere studies of blood flow were cut in half and quickly frozen. One half was placed in optimal cutting temperature (O.C.T.) compound while the other half was stored for protein isolation. The muscle in the OCT was cut into transverse sections (thickness 10 μm) and underwent capillary staining as originally defined by Rosenblatt et al. (31). Briefly, Rosenblatt staining allows capillary visualization for subsequent photographs under 20 x magnification. From the images, measurements were obtained in five fields per section, 50 myocytes/field, and in at least five separate sections, with care taken to avoid repeated sampling of the same field in sequential sections. The following indices were measured: (1) number of capillaries around a fiber (NCAF), (2) the capillary to fiber ratio on an individual fiber basis (Cap/Fi), (3) the number of fibers sharing each capillary [share factor (SF)], and (4) capillary density (CD). This stain also provides the ability to distinguish between different muscle fiber types. Slow twitch fibers were counted and are presented as a percentage of the total fiber number.



RNA Isolation, Reverse Transcriptase-PCR, and Real-Time PCR

Total RNA was extracted from harvested gastrocnemius muscle using TriReagent (Sigma-Aldrich, USA) and cDNA was generated using the High Capacity cDNA kit from Applied Biosystems (Foster City, CA) following the manufacturer's protocol. Real-time PCR was performed using specific primers (Table 1) (Invitrogen, La Jolla, CA) and SYBR Green mix (Applied Biosystems, Foster City, CA) following the manufacturer's protocol and using GAPDH as the reference gene as CT values for this gene did not change with treatment. The Real-Time PCR detection system used was the ABI Prism 7900 sequence detection system (Applied Biosystems, Foster City, CA). LCR control samples were used for all data to be normalized with the ΔΔct method.


Table 1. Real Time PCR Primers sequences.
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Statistics

Statistical analysis was performed using SPSS software (SPSS, Chicago, IL). Data are expressed as means ± SEM, and a p-value <0.05 was considered statistically significant. Student unpaired t-test were used to compare intrinsic differences between LCR and HCR run time to exhaustion and run distance. For microsphere and histology variables, simple effects (LCR control vs. LCR acute, LCR acute vs. LCR 7D, LCR 7D vs. LCR 14D, HCR control vs. HCR acute, HCR acute vs. HCR 7D, HCR 7D vs. HCR 14D, LCR control vs. HCR control, LCR acute vs. HCR acute, and LCR 7D vs. HCR 7D, LCR14D vs. HCR14D) were the comparisons of interest. A mixed model analysis of variance (2 x 3 ANOVA, two groups [LCR and HCR) x three time points (control, acute, 7D for microsphere data and control, 7D, 14D for all other data sets)] was performed using SPSS on all variables between LCR and HCR control, seven day, and 14 day endpoints. High frequency stimulation data was collected in two separate experiments, so the post ligation data was analyzed with a student t-test as was the pre ligation data. A generalized linear model of variances using SPSS was performed on these two data sets with the intent to assess if there was a main effect for ischemia. When there was a significant interaction, post hoc test were done with Bonferroni adjustment. Significant differences were accepted in all circumstances where p<0.05.




RESULTS

To provide a functional measurement for comparison between the phenotypes, high frequency electrical stimulation of the gastrocnemius muscle was performed prior and following ligation in two separate experiments. Prior to ligation, there were not significant differences between the phenotypes in the time to exhaustion with high frequency pacing [LCR time (s) = 2,291 ± 186 vs. HCR time (s) = 2,571 ± 218]. Following ligation, both strains decreased the time to muscle exhaustion with pacing, consistent with having induced an injury, but there was a significant difference between the strains (LCR = 437 ± 47 vs. HCR = 824 ± 56). The LCR gastrocnemius muscle time to exhaustion was significantly less than the HCR (Figure 1A), suggesting greater functional impairment in the LCR as a result of the occlusion.


[image: Figure 1]
FIGURE 1. (A) High frequency electrical stimulation before and following placement of unilateral hind limb ligation. There was no difference between the phenotypes prior to ligation. Following ligation, the time to exhaustion decreased significantly in both phenotypes (*p < 0.05 Pre vs. Post). The LCR in post ligation time to exhaustion was significantly less than the HCR (#p < 0.05 Post LCR vs. Post HCR). (B) Microsphere recovery from gastrocnemius, soleus, and plantaris muscles. Both phenotypes displayed significantly decreased blood flow following ligation (*p < 0.05 vs. phenotype control). LCR microspheres/g tissue was significantly less than the HCR at both the acute and 7D ischemic time points (#p < 0.05 vs. same time point between phenotypes). Following 7 days, the LCR did not significantly alter blood flow while the HCR significantly increased blood flow from acute ($p < 0.05 vs. 7 day time point within phenotype).


Similar to the findings with pacing, there also were not differences in resting perfusion (LCR number of microspheres/g tissue = 13,424 ± 688 vs. HCR number of microspheres/g tissue = 12,563 ± 823). Not surprisingly, ligation of the femoral artery significantly decreased perfusion in both the LCR (6,383 ± 366) and HCR (7,821 ± 424) strains, but the decrease in perfusion was more severe in the LCR phenotype both immediately after ligation and 7 days after ligation (LCR = 6,880 ± 513 vs. HCR 9,522 ± 721) (Figure 1B). These data indicate that while both phenotypes decreased tissue perfusion in response to the hind limb ligature, the extent of perfusion deficit, and the resulting pattern of recovery over the next seven days was significantly different as a function of the phenotype.

mRNA expression for angiogenic growth factors was assessed with quantitative real time PCR (qRTPCR). VEGF expression was significantly lower in the LCR phenotype under baseline (pre-ischemic conditions (Figure 2A). Neither the LCR nor the HCR animals demonstrated significantly altered VEGF mRNA expression following 7D of ischemic challenge and baseline differences disappeared between the phenotypes at this time point. 14 days after ligation, the LCR significantly increased VEGF mRNA expression in the gastrocnemius muscle compared to both control (*Figure 2A) and 7D ischemic levels ($Figure 2A). Moreover, VEGF mRNA expression also was significantly greater in the LCRs than the HCRs 14 days after occlusion (#Figure 2A).
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FIGURE 2. Relative mRNA expression for VEGF (A), Flt-1 (B), KDR (C), Angiopoietin 1 (D), Angiopoietin 2 (E), and eNOS (F). *p < 0.05 vs. control within phenotype; #p < 0.05 vs. same time point between phenotypes; $p < 0.05 vs. 7 day time point within phenotype.


In contrast to VEGF, neither VEGF receptor (Flt-1) mRNA nor VEGF receptor (KDR) mRNA expression was significantly different between the phenotypes under baseline, pre-ischemic conditions. Neither the LCR nor the HCR animals demonstrated significantly altered Flt-1 or KDR mRNA expression following 7D of ischemic challenge. Similar to VEGF, Flt-1 mRNA expression increased significantly in the LCR ischemic muscle at 14 days, compared to either control (*Figure 2B) or 7D ischemic levels ($Figure 2B) and was also significantly greater than expression in the HCRs at 14 days post ischemia (#Figure 2B). However, these changes exhibited in Flt-1 were not in KDR mRNA expression (Figure 2C).

Angiopoietin 1 mRNA expression was significantly higher in the LCR phenotypes under baseline conditions (#Figure 2D) but neither phenotype significantly altered the expression of this growth factor and the differences present at baseline were no longer present at 7D or 14D.

Angiopoietin 2 mRNA expression was significantly higher in the HCR phenotype under baseline conditions (#Figure 2E), and did not change in this phenotype at either 7 or 14 days after occlusion. In contrast, the LCR phenotype showed significant increases in Ang 2 expression 14 days after occlusion (*,$Figure 2E), abolishing any differences that were present between the phenotypes before occlusion.

eNOS mRNA expression was significantly lower in the LCR phenotype under baseline conditions (#Figure 2F). Neither the LCR nor the HCR animals demonstrated significantly altered eNOS mRNA expression following 7D of ischemic challenge and baseline differences disappeared between the phenotypes at this time point. 14 days after ligation, the LCR significantly increased eNOS mRNA expression in the gastrocnemius muscle compared to both control (*Figure 2F) and 7D ischemic levels ($Figure 3). Moreover, eNOS mRNA expression also was significantly greater in the LCRs than the HCRs 14 days after occlusion (#Figure 2F).
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FIGURE 3. Sample image of Rosenblatt attained muscle cross section (right). Arrows indicate capillaries and numerals indicate either type II (dark stained) or type I (light stained) muscle fibers. Left is a graphical summary showing the fraction of slow twitch muscle fibers within gastrocnemius muscle under baseline conditions. LCR had a significantly smaller percentage of slow twitch fibers compared to HCR (*p < 0.05).


Histology data indicate that the LCR has reduced capillary density (CD) (LCR = 417.81 ± 23.6) compared to the HCR in non-ischemic gastrocnemius muscle (HCR = 614.6 ± 57.5) (#p < 0.05, Table 2), consistent with previous reports (3, 28). The HCR phenotype increased capillary density at both 7 (918.54 ± 197.6) and 14 days (1,015.41 ± 174.9) after occlusion (*Table 2). In contrast, capillary density in LCRs was significantly lower at all time points (LCR 7 Day = 564.76 ± 40.5, LCR 14 Day = 507.48 ± 54.2) (#Table 2), and in contrast to HCRs, capillary density did not change in LCRs after occlusion. There were no differences in capillary contacts per fiber (NCAF) between phenotypes under control conditions (LCR = 4.547 ± 0.220 vs. HCR = 4.280 ± 0.217), but both phenotypes increased NCAF significantly in response to ischemia. However, the increase in the HCRs was earlier in onset, present at both 7 (5.170 ± 0.276) and 14 days after occlusion (5.210 ± 0.255) (*Table 2), while the LCR was significantly elevated only at the 14 day endpoint (6.220 ± 0.481) (*Table 2). At 14 days, the NCAF values had become significantly greater in the LCR compared to the HCR animals (#Table 2).


Table 2. Skeletal muscle morphology and capillarization in the gastrocnemius muscle of control, 7 and 14 day ischemic tissue of LCR and HCR rats.
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Similar to the NCAF results, the capillary to fiber ratio on the individual fiber basis (Cap/Fib) were not different under baseline conditions (LCR = 1.662 ± 0.089 vs. HCR = 1.555 ± 0.073), but increased in both phenotypes in response to occlusion. Again, the increase in the HCR phenotype was evident at both the 7 (1.896 ± 0.149) and 14 day (1.852 ± 0.097) time points compared to control (*Table 2), but a similar increase above control levels was not seen in the LCR animal until 14 days (2.248 ± 0.183) (*Table 2), at which point the NCAF values were significantly higher in the LCR than the HCR animals (#Table 2).

The percentage of slow twitch muscle fibers in the mixed gastrocnemius muscles from the LCR and HCR animals was compared (Figure 3). The LCR rats had a significantly lower percentage of slow twitch fibers in the control gastrocnemius muscle compared to the HCRs (*p < 0.05, Figure 3).



DISCUSSION

The development of intermittent claudication is a major decrement to the quality of life in patients (1, 2, 31–33). A mounting body of evidence suggests that exercise training can increase perfusion in ischemic tissue, improving quality of life and avoiding the necessity for surgical revascularization and other expensive therapies (1–3, 9, 33, 34). The majority of research on aerobic exercise training in PAOD patients has examined its effects upon vascular remodeling, including the mechanisms underlying changes in capillary density within the ischemic muscle (6, 7, 21, 22). However, many patients with intermittent claudication are unable to exercise or participate in exercise protocols due to pain in the ischemic limb or arthritic problems in joints, and exercise studies do not always provide definitive remodeling within tissue. Developing a better understanding of the genetic influences associated with intrinsic aerobic capacity and endurance capacity on the vascular remodeling process in response to ischemic challenge may help explain the variability in PAOD patients responses to aerobic exercise, and may provide new treatment options for individuals unable to participate in aerobic exercising protocols. The goal of this study was to investigate whether rats with low intrinsic running capacity have different vasculogenic responses following peripheral arterial occlusion than rats with high intrinsic running capacity.

The results of this study demonstrate that rats selectively bred, but not trained, for high endurance running capacity (HCR) differ in their response to ischemic stress in a model of PAOD compared to the low endurance running capacity (LCR) counterparts. These results provide strong evidence indicating that low endurance running capacity confers increased risk for ischemic injury and is subject to delayed and less effective adaptive response to ischemic stress.

LCR and HCR's were inherently different in capillary density before ischemia, with HCR rats having significantly higher capillary density than LCR rats. Under baseline conditions, the HCR strain also showed a higher relative expression of mRNA for VEGF, eNOS, Ang2 and significantly less relative expression of Ang1 compared to the LCR strain. These results are consistent with those found by Lloyd et al. (19), who showed similarly increased amounts of angiogenic markers in response to active aerobic exercise training protocols in rats, except that in the present studies, these were intrinsic differences predicated only on intrinsic aerobic phenotype, and not dependent on any active training component. Similar to the actively exercised rats, the HCRs appear to have an underlying increased angiogenic potential under basal conditions compared to the LCR phenotype.

LCR muscle cells showed a significantly larger area compared to the HCR, a finding consistent with Howlett et al. (35) who found that mean cross-sectional area of the HCR fiber was 35% lower compared to the LCR. The combination of smaller fiber area, more capillaries, and greater oxidative capacity in HCR rats may provide the basis for explaining the inherent higher VO2max observed in these animals without aerobic exercise training, and would be consistent with increased resistance to ischemic injury.

Increased capillary density (CD) (capillaries/mm2) has been shown to strongly correlate with increased skeletal muscle oxygen conductance in this model (25). We now extend those observations by demonstrating that the HCRs may have inherently better protection for maintenance of tissue perfusion under ischemic conditions. This was functionally evident with the prolonged time to exhaustion with high frequency electrical stimulation, and by higher post-ischemic perfusion levels. Although the initial drop in blood flow after occlusion is greater in the LCRs, consistent with provoking a more potent ischemic stress, the LCRs do not demonstrate a measurable recovery in perfusion at seven days. The HCRs initially lose less perfusion with acute arterial occlusion, presumably associated with better ischemic tolerance, and also recover perfusion in the post-ischemic tissue, consistent with anatomic remodeling, altered arteriolar/collateral tone favoring dilation, or both. This flow preservation, suggesting an improved tolerance for ischemic stress by the HCR, is further supported by the HCR's ability to maintain muscle fiber area (Table 2). Furthermore, despite less ischemic pressure and negligible changes in fiber area, HCR rats showed a significant increase in capillary density at seven days despite negligible changes in the mRNA expression of angiogenic markers suggesting the possibility that the elevated baseline expression levels of the typical angiogenic growth factors in the HCRs were sufficient to drive any required angiogenesis. These might be more analogous to patients who develop claudication, but do not progress to critical limb ischemia.

Conversely, the LCR animals did not generate a measurable change in perfusion following seven days of ischemic pressure. These animals responded to seven days of femoral artery ligation with a significant loss of muscle fiber area consistent with atrophic loss of muscle mass. Perhaps because there was loss of muscle mass, there was a reduced ischemic signal source such that the LCR rats did not alter capillary density (CD), Cap/Fib ratio, or NCAF significantly from baseline levels, and perfusion did not recover. The LCR rats did not show significant changes in mRNA expression for any of the angiogenic factors from the baseline to the 7D ischemic time point, suggesting that the LCR rats initially respond to seven days of ischemia was a loss in fiber area and no angiogenic response, despite a substantial loss in perfusion. These might be more analogous to patients who develop critical limb ischemia.

Following 14 days of femoral artery occlusion, the HCRs continued to maintain fiber area but did not significantly alter any angiogenic markers from seven day levels, suggesting that after 14 days of ischemia, angiogenesis was no longer an active pathway within this phenotype and vascular remodeling processes had been completed. This finding is consistent with Lloyd et al. who reported that ischemia-induced angiogenesis typically alters mRNA within 7-10 days and returns toward baseline levels by about 14 days (19). Of particular interest in the present study was that HCRs appeared to increase the percentage of slow twitch fibers with 14 days of ischemia. A fast to slow fiber switch is normally seen in response to aerobic exercise training and aging (19), but ischemia and unloading is typically associated with a slow to fast phenotypic shift. The dynamic recovery response over a 2 week period in the HCRs appears to involve a shift in fiber type and an increase in fiber numbers, associated with higher pre-existing angiogenic signals and fueled by a better flow recovery. In contrast, after an initial fiber loss at 7 days, muscle fiber area in the LCRs significantly increased again 14 days after femoral artery occlusion, suggesting that there was a change in fiber size, but not fiber number, and an entirely different remodeling response. The increase in muscle fiber size may have been sufficient to recover a relative ischemia signal, as significant increases in mRNA expression for VEGF, Flt-1, eNOS, and Ang2 were observed at 14 days after occlusion. Together, these findings suggest that an angiogenic drive remains inducible in the LCR phenotype, but that the dynamic between muscle mass, muscle number, demand ischemia and vascular remodeling still is incompletely understood. Recent reports in mice (36), and subsequently in humans (37), have suggested a potential role for BAG-3 (Bcl-2-Associated Athanagene-3) coding variants in dictating the response to ischemia in skeletal muscle. This angiogenic stimulus may be in response to signals associated with hypertrophy of the LCR cells, but not with the occlusive stimulus, or may be occurring at 14 days as a synergistic action of the loading stimulus in combination with ischemic drive within the tissue.

The present study suggests that LCR rats have an altered response to hind limb femoral artery occlusion compared to the HCR rats. This altered response is partially due to the phenotypic differences under baseline conditions, including significantly less capillary density, less angiogenic factor potential, larger fiber area, and a smaller percentage of slow twitch muscle fibers within the gastrocnemius muscle in the LCR animals. With onset of occlusion, the LCRs also appear to have an altered inducible response compared to the HCR. These alterations include fiber area initially decreasing, followed by a rebound to a larger area, a potent angiogenic upregulation at 14D ischemia and no significant changes in the percentage of slow twitch muscle fibers. These data suggest that low intrinsic aerobic capacity may have increased injury associated with ischemic disease and will generate an altered response that may require a combination ischemic challenge, and signaling from some other stress, such as increased mechanical loading of the muscle, to adequately stimulate vasculogenic responses.
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Purpose: Previous reports have suggested that active exercise aside, intrinsic aerobic running capacity (Low = LCR, high = HCR) in otherwise sedentary animals may influence several cardiovascular health-related indicators. Relative to the HCR phenotype, the LCR phenotype is characterized by decreased endothelial reactivity, increased susceptibility to reperfusion-induced arrhythmias following short, non-infarction ischemia, and increased diet-induced insulin resistance. More broadly, the LCR phenotype has come to be characterized as a “disease prone” model, with the HCRs as “disease resistant.” Whether these effects extend to injury outcomes in an overt infarction or whether the effects are gender specific is not known. This study was designed to determine whether HCR/LCR phenotypic differences would be evident in injury responses to acute myocardial ischemia-reperfusion injury (AIR), measured as infarct size and to determine whether sex differences in infarction size were preserved with phenotypic selection.

Methods: Regional myocardial AIR was induced in vivo by either 15 or 30 min ligation of the left anterior descending coronary artery, followed by 2 h of reperfusion. Global ischemia was induced in isolated hearts ex vivo using a Langendorff perfusion system and cessation of perfusion for either 15 or 30 min followed by 2 h of reperfusion. Infarct size was determined using 2, 3, 5–triphenyltetrazolium chloride (TTC) staining, and normalized to area at risk in the regional model, or whole heart in the global model. Portions of the tissue were paraffin embedded for H&E staining and histology analysis.

Results: Phenotype dependent differences in infarct size were seen with 15 min occlusion/2 h reperfusion (LCR > HCR, p < 0.05) in both regional and global models. In both models, longer occlusion times (30 min/2 h) produced significantly larger infarctions in both phenotypes, but phenotypic differences were no longer present (LCR vs. HCR, p = n.s.). Sex differences in infarct size were present in each phenotype (LCR male > LCR female, p < 0.05; HCR male > HCR female, p < 0.05 regardless of length of occlusion, or ischemia model.

Conclusions: There is cardioprotection afforded by high intrinsic aerobic capacity, but it is not infinite/continuous, and may be overcome with sufficient injury burden. Phenotypic selection based on endurance running capacity preserved sex differences in response to both short and longer term coronary occlusive challenges. Outcomes could not be associated with differences in system characteristics such as circulating inflammatory mediators or autonomic nervous system influences, as similar phenotypic injury patterns were seen in vivo, and in isolated crystalloid perfused heart ex vivo.

Keywords: aerobic capacity, HCR, LCR, intrinsic, gender, coronary occlusion


INTRODUCTION

Enhanced aerobic capacity has been associated with diminished morbidity, improved quality of life, and decrease risk for cardiovascular diseases (1–3). Coronary artery disease is currently the leading cause of mortality and morbidity in the western world. The most common fatal consequence of coronary artery disease is an acute myocardial infarction, and death due to coronary artery disease appears to decrease with treatments that include an aerobic exercise component (2, 3). It remains unclear whether the benefits of exercise derive primarily from altered risk profiles (lipid, obesity, etc.) or directly from intrinsic myocardial resistance to injury.

As understanding of the mechanisms involved with tissue injury following arterial occlusion (ischemia), and then subsequent appreciation of additional injury associated with relieving the occlusion (reperfusion) advanced (4–6), it became clear that periods of intermittent ischemia that either immediately preceded the ischemic event (ischemic preconditioning), or immediately preceded the reperfusion event (ischemic post-conditioning) could induce multiple pathways that could limit the extent of injury and improve recovery (4–7). Pre-and post-conditioning effects were associated with erythropoietin, the heme-oxygenase system, and atrial natriuretic peptide among many others (8–10), and those effects could I turn depend on underlying conditions such as diabetes, hyperlipidemia, and estrogen status (8–10). Practically though, both pre-conditioning and post-conditioning have had limited success, simply due to the inherent challenges of creating controlled, intentional ischemia. Over the last 15 years, the phenomenon of remote preconditioning has been introduced, where mild demand ischemic challenges in distal regions, such ands an arm or leg, would confer protection against subsequent ischemia in critical organs, such as heart (4). Active exercise increasingly has become the option of choice both for reducing the impact of underlying conditions/comorbidities, as well as upregulating processes that could be recruited by pharmacologically and mechanically induced protective strategies (4, 5).

Aerobic exercise capacity has genetic and environmental components. The genetic component define the intrinsic capacity for endurance exercise and appears to have two parts, the genes that regulate adaptive responses to active exercise training and the genes that determine intrinsic exercise capacity, regardless of actual activity (11–14). Although aerobic exercise training has beneficial effects on several of cardiovascular diseases, the variability in the physiological response to exercise training suggests potential impact of the genetic composition. It has been estimated that up to 60–70% of the variation in exercise capacity is due to the genetic component (11, 13, 14). It is not clear if the genetic component for enhanced exercise capacity alone can result in protection from cardiovascular diseases or whether the training stimulus is necessary to produce the positive results, or if a combination of both is required. The development of a novel rat model using treadmill based phenotypic selection as a basis for breeding rather than specific gene manipulation has advanced the ability to differentiate the genetic components from the environmental effects, such as exercise training, that also influence the aerobic capacity (15–17). This novel rat model contrasts intrinsic aerobic capacity as a phenotype, low-capacity runners (LCR) and high-capacity runners (HCR), provides a tool to experimentally address the intrinsic component of exercise and its contribution to cardiovascular disease (15). Untrained low endurance running capacity (LCR) rats were found to have a higher incidence of risk factors associated with cardiovascular disease than their untrained high endurance running capacity (HCR) counterparts (15, 18). The LCR rats were more insulin resistant, had higher mean blood pressures, decreased nitric oxide mediated vascular relaxation, and had lower expression of proteins critical to skeletal muscle fatty acid oxidation (15, 18). LCR animals were predisposed to weight gain and increased blood free fatty acid (FFA) levels compared to HCR counterparts when challenged with a high fat diet (18). Moreover, compared to the HCRs, the LCRs displayed higher arrhythmogenicity following short term myocardial ischemia and reperfusion (13).

Early studies in this model also demonstrated differences in several skeletal muscle metabolic and vascular endpoints. Early studies indicated that HCR rats demonstrated increased VO2max that was attributed to an increased O2 capacity and/or increased capillary density in skeletal muscle under both normoxic and hypoxic exercise conditions (19–21). Later studies also indicated that HCR rats had increased VO2max while LCRs appeared to have decreased VO2max values. In addition to increased skeletal muscle capillary density and increased oxidative enzymes reported previously, HCRs now also were demonstrating higher maximum cardiac stroke volume (SV) values in comparison to their LCR counterparts (20).

Noland et al. demonstrated that the LCR phenotype gained more weight and lost insulin sensitivity on a high fat diet compared to HCR (18). Results also have suggested that artificial selection for endurance running capacity selects for intracellular pathways that provide protection against metabolic and cardiovascular stresses. At the cellular level, it has been demonstrated that HCRs show larger amplitude calcium transients and higher efficiency in energy production (19), along with faster skeletal sarcomeric shortening and relaxation (20, 22). Still, cardiac and peripheral muscle metabolism are quite different, as are collateral circulation patterns, insulin sensitivity and responses to ischemia. Despite suggestions that might suggest a cardioprotective effect of intrinsic aerobic capacity, it is not clear whether such an effect actually is present, or whether the known exercise benefit in cardiovascular disease management is limited to active exercise induced effects. While the breeding selection process was initiated and developed with equal cohorts of males and females, the great majority of experimental studies using the model have been in male offspring. There are well-know differences in cardiac ischemia outcomes between males and females (23, 24), and it is not clear whether an intrinsic exercise capacity effect on cardiac ischemia, if present, would be evident in both male and female HCR and LCR rats.



MATERIALS AND METHODS


Animal Strain

The development of LCR and HCR rats has been described previously in detail (16, 25–27). Rats were selected from a heterogeneous rat population in the N:NIH stock (National Institutes of Health, USA) based on inherent running capacity. Endurance running capacity was assessed at 11 weeks of age using run time and distance to exhaustion on a treadmill as parameters. The highest 20% in running capacity of each gender were randomly inbred/backbred to produce the HCR strain and the lowest 20% in running capacity were inbred/backbred to produce the LCR strain. Subsequent generations were assessed and bred in a similar fashion with precautions taken to minimize inbreeding (<1% per generation). Both female and male HRC and LCR rats, 16–18 months of age, from generation 17 were used in this investigation. There were a total of 8 groups: 4 groups (HCR male, HCR female, LCR male, LCR female, n = 12 each) underwent regional ischemia, and 4 groups (HCR male, HCR female, LCR male, LCR female, n = 12 each) underwent global ischemia. Half of each group (n = 6) went through either the 15 min or the 30 min ischemia challenge, followed by 2 h of reperfusion in all animals. Until study, all animals were maintained in constant temperature environments (22°C) with 12/12 light dark cycles, and ad libitum access to water and food (standard rat chow, Research Diets, New Brunswick NJ, USA). All animal procedures were approved by the East Carolina University Institutional Animal Care and Use Committee and conformed to the standards in the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.



Regional Acute I/R Injury

Regional AIR was induced using procedures essentially as described previously (28, 29). Briefly, all animals were anesthetized (Ketamine/Xylazine) and mechanically ventilated with room air. The heart was exposed through a thoracotomy performed in the left fifth intercostal space. The pericardium was gently separated, and a ligation of the left anterior descending coronary artery was performed using 6.0 suture and a reversible snare. Occlusion was confirmed by cyanosis of the distal myocardial tissue. Following 15- or 30-min occlusion, the snare was released, and the tissue was reperfusion for 2 h. There is a high risk of lethal arrhythmia in this occlusion model, and the availability of animals was limited enough that expected mortality could have compromised the reliability of the infract size measurements, a primary endpoint. To limit the risk of arrhythmia and optimize successful completion of reperfusion, i.p. lidocaine was administered as prophylaxis 5 min before coronary occlusion, 5 min before reperfusion, and 15 min following reperfusion. Similarly, we avoided instrumenting the heart or manipulating the ventricle to the greatest extent possible so as to maintain the number of animals successfully completing the full IR protocol. The approach did work, but it also meant that hemodynamics and assessment of arrhythmia were not completed in the regional IR animals.



Global Acute Ischemia/Reperfusion Injury

Global AIR was induced using procedures essentially as described previously (30, 31). Briefly, after anesthesia was induced using (Ketamine/Xylazine), the thorax was opened and the beating heart was excised rapidly. The aorta was cannulated, the heart was mounted in a constant pressure, Langendorff system, and perfusion was immediately initiated using Krebs-Henseleit buffer (composition (mM): NaCl 118; KCl 4.7; MgSO4 1.2; KH2PO4 1.2; NaHCO3 25; CaCl2 1.4; glucose 11; pH 7.3–7.4) aerated with 95% O2/5% CO2. System and buffer temperatures were maintained at 37° continuously. Perfusion pressure was set to 80 mm Hg by reservoir height and verified by direct pressure sampling via stopcock at the level of the infusion cannula. Constant preload was established by placing an LV balloon and inflating to a diastolic pressure of 5 mm Hg. The hearts were not paced and were permitted to beat spontaneously. Electrocardiogram and LV pressures were obtained in these animals for subsequent hemodynamic and rhythm assessments. Rhythms were graded on an 9 point scale, ranging from 0, equating to fewer than 50 isolated premature ventricular contractions (PVCs) up to a score of 8, which equated to non-reverting (lethal) ventricular fibrillation within 1 min following reperfusion (30).



Determination and Quantification of Infarct Size

TTC staining is a well-established procedure for identifying infarct size (28–31). Following reperfusion in the regional model, and while continuously anesthetized, the animals were euthanized by rapid excision of the heart. The aorta was cannulated and the heart was infused retrogradely with a 1.0% solution containing 2,3,5-triphenyltetrazolium chloride (TTC) to delineate the infarcted area. The coronary artery was re-occluded at the original ligature site and a 1.0% solution containing methylene blue was infused through the aortic cannula as counterstain to delineate the area at risk, followed by transverse sectioning of the entire heart. In the global ischemia model, the heart was removed from the apparatus and transverse sectioning was completed immediately. The sections were transferred to a shaker bath containing a 1% TTC solution and incubated for 5 min at 37°C. Once stained, all sections were photographed form both sides using a digital camera. From these photographs, the LV area, area at risk, and area of infarction in each image were determined using NIH image software (ImageJ, version 1.34s). In the regional model, the area at risk was expressed as a percentage of the LV area and the area of the infarcted zone was expressed as a percentage of the area at risk. In the global model, since the entire ventricle was “at risk,” the infraction was expressed as % of whole heart.



Histology

Histology was performed on the same tissue sections used for infarct measurements. Following TTC staining and digital photography, one of the myocardial sections was fixed in 4% paraformaldehyde, embedded in paraffin wax, and cut at 5-um sections. Sections were stained with hematoxylin and eosin (H&E) and examined by light microscopy under high magnification (X 60). The number of infiltrated neutrophils in each high–power field was counted and normalized to the area of the field, based on the microscope specifications. Neutrophil counts were made on five sections per rat heart and on five fields per section.



Statistics

Differences between groups were determined by ANOVA and Tukey's post hoc test with significance determined when p < 0.05. Data in all figure are expressed as mean ± SD.




RESULTS


Acute I/R Injury

In the regional ischemia model, ligature placement was consistent and there were no significant differences in the area at risk among the groups (HCR males = 57.3% ± 4.0, LCR males = 53.0% ± 3.7, HCR females = 52.8% ± 3.2, LCR females = 56.7% ± 3.6) (Figure 1).


[image: Figure 1]
FIGURE 1. Comparison of the percentage of the LV at risk for ischemia (AAR) in the regional ischemia model. The model was reproducible, and the amount myocardium rendered ischemic by coronary occlusion was comparable in all groups.




Myocardial Infarct Size

Thirty minutes of regional ischemia followed by 2 h of reperfusion generated no differences in infarct size between HCR and LCR. Infarct size was consistently smaller in female compared to male rats within each phenotype, but not between phenotypes (HCR males = 42.7% ± 4.3, LCR males = 44.7%, HCR females = 32.6% ± 3.2, LCR females = 31.9% ± 3.6) (Figure 2). Similar results also were seen in the global ischemia model (HCR males = 45.7% ± 4.4, LCR males = 49.9% ± 4.7, HCR females = 37.5% ± 3.6, LCR females = 36.6% ± 3.9) (Figure 3).


[image: Figure 2]
FIGURE 2. Comparison of the average infarction size normalized to area at risk (%AAR) between HCR male/female and LCR male/female rats after 30 min ischemia and 2 h reperfusion using an in situ regional ischemia (RI) model. Scale bars in images indicate 5 mm. Significant differences were noted between sexes within each phenotype, but not between phenotypes for either sex (*p < 0.05 for the comparison indicated).



[image: Figure 3]
FIGURE 3. Comparison of the average infarction size normalized to the whole heart between HCR male/female and LCR male/female rats after 30 min ischemia and 2 h reperfusion using an ex vivo buffer-perfused global ischemia (GI) model. Scale bars in images indicate 5 mm. Significant differences were noted between sexes within each phenotype, but not between phenotypes for either sex (*p < 0.05 for the comparison indicated).


Thirty minute occlusion is the most common model in rat, but it is intended to produce substantial injury (near 50% of the risk area in regional ischemia; 40–50% of LC in global ischemia) in order to detect a meaningful effect when testing the efficacy of injury reducing interventions. To determine whether the insult was simply too severe and potentially overwhelmed any innate differences between phenotype, the studies were repeated but with occlusive time reduced to 15 min, again followed by 2 h of reperfusion. Under these circumstances, there was an expected overall reduction in infarction size in all groups, regardless of sex or phenotype, compared to the 30 min ischemia results. However, HCRs, both male and female, showed a larger decrease than the LCRs, and a reduction in infarct size by phenotype consistent with relative cardioprotection in HCRs that was phenotype, and sex specific (HCR males = 22.7% ± 2.9, LCR males = 34.7% ± 3.3, HCR females = 16.2% ± 2.0, LCR females = 24.0% ± 2.1) (Figure 4). Similar results also were seen in the global ischemia model (HCR males = 27.2% ± 2.4, LCR males = 40.9% ± 3.9, HCR females = 20.8% ± 2.0, LCR females = 31.1% ± 2.9) (Figure 5).


[image: Figure 4]
FIGURE 4. Comparison of the average infarction size normalized to area at risk (%AAR) between HCR male/female and LCR male/female rats after 15 min ischemia and 2 h reperfusion using an in situ regional ischemia (RI) model. Infarct sizes were smaller for all groups compared to 30 min regional ischemia (Figure 2). Scale bars in images indicate 5 mm. Significant differences were noted between sexes within each phenotype, and also between phenotypes for each sex, with LCRS having larger average infarctions compared to HCRs (*p < 0.05 for the comparison indicated between sexes within phenotype; **p < 0.05 for the comparison indicated between phenotype within sex).



[image: Figure 5]
FIGURE 5. Comparison of the average infarction size normalized to the whole heart between HCR male/female and LCR male/female rats after 15 min ischemia and 2 h reperfusion using an ex vivo buffer-perfused global ischemia (GI) model. Infarct sizes were smaller for all groups compared to 30 min global ischemia (Figure 3). Scale bars in images indicate 5 mm. Significant differences were noted between sexes within each phenotype, and also between phenotypes for each sex, with LCRS having larger average infarctions compared to HCRs (*p < 0.05 for the comparison indicated between sexes within phenotype; **p < 0.05 for the comparison indicated between phenotype within sex).


Histologic assessment of neutrophil infiltration in tissue sections from regional ischemia groups revealed a generalized increase in infiltration in the ischemic region of about 20% above remote regions from the same heart (Figure 6A). However, the level of infiltrate was not different between phenotypes, and contrary to infarct size, also was not different between male and female in either phenotype (HCR M, Ischemic 107.5 ± 9.2, Remote 81.6 ± 5.8; HCR F, Ischemic 111.1 ± 9.7, Remote 80.3 ± 5.5; LCR M, Ischemic 107.4 ± 7.9, Remote 80.8 ± 6.3; LCR F, Ischemic 109.3 ± 9.8, Remote 79.9 ± 5.4) (Figure 6B). There also was no difference between 30 min ischemia and 15 min ischemia (data not shown), suggesting that infiltrate is driven more by reperfusion than by ischemia.


[image: Figure 6]
FIGURE 6. (A) Sample histologic sections showing relative myocardial neutrophil infiltration after 30 min in situ regional ischemia (RI) and 2 h reperfusion by sex and by phenotype in samples from the ischemic region, and from non-ischemic, remote regions (right ventricle) from the same hearts (H&E staining, 60X). Scale bars in images represent 200 um. (B) Quantification of neutrophil infiltration (cell counts). Data represents average of 5 fields in each section, and 5 sections for each animal. Ischemic regions (I) showed higher levels of infiltration compared to non-ischemic remote (NI/R) regions, but the increased levels of infiltration were not different between sexes within either phenotype, and were not different between phenotypes for either sex (*p < 0.05 for the comparison indicated).


The arrhythmia scores in the global ischemia cohorts are summarized in Figure 7. The incidence of reperfusion arrhythmia was higher with 30 min ischemia vs. 15 min in all groups. There were not differences within phenotypes between male and female animals, and there were not differences within sex when comparing across HCR and LCR strains.


[image: Figure 7]
FIGURE 7. Summary of arrhythmia scores according to duration of ischemia (30 vs. 15 min), strain (HCR vs. LCR), and sex (males vs. female). There were significant differences in the severity of arrhythmia (*p < 0.05 for the comparison indicated), with 30 min ischemic episode producing consistently higher arrhythmia scores than 15 min events, however there were not significant differences between strain or between sexes with strains.


A summary of changes in left ventricular developed pressure (LVDP, mm Hg), and the positive and negative rate of pressures change (+dP/dt and –dP/dt mm Hg/s, respectively), is provided in Table 1. Functional performance indices showed substantial and significant decreases with ischemia compared to baseline for both ischemic times, but 30 min of ischemia did not further decrease the function, or alternatively, shortening ischemia to 15 min was not enough to significantly recover the function, even though tissue injury was reduced (infarct size, Figures 3, 5), suggesting that functional recovery is more complex than simple tissue salvage. There were no differences in these results between LCR and HCR strains comparing the same sex, or within either strain in male female comparisons.


Table 1. Summary of functional variables in global ischemia groups, by Phenotype, Sex, and duration of global ischemia.

[image: Table 1]




DISCUSSION

In this study, using two different models of ischemia-reperfusion injury, it is clear that increased intrinsic aerobic capacity phenotype (HCR) did confer a level of cardioprotection relative to the reduced/low capacity phenotype (LCR) (Figures 4, 5). The finding is consistent with a more general characterization of the HCR as “disease/injury resistant” phenotype, and the LCR as a “disease/injury prone” phenotype (25–27). Both phenotypes demonstrated comparable relative injury reduction in females relative to males, suggesting that the factors responsible for determining intrinsic aerobic capacity are not sex dependent, but that the responses determining response to cardiac ischemic injury are. The finding that similar results were seen in both intact regional ischemia models and in buffer perfused ischemia models ex vivo tends to suggest that the factors responsible for the differences in phenotype had more to do with inherent coronary and cardiac tissue characteristics than with any differences in circulating blood factors, or autonomic influences.

Noteworthy however, is that the cardioprotection associated with the HCR phenotype was lost with longer durations of ischemia. Extending the ischemic time from 15 to 30 min eliminated the difference in infarct size between the phenotypes (Figures 2, 3). The sex difference within each phenotype remained. Relatively speaking, the difference in infarct size between 15 and 30 min was actually larger in the HCR than in the LCR, consistent with an accelerated rate of injury once the threshold for protection had been exceeded. The reperfusion periods were the same with both time periods. Neutrophil infiltration is a common hallmark associated with reperfusion injury and was not different between the phenotypes, suggesting the possibility that the loss of relative cardioprotection was more likely due to overwhelming intrinsic cardiac or coronary features during ischemia, rather than reperfusion.

The HCR phenotype has been associated with increased longevity generally (32), which means it might also be possible that there is less benefit from the phenotype in an acute injury model such as the one used in this study, than in a more chronic, progressive disease setting such as high fat feeding (18, 33). It is also possible that the effect seen here is tissue dependent, but others have reported no difference between phenotypes in survival from multisystem stress in a model of hemorrhagic shock (34). We also did not complete any longer-term outcomes following the ischemia reperfusion injury. It is possible that long term results in myocardial healing and progression to heart failure might have been different between phenotypes, despite similarities in initial injury (35, 36). Certainly, previous studies using this model have shown that the immune response is exaggerated in LCR (25–27), and particularly TNF-α (37) as well as interleukin-10 (38), all of which could alter the progression of post-ischemic remodeling. It also is important to note that lack of ischemic protection despite interventions such as exercise and diet control have been reported in humans as well when injury is sufficiently severe (39, 40).

Gender has been recognized as an important factor in determining the risk for cardiovascular diseases (23) and cardioprotective effects of sex hormones have been reported in both experimental and clinical studies (41). Moreover, gender differences have been well-established in models of ischemia reperfusion injury (23, 24). Bae and Zhang observed significantly less myocardial injury in female vs. male hearts following 25 min of ischemia and 2 h of reperfusion in Langendorff-perfused rat hearts (42). The current results suggest that gender effects on cardiac ischemic tolerance are preserved despite selection for intrinsic aerobic capacity. While there is much still to be determined, it is becoming increasingly clear that many of the sex related differences in outcomes from cardiovascular diseases could be related to sexual dimorphism at the mitochondrial level. Estrogen has a substantial influence on mitochondrial gene expression, which in turns influences biogenesis, apoptosis, energy production, calcium handling and ROS production (35).

In humans there is a strong association between active exercise and cardiovascular protection (43). Regular physical exercise has been shown effective in the secondary prevention of cardiovascular disease and is effective in attenuating the risk of premature death among men and women (44). In other rat models, it has been demonstrated that acute exercise training can induce cardioprotection that results in reduced infarctions following ischemia–reperfusion injuries (45, 46). However, there can be quite notable strain dependent differences in response to a wide range of physiological challenges (47). Humans are not entirely well-modeled by inbred animal strains. The HCR and LCR phenotypes were developed by phenotypic selection using an outbred background, as a model to better assess the genetic components of aerobic capacity (25–27). The HCR/LCR model has inherited differences in aerobic capacity without prior training. Wisloff et al. found that the LCR phenotype scored high on cardiovascular risk factors and the HCR score high for health factors (15) while Lujan et al. demonstrated that the LCR phenotype demonstrated increased ischemia-reperfusion–mediated ventricular tachyarrhythmias and the HCR phenotype decreased susceptibility to tachyarrhythmias following short duration, non-infarction ischemia (48).

One interesting hypothesis is that the higher level of intrinsic aerobic capacity creates relatively less opportunity to “pre-condition” the heart, if in fact the phenotype is inherently less vulnerable to demand induced ischemia (31, 42, 49). Similarly, the LCRS might exceed a “pre-conditioning” threshold more easily. If so, it could mean that active exercise protocols intended to improve cardiovascular health would be more effective if first “titrated” against intrinsic capacity.

It is also clear from subsequent studies that the adaptive/induced response to a training regimen is genetically determined independently from the intrinsic aerobic capacity (50). Animals characterized as HCR or LCR appear to have similar capacity to improve (or not) when exposed to an active exercise regimen. There has been the suggestion that active exercise might “rescue” the LCR phenotype (51), but the fact that the factors governing the response to exercise training and the intrinsic exercise capacity seem to sort differently genetically (33, 42, 52, 53) would suggest that might not be the case. What is clear is that the availability of the HCR and LCR phenotype for the first time provides the opportunity for much better insight into the dynamic interaction between the intrinsic capacity for exercise, and the dynamic response to an active exercise regimen.

Consistent with our findings suggesting an intrinsic tissue character to the HCR/LCR phenotype effect, and the possibility that there might be tissue specific variation, several studies have suggested that a major component of the differences in intrinsic capacity might be metabolically driven (50, 51, 53–57). Noland et al. found changes in metabolic FFA utilization was affected by phenotype and was more pronounced in skeletal muscle while cardiac tissue did not demonstrate these differences even with high fat feeding (18).

In summary, there appears to be a cardioprotective benefit associated with inborn aerobic capacity. The relative cardioprotection can be overwhelmed if the ischemic stress sufficiently severe. Higher intrinsic capacity was associated with more rapid infarct expansion, once the protective threshold was exceeded. The relative impact of intrinsic aerobic capacity was not dependent on sex, with females showing less tissue injury regardless of phenotype or duration of ischemia compared to the males. The mechanisms for the phenotypic differences in ischemic tolerance appear to be intrinsic to the tissue, and more related to ischemia than reperfusion associated events.
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Background: Exercise prescription of cardiac rehabilitation (CR) is vital in patients with cardiovascular diseases (CVDs) and those carrying high risk for CVDs. However, the relation between the implementation rate of exercise prescription and cardiovascular events (CVEs) is unclear.

Design and Methods: In this retrospective study, using the administration data from the Rehabilitation Center in a hospital, patients aged ≥18 years with CVDs were consecutively enrolled from November 2018 to May 2021. Patients were divided into the high execution group (HEG) and low execution group (LEG) depending on whether they completed more than half the time of the exercise prescriptions. Baseline characteristics, ultrasonic cardiogram, cardiopulmonary exercise test, follow-up data, and CVEs were collected.

Results: The mean age of the 197 CR patients was 61.8 ± 13.7 years and the mean follow-up duration was 10.9 ± 4.2 months. Among them, 15 patients suffered CVEs: 4 in the HEG and 11 in the LEG. The incidence of CVEs showed significant differences between HEG and LEG (chi-square test). Free-event survival analysis using Kaplan–Meier survival plots showed that patients in LEG had poor survival. Cox proportional hazards regression analysis revealed that the prescription implementation rate was an independent predictor of CVEs.

Conclusions: Our study suggested a significant effect of exercise prescription execution rate on the occurrence of CVEs. Further, the HEG of exercise prescription was associated with lower CVDs.

Keywords: cardiac rehabilitation, cardiovascular diseases, exercise prescription, cardiovascular events, coronary heart disease


INTRODUCTION

Cardiovascular diseases (CVDs) are a serious global health concern. A systematic analysis for the Global Burden of Disease Study 2017 reported that CVDs affect approximately 485.6 million people worldwide (1). According to the National Center for Cardiovascular Diseases' most recent estimates, there are 330 million cases of CVDs in China, accounting for 40% of all deaths (2). With the development and progression of new treatment strategies, cardiac rehabilitation (CR) has received a lot of attention. The American Heart Association (AHA), the American College of Cardiology (ACC), and the European Society of Cardiology (ESC) have all recognized and advocated CR as a vital aspect of modern cardiology (3, 4). At present, CR is still in its early stages of growth in China. Chinese cardiologists have proposed the Five Prescriptions rule, which integrate pharmacological prescription, exercise prescription, diet prescription, psychological prescription, and smoking-cessation prescription to provide comprehensive and holistic management and care for patients with CVDs.

Exercise training is regularly identified as the cornerstone of comprehensive CR in international guidelines (5). Exercise has been classified as Type 1A evidence in various CR guidelines and consensus in the fight against CVDs risk. The importance of exercise in CR is self-evident (5–7). Exercise training has been found in clinical research to improve blood pressure and cholesterol control in persons at risk of CVDs (8, 9). Patients with coronary artery disease (CAD) and heart failure may also see considerable improvements (10–12). Furthermore, exercise improves clinical prognosis by lowering illness incidence, overall mortality, cardiovascular disease-related mortality, rehospitalization rates, and the need for revascularization (13, 14).

A patient's prognosis is heavily influenced by the extent of exercise prescription that is carried out. However, in our clinical work, we frequently discover that even when physicians and therapists target individualized exercise prescriptions for patients, the exercise prescription implementation (i.e., type, frequency, volume, intensity of exercise, duration of sessions and programs, goals, and progressive training adaptations) varies significantly from patient to patient (15, 16). Given the link between exercise prescription rates and cardiovascular events (CVEs), a better knowledge of their relationship could help doctors improvise treatment strategies, improve patients' outcomes, and reduce medical costs. Thus, we investigated the prognostic effects of exercise prescription implementation on CVEs in CR patients to suggest directions for future work.



MATERIALS AND METHODS


Study Participants

A total of 197 patients with CR from November 8, 2018 to May 11, 2021 in the Rehabilitation Center of Zhejiang Hospital, Zhejiang Province, were included in this study, which was approved by the Ethics Committee of the hospital (No. 2014-KA-8). The inclusion criteria were (1) age≥18 years; (2) myocardial infarction, CAD, post percutaneous coronary intervention, hypertension, diabetes mellitus, heart failure, dilated cardiomyopathy, and/or other high-risk CVDs; and (3) the need for CR. The exclusion criteria were as follows: (1) symptomatic systolic blood pressure >200 mmHg or diastolic blood pressure >110 mmHg at rest or a drop in blood pressure >20 mmHg after sitting-up; (2) severe aortic stenosis; (3) acute systemic disease or fever; (4) uncontrolled severe atrial or ventricular arrhythmias, uncontrolled significant sinus tachycardia (>120 beats/min); (5) uncontrolled heart failure or third-degree atrioventricular block without a pacemaker; (6) active pericarditis or myocarditis, thrombophlebitis, recent thromboembolism, and ST-segment depression or elevation (>2 mm) at rest; (7) severe exercise system abnormalities that can limit exercise capacity and other metabolic abnormalities such as acute thyroiditis, hypokalemia, hyperkalemia, or hypovolemia; (8) pregnancy; and (9) severe mental illness or dementia in patients making them unable to cooperate. After enrollment, medical history including basic personal information (age, sex, current medical history, past history, and education) was collected, and an informed consent form was signed was by all participating patients.



Ultrasonic Cardiogram

Cardiac function was assessed using an ultrasonic cardiogram with Color Doppler Ultrasonography (Vivid E9, GE, USA) at a scanning frequency of 3.5 MHz and parasternal left ventricular long-axis views to measure left atrial internal diameter, left ventricular internal diameter, septal thickness, and posterior left ventricular wall thickness, as well as left atrioventricular valve flow spectrograms. Furthermore, early diastolic E-peak flow, E-peak deceleration time, late diastolic A-peak flow velocity, LV early/late diastolic peak flow velocity ratio (E/A), and LV isovolumic diastolic time were all evaluated at end-expiration velocity.



Cardiopulmonary Exercise Test

CPET (Cosmed, Rome, Italy) and OMNIA cardiorespiratory diagnostic software were used to assess aerobic capacity. CPET exercise program selected sub-maximum quantity exercise or symptom-limited exercise test by using a cardiopulmonary exercise tester (17). Lung function was measured before exercise, and oxygen consumption and other indicators, 12-lead electrocardiogram (ECG), and blood pressure were continuously monitored during exercise. After a 3-min resting period, the bicycle was pedaled at 55–65 r/min for 3 min without load, and then the power was increased in 10–20 W/min increments until symptom limitation was reached or the target exercise volume was reached. After achieving maximum workout power, a 5–10 min recuperation time was implemented. The heart rate, oxygen uptake, oxygen pulse, blood pressure, metabolic equivalent, and power of the patient were all continuously recorded. The cardiorespiratory analysis system analyzes sample data and generates reports that include information on the patient's resting and anaerobic threshold conditions.



Exercise Prescription Execution Ability and Grouping

Based on the CPET results, aerobic exercise training generates exercise prescriptions and intensities. During the inpatient phase, the CR physician formulated individual exercise prescriptions for the patients in the CR group, and the therapists instructed the implementation of rehabilitation exercises according to the exercise prescriptions: (1) Warm-up exercises: The muscles, joints, and cardiovascular system were warmed up for 10–15 min with low-intensity warm-up exercises. (2) Workouts were conducted in the hospital ward or exercise therapy room. Exercise methods included walking, power bicycles, dumbbells, joint stretching, 8 or 24 forms of Taijiquan, or exercise gymnastics. Real-time cardiac monitoring was performed with a BeneView T5 patient monitor or POLAR heart rate meter. Heart rate, rhythm, blood pressure, and fatigue level were closely observed and recorded. (3) Relaxation period: 5–10 min following the last recovery exercise. (4) Precautions: blood pressure was monitored before and after exercise, and ECG was monitored throughout. Patients were asked to exercise at an intensity corresponding to an RPE of 11–14 (18). The duration of each exercise was 30–45 min, once a day. The rehabilitation center was equipped with the above-mentioned Sports Art C52r power bicycle, Sports Art 6300HR running table, and other CR exercise equipment, with soothing background music, as well as oxygen, monitors, defibrillators, resuscitation drugs, and other resuscitation equipment. Concurrently, group health education was conducted twice a week, combined with individual education. The content format was mainly slide lectures combined with reading pamphlets to help correct risk factors for coronary heart disease, including guidance on smoking cessation, dietary guidance, psychological assessment, and emotional management to help establish a healthy lifestyle.

During the discharge phase, outpatient CR was conducted. Outpatient rehabilitation was performed three times a week, 36 times a cycle according to exercise prescriptions, with an assessment once every 4 weeks and adjustment of exercise prescriptions. Home CR was performed after 3 months. Some low-risk patients were discharged from the hospital for home CR, with telephonic follow-up every 2 weeks. Specifically, the high execution group (HEG) (n = 104) comprised patients who completed >50% of the exercise times (the duration time and intensity of exercise met the requirements of exercise prescription); all other patients were classified under the low execution group (LEG) (n = 93) (Figure 1).


[image: Figure 1]
FIGURE 1. Study design flowchart. PCI, percutaneous coronary interventions; CR, cardiac rehabilitation; HEG, high execution group; LEG, low execution group; CVEs, cardiovascular diseases.




Definition of CHD, PCI, CVEs, Medication Compliance, Smoking Cessation, Mental State, and Nutritional State

CHD: The Cardiovascular Disease Branch of the Chinese Medical Association's “Guide to the rational use of drugs in the primary level for stable coronary artery disease” was consulted for the definition of diagnostic criteria for coronary artery disease (19).

PCI: The “Chinese guidelines for percutaneous coronary interventions (2016)” were referred to for all percutaneous coronary procedures (20).

CVEs: These were defined as the composite endpoint of acute myocardial infarction recurrence, acute angina recurrence, acute heart failure, atrial fibrillation, stroke and death.

Medication compliance: The extent to which an individual consistently adhered to the medication recommended by the healthcare provider.

Smoking cessation: The smokers giving up their dependence on nicotine. Successful cessation was when the patient quit and did not resume smoking during the observation period.

Mental state: The complete characteristics of psychological activities in a certain period of time, including anxiety, depression, tension, relaxation, sadness, and joy.

Nutritional state: It is closely related to food intake, digestion, absorption, and metabolism, and is used to reflect the level of material energy provided by all activities of the organism, and its status can be used as one of the criteria to identify health and disease, which is divided into good nutrition, malnutrition, and overnutrition.



Study Outcome and Follow-Up

All participants had access to standardized medicine as well as health promotion and risk-factor management. The primary outcome was recurrent CVEs status, and secondary outcomes included status of medication compliance, smoking cessation, mental state, and nutritional status. Information for the inpatient phase was derived from the case system, while information for the home rehabilitation phase was obtained by professional staff during telephonic follow-up visits or outpatient follow-up visits. Medication adherence was assessed using the Morisky 8-item Medication Adherence Questionnaire (MMAS-8). Psychological status was assessed using the Patient Health Questionnaire-9 (PHQ-9) and the Generalized Anxiety Disorder (GAD-7). Smoking status was assessed using the Fagerstrm Test for Nicotine Dependence (FTND). Nutritional status was assessed using the Inpatient Nutrition Risk Screening Scale 2002 (NRS2002). To avoid temporal bias, all individuals were followed-up until death or July 7, 2021.



Statistical Analyses

SPSS 26.0 statistical software (IBM Corporation, Armonk, NY, USA) was used for analysis. Continuous variables were expressed as M (Q1, Q3) using the Mann–Whitney U rank sum test, while categorical variables were expressed as percentages (%) using the chi-square test. Event-free survival was analyzed using Kaplan–Meier hypothesis testing between patients with HEG or LEG. Curves were compared with the log-rank test and the Breslow test. The association between exercise prescription implementation rate and CVEs was evaluated by Cox proportional hazards model. Univariate Cox analysis was first performed to screen all prognostic factors. Variables with clinical significance or P < 0.05 in the univariate analysis were selected for multivariate Cox analysis (backward method). Differences were considered statistically significant at P < 0.05.




RESULTS


Clinical Characteristics of Patients

The mean age of the 197 CR patients was 61.8 ± 13.7 years, and the mean follow-up duration was 10.9 ± 4.2 months. The proportion of HEG and LEG were 52.3 and 47.7% respectively. In demographic data, biochemical indicators, concomitant disorders, and ECG, there were no significant differences between the two groups. CPET was also not statistically significant between the two groups (Table 1).


Table 1. Baseline characteristics of patients.
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Follow-Up of Patients

A total of 197 patients were followed-up. Regular medication and mental health were substantially better in the follow-up situation than in the LEG (regular medication: 99.0 vs. 87.2%, P = 0.001 mental health: 97.1 vs. 81.9%, P < 0.001) (Table 2).


Table 2. Outcome of follow-up.
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Event-Free Survival

CVEs were shown to be considerably more common in LEG than in HEG (P = 0.039) (Table 3). During follow-up, four HEG patients (3.9%) suffered at least one cardiovascular event, including one acute myocardial infarction, two acute anginas, and one stroke. During follow-up, eleven LEG patients (11.7%) had at least one cardiovascular event, including one acute myocardial infarction, four acute anginas, two acute heart failures, one atrial fibrillation, and three deaths (Table 3). The Kaplan–Meier hypothesis testing method was used to analyze event-free survival. The Breslow test revealed a significant difference (P = 0.008) between the two groups, and the log-rank test also revealed a significant difference (P = 0.016) (Figure 2).


Table 3. Incidence of cardiovascular events in study patients.
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FIGURE 2. Kaplan–Meier curves of event-free survival with follow-up time. HEG, high execution group; LEG, low execution group.




Cox Proportional Hazards Regression Analysis for CVEs

In univariate Cox analysis, age, smoking, interventricular septal thickness (IVS), and low execution of exercise were significant factors (P < 0.05) (Table 4). Considering their clinical importance, comorbidities and unregular medication were also selected for multivariate Cox analysis (backward method). Model 1 was adjusted for age, smoking, IVS, and low execution of exercise. Model 2 was adjusted for the variables in model 1 plus CHD, hypertension, and diabetes. Model 3 was adjusted for the variables in model 1 plus unregular medication. In all three Cox models, execution of exercise was found to be an independent predictor of CVEs (Table 5).


Table 4. Univariate Cox analysis of proportional risks for CVEs.
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Table 5. Multivariate Cox analysis of proportional risks for CVEs.
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DISCUSSION

In this study, we followed-up 197 CR patients. We developed individualized exercise prescriptions for each patient based on their unique characteristics, and then classified them into HEG and LEG based on the exercise prescription's completion. We discovered through the study's analysis that varied exercise prescriptions had a substantially positive impact on the occurrence of CVEs. Moreover, prescription implementation rate was found to be an independent predictor of CVEs. The impact of better exercise prescription implementation on the incidence of CVEs has to be researched further, according to the study findings.

In our research, we discovered that patients who followed their exercise prescriptions at a higher rate had fewer CVE episodes. The results can be explained as two aspects. First, we looked at the baseline data and follow-up results and discovered that while there were no noticeable variations in the baseline, the follow-up outcomes differed substantially. When compared to the LEG, the HEG exhibited superior adherence in terms of regular medication-taking and mental health maintenance. Medication compliance largely reflects a patient's attitude toward medical advice. Moreover, good-users of drugs may also have better compliance with medical treatments and healthy lifestyle choices than users with poor compliance (21). Negative mood, whether overt or covert, is extremely likely to be one of the main non-cardiac reasons for lack of motivation and exercise discontinuance in CR (22, 23). CR is a self-contained and active process. Patients who adhere to their treatment plans are more likely to engage in physical activity. We paid more attention to the occurrence of CVEs. There were 4 CVEs in the HEG and 11 in the LEG among the endpoint events. The larger case numbers, more CVEs variants, and more severe occurrences that occurred in the LEG can be summarized. On the part of the event-free survival during the following-up time, the results of log-rank test reflected the long-term outcome, while the Breslow test showed the short-term outcome. When we combined the baseline data with the follow-up outcomes, we can see that the HEG with the same condition had considerably better adherence and a significantly lower risk and severity of CVEs than the LEG.

In a retrospective study from Belgium, which divided patients with CAD into supervised and unsupervised groups, the supervised group performed reasonably standardized multidisciplinary exercise rehabilitation for 3 months longer than the unsupervised group. The results showed that in patients with CHD, the supervised group had considerably fewer hospitalizations for adverse CVEs (24). Longer supervised exercise training, stricter adherence to pharmaceutical prescriptions, more healthy food counseling, and greater psychological distraction were all hypothesized to be connected with the clinical advantages found in this study. The findings of this study were similar to those of ours, which may have profited from their multidisciplinary collaboration. This study's findings were similar to ours in terms of trend; however, our statistical findings were not as significant as theirs, which could be attributed to their bigger sample size and multidisciplinary joint intervention (25).

High-risk, older cardiac patients were placed into two groups in a single-blind randomized clinical trial on CR in the Netherlands: normal treatment and CR intervention. There were no significant differences in readmission and mortality rates between the two groups after 6 months, and the event rate was slightly lower in the usual care group than in the CR intervention group, despite the CR intervention group receiving more standardized and systematic comprehensive rehabilitation (26). This study did not come up with the same results as ours. This could be because the high-risk elderly have a higher chance of mortality and CVEs; hence, there was no meaningful difference between the two groups. As a result, the impact of exercise prescription execution must be investigated further.

Our study has some limitations. First, because this was a retrospective case study rather than a randomized controlled trial, the possibility of selection bias impacting the results of the study cannot be ruled out. Second, the study had a single-center design with a small sample size, which could limit the generalizability of the results. Third, the follow-up information was insufficient. In the future, we will more rigorously standardize patient enrollment criteria, develop randomized controlled clinical trials for specific disease populations, and conduct longitudinal and prospective analyses to further clarify the effect of different exercise prescription execution rates on CVEs.

To summarize, although we found a substantial effect of exercise prescription execution rate on unfavorable CVEs, this study has limitations and the potential advantages of high CR exercise prescription execution rates must be verified in more refined, bigger, and longer-term trials. Furthermore, to adopt better management techniques and enhance clinical prognosis, efforts should be made to discover significant elements that can promote patient compliance.
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Background: Inflammatory activation has been associated with the severity and progression of chronic heart failure (CHF). Although cardiac rehabilitation is an important therapy, acute bouts of exercise may lead to increases in pro-inflammatory cytokines with exercise intensity mediating these changes.

Objective: To evaluate the acute inflammatory response in patients living with CHF during a randomized trial following Steady State (SS) or High Intensity Interval (HIIT) training.

Methods: Patients living with CHF (n = 14) were stratified (for body mass and aerobic power) and randomized into SS and HIIT cycle exercise. The HIIT exercise training involved 2 min work:recovery phases at 90:40% heart rate reserve. The SS exercise training involved continuous exercise at 65% of heart rate reserve (matched total work). Acute inflammatory markers were evaluated (via ELISA) at baseline, immediately following the bout, and at 6, 24, and 48 h post-exercise.

Results: There was limited differences in the changes in inflammatory biomarkers across time between the HIIT and SS groups. Both groups experienced a significant (p < 0.05) change in Interleukin-6 immediately post-exercise.

Conclusions: A single bout of HIIT or SS does not result in excessive inflammatory activation in CHF patients. Acute HIIT and SS result in similar changes in inflammatory markers. These findings have important implications for exercise training and rehabilitation programs in persons living with CHF.

Keywords: heart failure, exercise, training, inflammatory markers, cytokines, heart failure, interval training, cardiac rehabilitation


INTRODUCTION

Inflammatory activation with increased plasma/serum cytokine levels has been described as an important factor for the progression of chronic heart failure (CHF) (1, 2). Cytokines appear to act as catabolic factors in the pathogenesis of skeletal muscle wasting and cardiac cachexia (3–5). This has important implications as muscle mass is an important determinant of exercise and functional capacity (6). Moreover, the progressive loss of muscle mass, cachexia (i.e., weight loss due to an underlying illness), and low levels of muscular strength are strong predictors of the risk for premature mortality (5, 7, 8). Emerging research has demonstrated the important relationship between cytokines, health, and cardiovascular fitness. Lower levels of physical activity, functional status, and/or cardiovascular fitness have been associated with higher levels of inflammation in apparently healthy individuals (9) and persons living with chronic medical conditions (10).

Exercise training remains an important therapeutic intervention in the management of CHF improving exercise capacity, Quality of Life, and various neurohormonal abnormalities (11–14). Acute bouts of exercise can lead to increases in pro-inflammatory cytokines (15–17). In contrast, there is evidence that longer duration (6 weeks to 4 months) exercise training trials may lead to small reductions in pro-inflammatory markers (18–20). However, the evidence in this field remains unclear likely owing to a variety of factors, such as high heterogeneity of participant populations and/or exercise programs studied, low exercise training adherence, and different clinical characteristics or outcomes (14). For instance, some studies have demonstrated that strenuous high intensity physical activity can cause sub-clinical skeletal muscle injury with the potential for an excessive inflammatory reaction and immune suppression (in healthy individuals) (15). A recent 12-week exercise training study revealed that pro-inflammatory markers may be increased in healthy adults following exercise (21). Whereas, another investigation (18) revealed that 12 weeks of group-based cardiac rehabilitation (involving both high intensity interval (HIIT) and moderate intensity steady state (SS) training groups) resulted in a reduced inflammatory state in persons living with CHF.

In the presence of an increased baseline of inflammatory factors, it is possible that even small amounts of physical activity can acutely increase plasma/serum cytokines in extremely deconditioned individuals (such as those living with CHF). Further to this, persons living with CHF who have relatively low inflammatory markers may improve their cardiorespiratory fitness significantly more than those with high inflammatory markers following an exercise program that includes interval training (22). Overall, there is a complicated and unclear relationship between exercise duration (acute and chronic) and intensity as it relates to inflammatory markers in healthy adults, persons living with CHF, and persons living with other chronic medical conditions (23).

The majority of evidence in the field of exercise science and medicine relates to apparently healthy individuals (24). To date, the most appropriate form of exercise training for persons living with CHF is not known. Traditional rehabilitation for CHF involves low to moderate intensity SS exercise training designed to remain below a symptom threshold. However, several researchers have challenged the traditional rehabilitation model and advocated for the incorporation of HIIT (25–30). These recommendations have been increasingly incorporated into national and international cardiac rehabilitation guidelines (31–34). Although HIIT has been shown to lead to significant benefits in cardiovascular fitness and function and other markers of health status (including Quality of Life), there is still debate regarding the observed benefits in comparison to those seen after traditional SS. Several randomized trials have demonstrated superior cardiovascular and/or health outcomes after HIIT (29, 30, 35, 36), with a potentially greater stimulus to the working muscles (37, 38) in patients living with CHF in comparison to traditional SS training. However, others have demonstrated similar changes in health outcomes after HIIT and SS training in persons living with CHF (39).

To date, limited research has examined the acute effects of HIIT on pro-inflammatory markers. In particular, to our knowledge no study has examined the temporal changes in pro-inflammatory markers in persons living with CHF after HIIT in comparison to traditional SS training. This has important implications for rehabilitation practices for persons living with CHF, as it is critical to ensure an optimal training stimulus while minimizing the risk for over-activation of the inflammatory system. Accordingly, the primary purpose of this study was to examine the effects of HIIT in comparison to traditional SS training on inflammatory biomarkers. We also sought to examine the time course of changes in inflammatory markers following acute bouts of HIIT and SS exercise training. We hypothesized [based on work from apparently healthy individuals (40) and persons living with coronary arterty disease (26)] that HIIT and SS would have similar acute effects on inflammatory markers in CHF and those inflammatory markers would return to baseline levels within 48 h.



METHODOLOGY


Study Design

A convenience sample of males living with CHF were recruited from St. Paul's Hospital (Vancouver, Canada) to participate in a randomized controlled study. Sixteen patients were identified as eligible participants and approached regarding the study. Two participants were excluded due to a lack of time to complete the study. Fourteen male participants completed the study assessments (Figure 1). All participants were physically inactive, were over the age of 45 yr, had a peak aerobic power (VO2peak) <25 mL·kg−1·min−1 (7.1 METs), and a left ventricular ejection fraction <35%. Exclusion criteria included: musculoskeletal limitation affecting the ability to use a cycle ergometer, pulmonary disorders that markedly limit exercise, existing contraindications to exercise training, and/or patients who were recently (within last 6 months) involved in an exercise program.


[image: Figure 1]
FIGURE 1. Study flow diagram.


After completing a baseline assessment, participants were stratified (for body mass and VO2peak) and randomized to complete a single bout of either a SS or HIIT on a cycle ergometer (Model 818, Stockholm, Sweden) while monitored on a 3-lead telemetry system. The randomization sequence was created with a 1:1 allocation using random block sizes of two by an independent research physician. The treatment allocation was kept blind (via opaque and sealed envelopes) to the research physician and research team until after the randomization procedures.

Participant characteristics are shown in Table 1 and demonstrate that the treatment groups were similar at baseline. All participants gave their written informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki and the protocol was approved by the University of British Columbia (UBC) Providence Health Care Research Ethics Board and the UBC Clinical Research Ethics Board (H05-50260).


Table 1. Participant characteristics (values are means ± SD).

[image: Table 1]

Participants underwent blood sampling at baseline, and four separate occasions following the training session (immediately post, 6 h post, 24 h post, and 48 h post). Participants were instructed to take all their medications as prescribed and to complete a food record for 3 days prior to testing as well as to complete a food record for the 3 days prior to the training session.



Sample Size

Our sample size was based on previous investigations from our team examining the effects of HIIT vs. traditional SS aerobic exercise training in persons living with coronary artery disease (n = 14) (26). Based on this study, we anticipated that there would be moderate to large effects sizes for transient changes in markers of muscle injury post-training with similar responses between training conditions.



Exercise Stress Testing

All participants completed an incremental exercise test using an electronically braked cycle ergometer with direct gas monitoring via a calibrated metabolic cart (Vmax, SensorMedics) to assess VO2peak (27) (Table 2). The patients completed a symptom-limited incremental exercise protocol (5–10 W/min) with continuous 12-lead electrocardiography, and the assessment of blood pressure and oxygen saturation every 2 min. Criteria for terminating the exercise test included electrocardiogram changes associated with myocardial ischemia, volitional fatigue, a respiratory exchange ratio of >1.1, a leveling off in oxygen consumption, systolic blood pressure > 200 mm Hg, diastolic blood pressure >100 mmHg, dyspnea, or calf/thigh pain (27). The baseline and exercise cardiorespiratory measures are presented in Table 2.


Table 2. Cardiorespiratory responses at rest and during incremental to maximal exercise testing (values are means ± SD).
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Exercise Protocol

Both exercise training groups engaged in a single supervised exercise training bout on a cycle ergometer (Model 818, Stockholm, Sweden) (Table 3). Participants were monitored with 3-lead telemetry, as well as portable heart rate monitors (PolarTM). Rating of Perceived Exertion (RPE) was collected throughout each exercise bout. Blood pressure was taken before, during, and after the exercise session using an aneroid sphygmomanometer and stethoscope. An equivalent workload was determined for both SS and HIIT in order that total volume of exercise (i.e., isovolumetric) was similar for each group (26, 27) (Table 2). All individuals underwent a standardized 5 min warm-up and a 5 min cool-down prior to, and following, the conditioning exercise. The duration of the conditioning exercise (i.e., 20 min) for both SS and HIIT programs was based on the standard “first” exercise training session in the cardiac rehabilitation program at St. Paul's Hospital.


Table 3. Exercise responses during steady state and interval training sessions (values are means ± SD).

[image: Table 3]



Steady-State Group

The SS group was trained as per the traditional training model (i.e., 65% heart rate reserve/VO2 reserve) based on the results of a recent cardiopulmonary exercise test (see Table 3). This is consistent with previous work from our group in individuals with coronary artery disease (20) and CHF (22). The average training METs was 2.8 ± 1.0.



Interval Training Group

We used the HIIT training protocol (i.e., 2 min work phases at 90% of Heart Rate/VO2 reserve and 2 min active recovery bouts at 40% Heart Rate/VO2 reserve) that we have previously used safely and effectively in persons living with coronary artery disease (26) and persons living with CHF (27). The average training intensity for each participant in the HIIT group was equivalent to that which would have occurred if the individual had been randomized to the SS group (Table 3). Total work output was calculated as a combination of both the high intensity (i.e., 90% VO2peak) and low intensity (i.e., 40% VO2peak) phases of the workout (20) (Table 3). The average training METs were 1.4 ± 0.4 and 3.2 ± 1.0, respectively, during the low and high intensity work phases.



Measurement of Inflammatory Activation

As outlined above, all participants underwent analysis of plasma markers of Tumor Necrosis Factor alpha (TNF-α), Interleukin-6 (IL-6), high sensitivity C-Reactive Protein (CRP), IL-8, and IL-10 at five separate time periods. N-terminal prohormone of brain natriuretic peptide (NT ProBNP) was also assessed. All blood samples were drawn into blood collection tubes from the antecubital vein (with the participant in a seated position) and then immediately immersed in a refrigerated centrifuge and centrifuged within 15 min of collection. Plasma levels of each cytokine (TNF-α, IL-6, IL-8, IL-10, and CRP) and NT ProBNP were measured using a commercially available high-sensitivity ELISA (enzyme-linked immunosorbent assay) kits [Biosource (IL-8, IL-10, TNF-α), Biocheck (hsCRP), R & D Systems (IL-6)] according to the manufacturer's instructions.



Statistical Analyses

The baseline characteristics and physiological responses to exercise were evaluated using paired t-tests. Changes in plasma cytokine markers at baseline and at four time periods (i.e., immediately, 6, 12, and 24 h) following a single bout of either ST or HIIT exercise were examined using a mixed model Analysis of Variance with Tukey post-hoc comparisons. The relationship between various physiological parameters of interest and baseline levels of inflammatory and skeletal muscle injury markers were determined by Pearson Correlation Coefficient. The level of significance was set a priori at p < 0.05. All data are presented as means ± SD.




RESULTS

There were no significant differences in baseline physiological characteristics between the randomized SS and HIIT groups (Table 1). Similarly, there were no significant differences between groups with respect to the cardiorespiratory responses at rest and during incremental to maximal exercise testing (Table 2).

By design, there was a significant difference between the 40 and 90% interval stages for heart rate, work rate, METs, Rate Pressure Product, and Total Work. When comparing the average values across the entire SS and HIIT sessions there was no significant differences in heart rate, work rate, METs, Rate Pressure Product, and Total Work (Table 3).

There was a main effect for changes in IL-6 with time [F(4, 48) = 3.484, p = 0.014, Partial Eta = 0.225; Observed Power = 0.825] (Figure 2). The IL-6 increased from baseline to immediately post and then returned to near baseline levels at all other time points. There was no statistical significance in IL-6 levels between groups [F(1, 12) = 1.803, p = 0.204, Partial Eta = 0.131; Observed Power = 0.235] and there was no significant time by group interaction effect [F(4, 48) = 0.874, p = 0.486, Partial Eta = 0.068; Observed Power = 0.257].


[image: Figure 2]
FIGURE 2. Interleukin-6 (IL-6) as a function of time. Means ± SD. *Main effect for time observed immediately post-exercise (p < 0.05). Circle = Steady State; Square = Interval. Error Bars = ± SEM.


There were no significant changes in IL-8 following the exercise bout in either the SS or HIIT groups [F(4, 48) = 1.339, p = 0.269, Partial Eta = 0.100; Observed Power = 0.386] (Figure 3). There was also no significant differences between groups [F(1, 12) = 0.931, p = 0.354, Partial Eta = 0.072; Observed Power = 0.144] and there was no significant time by group interaction effect [F(4, 48) = 1.759, p = 0.153, Partial Eta = 0.128; Observed Power = 0.497].


[image: Figure 3]
FIGURE 3. Interleukin-8 (IL-8) as a function of time. Means ± SD. Circle = Steady State; Square = Interval. Error Bars = ± SEM.


For IL-10, the Mauchly's Test of Sphericity was statistically significant indicating that the variances of the differences were not equal for the main effect of time. Accordingly, the Greenhouse-Geisser correction was applied revealing no significant main effect for time [F(1.7, 19.8) = 2.861, p = 0.089, Partial Eta = 0.193; Observed Power = 0.455] (Figure 4). There was also no significant difference between groups [F(1, 12) = 0.080, p = 0.782, Partial Eta = 0.007; Observed Power = 0.058] and no significant time by group interaction effect [F(1.7, 19.8) = 1.863, p = 0.185, Partial Eta = 0.134; Observed Power = 0.314].


[image: Figure 4]
FIGURE 4. Interleukin-10 (IL-10) as a function of time. Means ± SD. Circle = Steady State; Square = Interval. Error Bars = ± SEM.


There were no significant differences in TNF-α at any time point [F(4, 48) = 0.305, p = 0.873, Partial Eta = 0.025; Observed Power = 0.112] or between groups [F(1, 12) = 0.902, p = 0.361, Partial Eta = 0.070; Observed Power = 0.141] (Figure 5). There was also no interaction effect between time and group [F(4, 48) = 0.412, p = 0.799, Partial Eta = 0.033; Observed Power = 0.137].


[image: Figure 5]
FIGURE 5. Tumor Necrosis Factor-alpha (TNF-α) as a function of time. Means ± SD. Circle = Steady State; Square = Interval. Error Bars = ± SEM.


For CRP, the Mauchly's Test of Sphericity was statistically significant indicating that the variances of the differences were not equal for the main effect of time. Accordingly, the Greenhouse-Geisser correction was applied revealing no significant main effect for time [F(1.5, 18.4) = 0.855, p = 0.414, Partial Eta = 0.066; Observed Power = 0.160] (Figure 6). There was also no significant difference between groups [F(1, 12) = 1.980, p = 0.185, Partial Eta = 0.142; Observed Power = 0.254] and no significant time by group interaction effect [F(1.5, 18.4) = 0.442, p = 0.598, Partial Eta = 0.036; Observed Power = 0.105]. Both groups had baseline CRP levels that would be considered above normal values. It should be highlighted that one participant had high sensitivity CRP levels that approximated 600 mg/L at all time periods (explaining the variance seen in this measure).


[image: Figure 6]
FIGURE 6. High sensitivity C-Reactive Protein as a function of time. Means ± SD. Circle = Steady State; Square = Interval. Error Bars = ± SEM.


Pearson Correlation Coefficients were determined for physiological variables of interest and markers of inflammation at baseline (see Tables 4A, 4B). There were significant correlations (p < 0.05) for IL-6 and CRP (0.65), IL-8 and CRP (0.81), and IL-6 and IL-8 (0.63). There was also a significant correlation between participant height and weight (0.57).


Table 4A. Baseline relationship between clinical indicators.
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Table 4B. The baseline relationship between various inflammatory biomarkers.
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DISCUSSION

To our knowledge this study is the first randomized trial to evaluate the acute and temporal effects of HIIT in comparison to traditional SS exercise training on markers of inflammatory function in persons living with CHF. The present study confirmed our hypothesis and demonstrated that there were no differences between the HIIT group and the SS training group for markers of inflammatory activation following either acute SS or HIIT training in inactive and low fitness persons living with CHF. Our secondary hypothesis was also supported with the inflammatory markers returning to baseline within 48 h.

Chronic systemic inflammation is commonly observed with physical inactivity, obesity, and in persons living with chronic medical conditions (such as cancer and diseases of the cardiovascular system) (41). Chronic inflammation has been linked to the development of insulin resistance, tumor growth, and atherosclerosis (41). Accordingly, a growing body of research has examined the role of regular physical activity and exercise training on markers of systemic inflammation in apparently healthy individuals and those living with chronic medical conditions (41, 42).

Examining the acute effects of exercise provides unique insight into the potential health benefits of exercise in persons living with CHF. It is important to highlight that compelling research has revealed that skeletal muscle can produce and secrete cytokines [termed “myokines” (43)] that apply autocrine, paracrine, and/or endocrine effects (41, 43). Contractile activity appears to be the key regulatory factor for the expression and secretion of myokines (41).

Interleukin-6 is produced by several cells such as stimulated monocytes/macrophages, fibroblasts, endothelial cells, and skeletal muscle fibers (41). Interleukin-6 was traditionally classified as a pro-inflammatory cytokine with its elevation being commonly associated with systemic inflammation and insulin resistance; however, more recently its anti-inflammatory properties (particularly during exercise conditions) have also been highlighted (41).

Our baseline IL-6 values were elevated in both HIIT and SS groups in comparison to what is often observed in apparently healthy adults supporting data from other studies in persons living with CHF (44–49). In persons living with CHF, elevated IL-6 has been related to impaired cardiac function (e.g., lowered ejection fraction), decreased cardiac functional class, muscle wasting, poor exercise tolerance, the degree of neurohumoral activation, and/or the progression and deterioration of CHF (44, 50–52).

It is important to acknowledge the potential anti-inflammatory effects of IL-6 release during exercise conditions. Interleukin-6 can be classified as a myokine as it is produced by contracting skeletal muscles and is released into the circulation in large quantities (41, 53). Plasma IL-6 is generally thought to increase in an exponential fashion with exercise (54). It is not uncommon for IL-6 levels to increase more than 100-fold with strenuous exercise then rapidly return to baseline conditions (55). As reviewed by Febbraio and Pedersen (55) the appearance of IL-6 in blood precedes other cytokines and exhibits the greatest changes. The IL-6 temporal response is related to exercise intensity, duration, the muscle mass recruited, and endurance capacity (53, 54, 56). The temporal response (kinetics) appears to differ between the type of muscle concentration (i.e., concentric vs. eccentric) (55). Originally the exercise-related increase in IL-6 was thought to be the result of muscle damage. However, research has demonstrated marked post-exercise increases in IL-6 independent of markers of muscle damage (41, 57, 58).

Our findings are consistent with previous research that demonstrates IL-6 increases in response to concentric muscle actions (such as employed during cycle ergometry), However, we did not observe as great of increases in exercise IL-6 as seen by other researchers examining the IL-6 response to maximal exercise in persons living with CHF (48, 49). These differences may be related to the relatively short duration of exercise in our study and the average training intensity employed. Our findings are supported by a recent study (59) that compared light intensity vs. moderate intensity SS exercise in persons living with CHF; overall, the light intensity had lower IL-6 following the session. However, 1 h post-exercise there was an increase in IL-6 similar to the current study. In our study, the average training intensity was controlled between the HIIT and SS groups, further highlighting the importance of understanding exercise intensity as it relates to inflammatory markers in persons living with CHF.

Pedersen et al. highlight that IL-6 plays several important biological roles including the induction of lipolysis, the suppression of TNF-α production, and the stimulation of cortisol production (53). Schnyder and Handschin (41) argued that the exercise-related release of IL-6 has pleiotropic effects by increasing glucose uptake and fatty acid oxidation and enhanced insulin secretion that supports increased glucose uptake into the working muscles.

Several authors have emphasized the important anti-inflammatory roles IL-6 may play during exercise conditions (41, 53, 55). Investigators have suggested that elevations in IL-6 in response to exercise may play an important anti-inflammatory role by inhibiting the production of TNF-α (54). Importantly, TNF-α has direct inhibitory effects on insulin signaling and the ability of IL-6 to inhibit TNF-α production may represent an important mechanism whereby exercise enhances insulin sensitivity (56). In the current study, although IL-6 increased immediately post-exercise, TNF-α did not significantly change following either SS or HIIT. It is possible that IL-6 had an inhibitory effect on TNF-α in the current study as suggested by other researchers (56, 60). This is consistent with other researchers who report that maximal IL-6 levels are found immediately after the exercise followed by a rapid decline (54, 55). Our findings are supported by a review paper on cytokine kinetics that reported more than half of the studies examining TNF-α could not confirm significant increases after exercise (61). However, other researchers have found an increase in both IL-6 and TNF-α levels immediately following maximal exercise in both patients with mild to moderate CHF and in normal controls (49). These researchers concluded that increases in basal IL-6 and TNF-α levels are associated with high sympathetic nervous system activity and exercise intolerance in patients with mild to moderate CHF.

It should be acknowledged that other factors may play a role in the lack of change in TNF-α levels in either the SS or the HIIT group at any time point following the exercise bout. Suzuki et al. highlight that TNF-α is rapidly cleared from the circulation into the urine as a result of a short half-life (14–18 min) (61). If TNF-α is rapidly expelled into the urine it is possible that the immediate post-blood sample taken in our study within 1 h of cessation of exercise would have missed this window especially if the increase in TNF-α levels were relatively small given the duration and intensity of each exercise bout. Furthermore, as noted by Lee et al. (62) the lack of changes in TNF-α seen following exercise may be due to the measurement method; skeletal muscle biopsy may show a different story, which would be important to understanding the effects of inflammatory markers on exercise capacity for adults living with CHF.

In the current study, the baseline TNF-α levels were elevated when compared to data from apparently healthy controls (63) research (5.9 ± 3.3 vs. 2.5 ± 1.8 pg·mL−1). These findings are consistent with other research that has reported increased TNF-α levels in persons living with CHF (45, 46, 49, 63). Our findings support the work of others highlighting the systemic inflammation that presents in persons living with CHF.

Interleukin-8 is a chemokine secreted by several cell types (such as monocytes, neutrophils, epithelial cells, fibroblasts, endothelial cells, mesothelial cells, and tumor cells) (64). It is a chemoattractant and activator of neutrophils (and other immune cells) that is released in response to several stimuli (such as sheer stress, ischemia, hypoxia, and stimuli that activate the nuclear factor (NF)-κB pathway) (64, 65). Interleukin-8 is also associated with the promotion of angiogenesis (41).

Elevated IL-8 levels are commonly observed in chronic medical conditions associated with systemic inflammation. Also, elevated IL-8 has been associated with poor medical outcomes in persons living with CHF (65). Previous studies have reported elevated IL-8 levels in persons living with CHF in comparison to apparently healthy controls (66, 67). For instance, Larsen et al. reported that IL-8 levels were markedly elevated in males with New York Heart Association class II to III stable, ischemic CHF (mean age 67 ± 8 y) when compared to age and sex-matched healthy controls (67). The CHF group had IL-8 levels of 12.7 ± 9.2 pg·mL−1, whereas there was no detectable level of IL-8 in the healthy controls. In our current study, the IL-8 levels were detectable; however, they were not elevated to the same extent especially in the presence of elevated baseline levels of other cytokines (i.e., TNF-α, IL-6, and CRP). It is possible that etiology of CHF may have an influence on the expression of this cytokine.

Elevated IL-8 levels have been observed after exercise, particularly exercise that involves both eccentric and concentric phases (such as running) (68). Marked increases in IL-8 (e.g., 7–11-fold) immediately following prolonged strenuous events (such as marathons and half-marathons) have also been observed in apparently healthy adults (69, 70). Interestingly, other researchers have found no (or limited) change in IL-8 following largely concentric exercise (e.g., rowing or cycle ergometry) (71, 72). In fact, eccentric exercise appears to have a greater effect on IL-8 than concentric exercise (41).

In our current study, there were no significant changes in IL-8 after both SS and INT in persons living with CHF. This is consistent with other researchers that have examined IL-8 after concentric exercise in apparently healthy individuals (71, 72). This is likely the result of the relatively short duration (i.e., 20 min) of exercise, the overall lower intensity of exercise, and the nature of the muscle contractions (i.e., concentric) during bicycle ergometry (41).

Interleukin-10 is believed to be one of the most important and potent anti-inflammatory cytokines in CHF (44). It is known to down-regulate the production of TNF-α and IL-6 and other cell-mediated immune responses (44). Circulating IL-10 concentrations have been reported to be either increased or decreased in CHF patients compared to apparently healthy age-matched controls (63, 73, 74). For instance, Stumpf et al. looked at serum levels of IL-10 in patients with advanced CHF compared to age-matched controls and found significantly reduced plasma levels of IL-10 (2.3 ± 1.9 pg·mL−1 compared to healthy controls 5.2 ± 2.3) (63). Similarly, in our current study we observed reduced IL-10 levels (1.8 ± 1.4 pg·mL−1) when compared to the healthy controls from the research by Stumpf et al. These authors also looked at the ratio of TNF-α to IL-10 and found it to be significantly higher in the CHF group vs. the control group (3.2 ± 1.2 vs. 0.4 ± 0.2). In our current research, the ratio of TNF-α to IL-10 was very similar to that of Stumpf et al. (3.2 ± 2.4) indicating an immunological imbalance in favor of inflammation in our participants living with CHF (63).

Activity-induced IL-10 is produced by stretching and compressing the epithelial cells (75), as well as in response to high levels of other pro-inflammatory markers (such as IL-6 and TNF-α). Other researchers report the relative change in IL-10 following strenuous exercise follows a similar time-course as IL-6, albeit, to a lesser degree (76) and with a slight delay in the response (24). However, there is no clear consensus on the effect of strenuous exercise on IL-10 (24). Some authors report significant increases in IL-10 following strenuous exercise (77–80) while others report limited change (15, 81). A recent systematic review revealed that the changes in IL-10 after intense exercise in healthy adults ranged from 1.57 to 32.99 times (24). Researchers have argued that exercise intensity is a key determinant of the IL-10 response to acute exercise (79) with the greatest changes being seen after strenuous high intensity exercise (24); however, a recent systematic review in healthy individuals revealed that exercise duration and not intensity was the most important predictor of exercise-related changes in IL-10 following acute exercise (40). In our current study, IL-10 did not change significantly following either SS or HIIT exercise. The average relative intensity of both the SS and HIIT exercise bouts would be considered moderate intensity. This in combination with the short duration of the training sessions (both SS and HIIT) in our study supports previous research in healthy individuals (15, 24).

C-Reactive Protein is produced by hepatocytes in response to a variety of inflammatory cytokines (e.g., IL-6) and has been shown to be a non-specific marker of systemic inflammation (82). The serum concentration of high sensitivity CRP is known to be an independent predictor of adverse cardiovascular events, including death, the need for transplantation and worsening CHF requiring hospitalization (83–86). A recent study (87) involving persons living with CHF revealed that CRP was associated with reduced exercise tolerance (r = −0.65), lower VO2 at the anaerobic threshold (r = −0.66), and lower VO2peak (R = −0.70), reflecting worsened cardiovascular performance. In the current study, the baseline high sensitivity CRP values were elevated (Figure 6) possibly reflecting the severity of the heart dysfunction and/or other comorbid conditions that accompany CHF in our participants.

Research on the effects of strenuous exercise on CRP levels is limited particularly in persons living with CHF. As reviewed by Cerqueira et al. (24) strenuous exercise is generally associated with an increase in CRP in healthy individuals that peaks 24 h or more after exercise with a greater increase after high intensity exercise. However, the results in healthy and in particular CHF participants are somewhat equivocal. In our study, CRP did not show any statistically significant change over all time periods or between the SS or HIIT groups. Similar equivocal findings are seen when comparing the changes in CRP that are seen with exercise training. For instance, a recent meta-analysis failed to find evidence of effects of exercise interventions on CRP in persons living with CHF (19). This is contrary to another meta-analysis (88) that revealed a small and significant decrease in CRP after exercise training in healthy adults.

Significant correlations between CRP and IL-6 and IL-8 and IL-6 and IL-8, respectively, were found in the current study. These relationships are not surprising given that CRP and IL-6 have both been associated with increased severity of left ventricular dysfunction and increased NYHA functional class and that high levels of IL-8 have been shown to predict CHF in patients following anterior myocardial infarction (51, 59, 89, 90). All participants in the current study had ejection fractions <35% and were primarily classified in the NYHA functional classes II to III, indicating moderate to severe CHF. Additional support for this finding is data from studies suggesting that CRP may function to markedly exaggerate the actions of IL-6 from endothelial cells and therefore, the increased vascular production of IL-6 may represent a positive feedback loop for the continued production of CRP from the liver (76, 91, 92).


Limitations

It is important to acknowledge the limitations of this randomized clinical trial. For instance, the small sample size limits the generalizability to like-patients (i.e., persons living with CHF with New York Heart Association Classification of Class I-III that have low aerobic fitness levels). Furthermore, because of the convenience sample, it is likely that there is some impact of selection bias and participant selection, consistent with human experimentation in clinical settings. It could be argued that since the participants self-selected to participate in an exercise intervention that they may represent a healthier or more health-conscious group of persons living with CHF. As such, the levels of inflammatory markers may not be representative of all persons living with CHF. However, it should be highlighted that the aerobic fitness levels (VO2peak = 13.6 ± 4.6 mL·kg−1·min−1; METs = 3.9 ± 1.3) and clinical characteristics of the participants are consistent of persons living with CHF (27) that have a higher risk for premature mortality.

Consistent with the field of research, we opted to conduct unadjusted statistical analyses in this investigation and therefore, we did not control for confounding factors, such as variation in age, medications and their interactions, variation in CHF class, and other disease status. Due to the small sample size, it is unlikely that any confounders would have demonstrated important adjustments to the data. Moreover, stratified sampling procedures were used to help reduce the variability between groups. This study examined the effects of an acute bout of exercise, which does not generalize to long-term effects of exercise on inflammatory markers in adults living with CHF; however, it is important to understand inflammatory profiles at various intensities and duration to understand the profiles of inflammatory markers in this high-risk group that stands to benefit greatly from exercise.




CONCLUSIONS

Exercise training plays an essential role in the optimal treatment of patients living with CHF with clear evidence of an overall reduction in premature mortality. There is evidence suggesting that inflammatory status plays a key role in determining the responsiveness to exercise training in persons living with CHF (14, 22). Currently, it is not clear the effects HIIT on inflammation and the time course of inflammatory marker changes following HIIT and SS exercise. The results of this investigation suggest that when either SS or HIIT exercise is prescribed at a similar volume of exercise on a cycle ergometer, there is no indication of excessive or differential activation of the inflammatory system. This research has important implications for persons living with CHF, practitioners, and cardiac rehabilitation practices. The finding of no significant difference in inflammatory activation between SS and HIIT supports the inclusion of HIIT in the menu of activities provided to persons living with CHF.

Further research is warranted to examine the long-term effects of SS or HIIT exercise training in persons living with CHF. Future research should examine the effects of various modalities, dosages, and intensities of exercise on inflammatory markers to further improve clinical exercise prescriptions for person living with CHF.
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Previous research has demonstrated the efficacy, effectiveness, and safety of exercise training in persons living with schizophrenia. However, the optimal exercise training program remains unclear. The aim of this paper was to conduct a systematic review and meta-analysis of the effects of aerobic, resistance, and combined aerobic and resistance training on health-related physical fitness and positive and negative symptoms in persons living with schizophrenia. Six electronic databases were searched systematically from their inception to December 2020 [MEDLINE, Embase, Cochrane Central Register of Controlled Trials (CENTRAL), Web of Science, SPORTDiscus, and Cumulative Index to Nursing and Allied Health Literature (CINAHL)] to identify literature examining the effects of exercise training on psychiatric symptoms and health-related physical fitness indicators in persons living with schizophrenia. A total of 22 studies (n = 913) were included in this review, and 12 studies (n = 554) included within the meta-analysis reported the effects of exercise training (aerobic, resistance, and combined aerobic and resistance) in persons living with schizophrenia. Aerobic training had a significant decrease on Positive and Negative Syndrome Scale (PANSS) negative scores (ES −2.28, 95% CI −3.57 to −1.00; p = 0.0005) and PANSS general scores (ES −2.51, 95% CI −3.47 to −1.55; p < 0.00001). Resistance training did not lead to significant effects on PANSS total scores. Combined aerobic and resistance training did not lead to significant changes in body mass index, PANSS positive scores, or PANSS total scores. However, grouping together the results from all exercise training modalities (including aerobic training, resistance training, and combined aerobic and resistance training) revealed significant effects on body mass index (ES 1.86, 95% CI 0.84 to 2.88; p = 0.0003), maximal/peak oxygen consumption (ES 2.54, 95% CI 1.47 to 3.62; p = < 0.00001), body weight (ES 6.58, 95% CI 2.94 to 10.22; p = 0.0004), PANSS negative scores (ES −1.90, 95% CI −2.70 to −1.10; p < 0.00001), and Scale for the Assessment of Negative Symptoms (SANS) total (ES −14.90, 95% CI −22.07 to −7.74; p < 0.0001). Collectively, these findings support the importance of exercise participation (aerobic and resistance training) in persons living with schizophrenia.

Keywords: health benefits, schizophrenia, psychiatric symptoms, exercise training, aerobic training, resistance training


INTRODUCTION

Schizophrenia is a severe mental illness characterized by a combination of psychiatric symptoms, with typical onset occurring in early adulthood. Psychiatric symptoms include positive, negative, and cognitive symptoms, which can have significant effects on daily living, social interactions, and functional capacity in persons living with schizophrenia (1, 2). Positive symptoms can be described as excessive or an exaggeration of normal function, which may include hallucinations, bizarre behaviors, and delusions (1). Negative symptoms can be characterized as a decrease in normal function and typically includes symptoms such as apathy, social withdrawal, and lethargy (1). Furthermore, additional symptoms may be associated with the impairment of cognitive functioning and include behaviors such as a deficit of executive functioning with disorganized speech and short-term memory (1). Schizophrenia affects ~1% of the population worldwide (3), with no significant differences in prevalence rates between males and females (4). In comparison to the general population, schizophrenia can increase the risk of comorbidity and premature mortality (5), reducing lifespan by ~25 years (6, 7). Cardiovascular disease is considered to be the major contributor to the increased risk for premature mortality (5, 8).

Antipsychotic medications are typically considered as a preferred method of treatment for schizophrenia; however, evidence has revealed associated adverse side effects, causing significant concern for long-term health (9, 10). First generation antipsychotics typically have an increased efficacy in treating positive symptoms; yet, they often have reduced efficacy in treating negative symptoms (10). Additionally, first-generation antipsychotic medications can cause side effects such as extrapyramidal symptoms, including dystonia, bradykinesia, and tardive dyskinesia (11). Second-generation antipsychotics were first introduced to primarily increase the efficacy of reducing negative symptoms and incidences of neurological side effects. Therefore, second-generation antipsychotics are commonly utilized to treat psychiatric symptoms in schizophrenia (9, 11, 12). While second-generation antipsychotics have significant benefits for persons living with schizophrenia, the associated side effects must be considered by healthcare professionals (9, 12). Second-generation antipsychotics (such as clozapine) have been associated with increased risks of adverse cardiometabolic effects such as significant weight gain, hyperglycaemia, dyslipidemia, and cardiovascular disease (12–14). Recently, Kim et al. (8) also revealed that the exposure to clozapine was associated with reduced cardiovascular fitness in persons living with chronic schizophrenia.

The increased rates of morbidity among this population are not solely caused by the effects of antipsychotics (12, 13). Persons living with schizophrenia have a higher prevalence of unhealthy lifestyle behavior choices placing them at an increased risk of morbidity and premature mortality (6, 14, 15). For instance, schizophrenia has been associated with a greater prevalence of cigarette smoking, with a reported rate of 90% of individuals engaging in this behavior (14). Furthermore, poor diet and alcohol consumption and substance use is associated with an increased risk of morbidity among this population (6, 14, 16, 17). Additionally, individuals living with schizophrenia have higher rates of sedentary behavior and physical inactivity, with 70–75% of individuals categorized as physically inactive, and a 1.5 to 2 times greater risk of being classified as overweight when compared to the general population (14, 18). A meta-analysis revealed that persons living with schizophrenia exhibit significantly lower maximal/peak oxygen consumption (VO2max/peak) in comparison to apparently healthy controls (19).

In consideration of the increased health risks commonly linked to schizophrenia, the use of exercise and/or regular physical activity has been investigated as a potential adjunct therapy (20–22). The role of regular physical activity and exercise participation on reducing the risk for premature all-cause mortality and diverse chronic medical conditions (such as cardiometabolic disease and hypertension) is well established (23). Increasing evidence has shown that regular physical activity and/or exercise participation can improve quality of life, increase functional capacity, improve cardiorespiratory fitness, and increase muscular strength in persons living with major mental illness (21, 24–26). Also, regular physical activity and/or exercise can improve symptom severity, reduce depression, improve cognition, and trigger hippocampal growth (27). In schizophrenia, regular exercise and physical activity participation may also help to counteract some of the side effects associated with antipsychotic medications (14). For instance, psychiatric symptoms, particularly negative symptoms, can be difficult to effectively manage with the use of antipsychotic medication and can greatly influence rates of non-compliance to treatment (14, 20, 21, 28, 29). The engagement in physical activity/exercise can be advantageous in alleviating these symptoms and lead to a reduction in dosage of antipsychotic medications (30, 31). The benefits of physical activity/exercise participation may be even greater in patients with treatment-resistant psychosis (27).

To date, studies have examined various exercise modalities, such as aerobic, resistance, and a combination of aerobic and resistance training as an adjunct treatment for persons living with schizophrenia (21, 32). Exercise interventions have examined various health-related physical fitness indicators [such as body weight, body mass index (BMI), and VO2max/peak] in response to diverse exercise modalities (15, 20–22, 25, 27, 29, 33–40). However, to the best of our knowledge, no meta-analysis has explored the optimal training exercise program in persons living with schizophrenia. Therefore, this systematic review and meta-analysis was designed to examine the effectiveness of aerobic, resistance, and combined aerobic and resistance training on improving psychiatric symptoms and health-related physical fitness indicators in persons living with schizophrenia.



MATERIALS AND METHODS

This systematic review and meta-analysis adheres to the guidelines established by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (Figure 1).


[image: Figure 1]
FIGURE 1. Results of the systematic review.



Search Strategy

A preliminary search of the literature was conducted to determine established reviews on the topic of interest prior to performing the systematic review. We conducted the systematic search utilizing the following electronic databases (from their inception to December 2020) to identify relevant studies: EMBASE (Ovid Interface), MEDLINE (Ovid Interface), Cochrane Central Register of Controlled Trials (CENTRAL), Web of Science, SPORTDiscus, and the Cumulative Index to Nursing and Allied Health Literature (CINAHL). Search strategies were tailored for each electronic database. The reviewers conducting the search were not blinded to studies identified. Table 1 provides an example of the literature search strategy and search terms. Additional studies were retrieved through reference lists and through the authors' knowledge.


Table 1. Results of the literature search strategy: MEDLINE (Ovid).
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Study Selection

Eligible studies for this systematic review met the following inclusion criteria: the study population included individuals between the ages of 18–65 years of either sex, living with a major mental illness, including schizophrenia, first episode psychosis, schizoaffective disorder, schizophreniform disorder, bipolar disorder, and psychotic disorder not otherwise specified. Participants were also required to have received or were currently receiving treatment for their condition and were prescribed antipsychotic medication. Acceptable exercise modalities included aerobic, resistance, or a combination of both aerobic and resistance training with the goal of reducing psychiatric symptoms and improving health-related physical fitness indicators in persons living with schizophrenia. The exercise interventions were required to have been a minimum duration of six weeks in length or longer. The key outcome was to evaluate the positive and negative symptoms in persons living with schizophrenia using valid psychiatric status rating scales, including the Positive and Negative Syndrome Scale (PANSS), Brief Psychiatric Rating Scale (BPRS), Scale for the Assessment of Positive Symptoms (SAPS), and/or Scale for the Assessment of Negative Symptoms (SANS). The secondary outcomes included health-related physical fitness indicators (body weight, BMI, and VO2max/peak). There were no limitations placed on study design. Comparisons were made between pre and post scores within each group to determine the effectiveness of the exercise intervention. Furthermore, when feasible, pre and post scores were analyzed between the exercise intervention group and a control group.

We excluded studies that included the following: studies that examined the effectiveness of high intensity interval training and/or mind-body exercises (such as yoga and tai chi) and studies that were not published in English. Studies that utilized symptom scales not identified within the inclusion criteria were also deemed ineligible for this systematic review. Two of the authors (K.L.K. and M.I.C.) independently conducted the search using the six outlined electronic databases and systematically scanned all identified study titles, abstracts, and keywords. In addition, both authors independently examined the full articles of the remaining studies ensuring that all inclusion criteria were met. All excluded studies were removed and the reasons for exclusion were documented. Uncertainties regarding inclusion were resolved by consensus, or by discussion with third, fourth, and fifth reviewers (S.S.D.B., D.E.R.W., and D.D.K.). The review process was guided directly by a professor with expert knowledge of systematic reviews (S.S.D.B.).



Data Extraction and Quality Assessment

Two reviewers (K.L.K. and M.I.C.) independently extracted the relevant data from the selected articles using a standardized template. Authors were contacted directly to provide clarifications on data that was not included within the publication. Data extracted from the studies included: study purpose, study design, number of participants (N), mean age ± standard deviation and age range, sex distribution, diagnosis, mean time since diagnosis, medications, intervention, program duration, baseline health measures, outcome health measures, within group differences, between group differences, symptom severity, outcome symptom severity, within group differences, between group differences, limitations, adherence rates to program, rates of dropout, reasons for dropout, hospitalization duration, location of participant recruitment, and take home message/recommendations. Reviewers were not blinded to publication authors or journals during the extraction process.

Using the Downs and Black Quality Index (41), two of the authors (K.L.K. and M.I.C.) independently assessed the methodological quality of the included studies in alignment with the items established in the valid and reliable tool. Any discrepancies were assessed by another reviewer (N.W.). The checklist evaluation includes a total of 27 questions, with a maximum score of 32, assessing the following sub-scales: (i) reporting, (ii) external validity, (iii) internal validity, bias, (iv) internal validity, confounding, and (v) power. The maximal score signifies the highest level of methodological quality.



Data Synthesis and Analysis

A meta-analysis was performed utilizing the Review Manager program (RevMan version 5.1, Cochrane Collaboration) to synthesize and analyze the extracted data from the included studies. Results of the meta-analysis were reported as mean effect size and 95% confidence interval (CI) and were displayed using forest plot figures. The degree of heterogeneity across the studies was quantified using the I-squared test and chi-squared test, with 95% CI. Fixed effect models were utilized to illustrate data with lower degrees of heterogeneity (<50%), whereas random effects models were chosen when a significant degree of heterogeneity was present. When feasible, sensitivity analyses were completed by sequentially eliminating individual studies to determine if the results were greatly influenced by a particular study. When appropriate, subgroup analyses were examined between exercise intervention duration, frequency, and intensity. An assessment of publication bias was conducted for this meta-analysis using funnel plots. All studies included in the meta-analysis included an intervention and control group, with some of the control groups engaging in an additional form of exercise.




RESULTS


Study Selections and Characteristics

A search of six electronic databases was conducted for this systematic review. Additional studies were included based on the authors' knowledge. After removing duplicates, titles, abstracts, and keywords were screened to identify potential studies. Full articles were then reviewed to determine if eligibility criteria were met (Figure 1). A total of 26 studies were excluded with reasons from this systematic review. In total, 22 studies published from 2005 (33) to 2020 (42) were deemed eligible through our inclusion criteria and examined the effects of exercise training for persons living with schizophrenia. The included studies consisted of aerobic training (n = 12), resistance training (n = 3), and combined aerobic and resistance training (n = 7). The results of the Downs and Black Quality Index assessment were consistent with good quality scores for the included studies (Table 2). The mean score was 24.8 out of 32, with a range of scores between 18 and 29. A meta-analysis was conducted using 12 of the included studies (20, 21, 25, 29, 34, 37–39, 42–44, 48). The summary of the quantitative results by modality of exercise and outcome are outlined in Table 3. Funnel plots were used to assess the publication bias for each outcome within the meta-analysis. It was determined that all figures were relatively symmetrical around the effect size, indicating that there was no publication bias present within the meta-analysis. Studies not included in the meta-analysis were excluded for the following reasons: lack of control group (n = 5) (15, 22, 27, 35, 40), missing data (n = 3) (33, 45, 46), and insufficient data to conduct a meta-analysis (n = 2) (36, 47).


Table 2. Downs and black quality index assessment for methodological quality.
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Table 3. Summary of quantitative results by modality of exercise and outcome.
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Participant characteristics, interventions, baseline and outcome health measures, baseline and outcome psychiatric symptom severity scores, and intervention adherence rates are outlined in Supplementary Tables 1–3. The exercise interventions of the included studies investigated different exercise modalities (aerobic, resistance, or combined aerobic and resistance training), program durations, exercise intensities, and exercise frequencies. An included study implemented both a resistance exercise group and a combined exercise group in comparison to a control group and therefore, data for this study was reported as two independent trials. To evaluate symptom severity scores, 17 of the included studies utilized the PANSS. Of these studies, 11 reported PANSS positive scores, 11 reported PANSS negative scores, and seven reported PANSS general scores; while 14 reported PANSS total scores. Additionally, three studies used the BPRS, and four studies utilized the SANS and/or the SAPS. In addition, many of the included studies examined the effectiveness of various exercise modalities on improving health-related physical fitness measures, such as body mass index (n = 11), VO2max/peak (n = 9), and body weight (n = 6).



Participants and Exercise Intervention

A combined total of 814 participants living with severe mental illness and 83 healthy controls were included in this systematic review. The participant sample size ranged from 8 to 104, with participants' diagnoses including schizophrenia, schizoaffective disorder, schizophreniform disorder, bipolar disorder, first episode psychosis, or psychotic disorder not otherwise specified. All participants (excluding healthy controls) were currently receiving antipsychotic medication as treatment. It is important to note that two studies included participants living with treatment-resistant schizophrenia (27, 35). In total, the exercise intervention duration ranged between 8 and 26 weeks in length, and incorporated between one and five sessions per week, with the majority including three exercise sessions per week (11 studies) or twice per week (eight studies). In addition, the exercise sessions ranged between 30 and 60 min. Exercise intensity was reported in terms of percentage of maximal aerobic power (VO2max) or VO2peak, maximum heart rate, heart rate reserve, rating of perceived exertion, talk test, or percentage of 1-repetition maximum. The intensity of exercise ranged between 40 and 80% VO2max or VO2peak, 55 and 75% maximum heart rate, 30 and 75% heart rate reserve, and 60 and 85% 1 repetition maximum. Exercise equipment for aerobic and resistance training included treadmill, cycle ergometer, elliptical, recumbent bike, rowing machine, cross trainer, resistance bands, dumbbells, and various small training equipment.



Aerobic Training

Four studies combined in a meta-analysis found no significant effect of aerobic training on PANSS positive scores (Effect Size, ES −0.11, 95% CI −0.49 to 0.27; p = 0.57) (34, 37, 44, 48). Across these studies, there was a moderate degree of heterogeneity (I2: 47%; p = 0.13) (Figure 2). The sensitivity analysis greatly influenced the results, yielding a significant mean effect (ES −1.86, 95% CI −3.43 to −0.30; p = 0.02) with a low degree of heterogeneity (I2: 0%; p = 0.78) (44). Additionally, these four studies were further analyzed in a meta-analysis which identified a significant decrease in PANSS negative scores within the aerobic training group (ES −2.28, 95% CI −3.57 to −1.00; p = 0.0005) (34, 37, 44, 48). The degree of heterogeneity was low for these studies (I2: 0%; p = 0.71) (Figure 3). Further, three studies were pooled, revealing a significant reduction on effect of PANSS general scores, favoring the aerobic training group (ES −2.51, 95% CI −3.47 to −1.55; p < 0.00001) (34, 44, 48) (Figure 4). A low degree of heterogeneity was detected across the studies (I2: 14%; p = 0.31). Due to insufficient study data, we were unable to conduct a meta-analysis on VO2max/peak; however, there is growing evidence from randomized trials (49) to support the potential for significant changes in aerobic capacity after exercise interventions in persons living with schizophrenia.
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FIGURE 2. The effects of aerobic training on PANSS positive scores.
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FIGURE 3. The effects of aerobic training on PANSS negative scores.



[image: Figure 4]
FIGURE 4. The effects of aerobic training on PANSS general scores.




Resistance Training

Three studies were included in a meta-analysis revealing no significant effect of resistance training on PANSS total scores (ES −0.87, 95% CI −3.52 to 1.78; p = 0.52) (21, 25, 38). The degree of heterogeneity was low (I2: 0%; p = 0.45) (Figure 5). A sensitivity analysis revealed a shift in the results, changing the mean effect size to positive, however, it did not change the overall significance of the effect (21).
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FIGURE 5. The effects of resistance training on PANSS total scores.




Combined Aerobic and Resistance Training

A meta-analysis pooling three studies identified no significant effect of combined aerobic and resistance training on body mass index (ES 0.47, 95% CI −2.76 to 3.71; p = 0.77) (20, 21, 39). There was a substantial degree of heterogeneity across these studies (I2: 77%; p = 0.01) (Figure 6). Sensitivity analysis revealed shifts in the results; however, there was no effect on the overall significance. In addition, three studies were grouped, revealing a non-significant effect of combined aerobic and resistance training on PANSS positive scores (ES −1.18 95% CI −4.09 to 1.73; p = 0.43) (21, 29, 39). The degree of heterogeneity across the studies was substantial (I2: 67%; p = 0.05) (Figure 7). The sensitivity analysis revealed significant shifts and changed the overall significance of the results (ES −2.93, 95% CI −5.55 to −0.32; p = 0.03) (21). The degree of heterogeneity was low (I2: 0%; p = 0.59). Finally, four studies were pooled, illustrating a non-significant effect of combined aerobic and resistance training on PANSS total scores (ES 0.19, 95% CI −2.30 to 2.69; p = 0.88) (20, 21, 29, 39). Heterogeneity was low within these studies (I2: 29%; p = 0.24) (Figure 8). Conducting a sensitivity analysis shifted the mean effect to be negative, but did not affect the overall significance (21).
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FIGURE 6. The effects of combined aerobic and resistance training on body mass index scores.
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FIGURE 7. The effects of combined aerobic and resistance training on PANSS positive scores.
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FIGURE 8. The effects of combined aerobic and resistance training on PANSS total scores.




All Exercise Training Modalities Included

Four studies (five trials) were pooled in a meta-analysis displaying a significant effect of all exercise training modalities (aerobic, resistance, and combined training) on body mass index (ES 1.86, 95% CI 0.84 to 2.88; p = 0.0003) (20, 21, 38, 39). There was a moderate degree of heterogeneity across the trials (I2: 42%; p = 0.14). In addition, four studies were combined, showing a significant increase in VO2max/peak of all exercise training modalities (ES 2.54, 95% CI 1.47 to 3.62; p < 0.00001), favoring the exercise group (20, 34, 37, 39). The heterogeneity of the combined studies was low (I2: 0%; p = 0.78). Two studies (three trials) were combined revealing a significant effect of all exercise training modalities on body weight (ES 6.58, 95% CI 2.94 to 10.22; p = 0.0004) (21, 25). These combined trials showed a low degree of heterogeneity (I2: 0%; p = 0.40). Furthermore, eight studies (nine trials) were pooled, yielding a non-significant effect on PANSS positive scores for all exercise training modalities (ES −0.81, 95% CI −1.74 to 0.13; p = 0.09) (21, 29, 34, 37–39, 44, 48). A moderate degree of heterogeneity was identified within these trials (I2: 57%; p = 0.02). A sensitivity analysis slightly influenced the results, indicating a significant effect on PANSS positive scores (ES −1.20, 95% CI −2.32 to −0.08; p = 0.04) with a moderate degree of heterogeneity (I2: 58%; p = 0.02) (44). The subgroup differences between intervention duration (>12 weeks and ≤ 12 weeks) and frequency (<3 sessions per week and ≥3 sessions per week) within all exercise training modalities (aerobic, resistance, and combined training) on PANSS positive scores, were not statistically significant (p = 0.16; p = 0.80). In addition, using the same eight studies (nine trials), all exercise training modalities had a significant effect on PANSS negative scores (ES −1.90, 95% CI −2.70 to −1.10; p < 0.00001) (21, 29, 34, 37–39, 44, 48). There was low heterogeneity among these studies (I2: 18%; p = 0.28). The subgroup differences between intervention duration (>12 weeks and ≤ 12 weeks), frequency (<3 sessions per week and ≥3 sessions per week), and intensity (moderate; moderate-vigorous) within all exercise training modalities (aerobic, resistance, and combined training) on PANSS negative scores, were not statistically significant (p = 0.16; p = 0.09; p = 0.11). A total of six studies (seven trials) were included in the meta-analysis demonstrating no significant effect of all exercise training modalities on PANSS general scores (ES −0.02, 95% CI −2.50 to 2.45; p = 0.99) (21, 29, 34, 38, 44, 48). In addition, there was a considerable degree of heterogeneity across these studies (I2: 87%; p = < 0.00001). Furthermore, a sensitivity analysis had little effect on results and did not impact the significance of this effect. Eight studies (nine trials) were pooled in a meta-analysis demonstrating a non-significant effect of all exercise training modalities on PANSS total scores (ES −2.01, 95% CI −5.13 to 1.10; p = 0.21) (20, 21, 25, 29, 34, 38, 39, 48). The degree of heterogeneity across these studies was moderate (I2: 54%; p = 0.02). Sensitivity analysis showed a considerable shift, yielding a significant mean effect (ES −2.73, 95% CI −4.74 to −0.71; p = 0.008) (21). These trials showed a low degree of heterogeneity (I2: 35%; p = 0.15). The subgroup differences between intervention duration (>12 weeks and ≤ 12 weeks), frequency (<3 sessions per week and ≥3 sessions per week), and intensity (moderate; moderate-vigorous) within all exercise training modalities (aerobic, resistance, and combined training) on PANSS total scores, were not statistically significant (p = 0.41; p = 0.29; p = 0.10). Finally, three studies were grouped in a meta-analysis and displayed a significant decrease in SANS total scores in all exercise training modalities (ES −14.90, 95% CI −22.07 to −7.74; p < 0.0001). The heterogeneity across these studies was low (I2: 0%; p = 0.46).




DISCUSSION

This systematic review consisted of 22 studies, with a total of 12 studies included in the meta-analysis to examine the effectiveness of aerobic, resistance, and combined aerobic and resistance training on improving psychiatric symptoms and health-related physical fitness indicators in persons living with schizophrenia. The findings from our meta-analysis reveal significant effects of exercise training on psychiatric symptoms and health-related physical fitness measures (such as body weight, BMI, and VO2max/peak). These findings further support the importance of exercise training as an adjunct therapy for persons living with schizophrenia.


Aerobic Training

An increasing number of studies have investigated the effects of aerobic training on the improvement of health measures and the reduction of psychiatric symptoms in persons living with schizophrenia. Walking has been identified as a preferred method of treatment in individuals living with schizophrenia due to high accessibility and increased levels of motivation (15, 50). In our meta-analysis, four studies included walking/brisk walking demonstrating reductions in PANSS positive, negative, and total scores (34, 44, 48), or BPRS positive and negative scores (36). Exercise duration ranged from 90 to 180 min per week, with two-to-four sessions per week, implemented over a duration of 12 weeks. Two studies began the exercise intervention with relatively short exercise durations and gradually increased to 150 min per week (36, 44). However, Loh et al. (44) acknowledged that participants in the walking group reported greater levels of motivation due to the increased amount of social support provided. Thus, while the results from these moderate-intensity walking studies have demonstrated a relative decrease in positive and negative symptoms, more research is warranted to demonstrate a significant change in symptoms. Similarly, these findings were supported by a recent review (51) suggesting that while the recommendations for optimal aerobic training dosage is still unclear, a duration of 30–40 min, three days per week, over 10–12 weeks resulted in increased health benefits. Importantly, this dosage is well below international physical activity guideline recommendations for apparently healthy individuals, but consistent with other clinical populations that have exhibited low aerobic capacities and high levels of physical inactivity and sedentary behavior (52, 53).

A recent systematic review and meta-analysis revealed significant improvements in both PANSS positive and negative scores for individuals living with schizophrenia within the aerobic exercise intervention group (54). Similarly, our systematic review revealed that aerobic training had a significant influence on PANSS negative scores; however, we did not find a significant change in PANSS positive scores. Due to the limited studies included within our current paper, these findings should be interpreted with caution. There was a moderate degree of heterogeneity across the studies within the PANSS positive scores; however, low heterogeneity was found among these studies for PANSS negative scores. The aerobic studies included in the systematic review by Sabe and colleagues also revealed improvements in VO2max/peak scores, suggesting a possible relationship between aerobic capacity and decreased PANSS negative scores (54). In our current work, two included studies demonstrated improvements in VO2max/peak (34, 37). Due to the lack of studies, we were not able to conduct a meta-analysis on this outcome. However, there is growing evidence from randomized trials to support the potential for significant changes in aerobic capacity after exercise interventions in persons living with schizophrenia (34, 49). Furthermore, other studies (not employing control groups) have also demonstrated significant (and clinically relevant) improvements in VO2max/peak and other markers of aerobic fitness and exercise tolerance (22, 35). This is further supported by a clinical overview and meta-analysis by Vancampfort et al. (19) that reported lower cardiorespiratory fitness levels in persons living with schizophrenia in comparison to apparently healthy controls. The authors provided recommendations for aerobic training to help optimize health benefits (19). These recommendations outlined the importance of administering a risk stratification, assessments for cardiorespiratory fitness, attainable exercise interventions based on fitness level, and support strategies to ensure adherence to programs (19). Further, it is important for clinicians to consider psychiatric symptoms (specifically negative symptoms), elevated BMI scores, reported presence of pain, and comorbidities as factors that can influence the ability to perform and adhere to aerobic training and thus increase health benefits (19). This supports the earlier recommendations of our team (22).

Current literature suggests that aerobic exercise has a significant effect on PANSS general scores by reducing associated symptoms such as depression and anxiety (34, 55). These results are consistent with our findings in this systematic review. Further, findings by Pelham et al. (55) indicates that there is a negative correlation associated between aerobic fitness levels and rates of depression. This suggests that increasing levels of aerobic fitness results in lower levels of depression, leading to lower levels of PANSS general scores (55). This is supported by the findings of Woodward and colleagues that demonstrate a 12-week aerobic or weight-bearing exercise program can improve symptom severity, reduce depression, improve cognition, and trigger hippocampal growth (27).



Resistance Training

Despite the clear health benefits of engaging in exercise that taxes the musculoskeletal system (56, 57), few studies have examined the effect(s) of resistance training on psychiatric symptoms. Therefore, there is a paucity of evidence surrounding the benefits of resistance training in persons living with schizophrenia (21, 25). The meta-analysis revealed no significant findings with respect to PANSS total scores. Although it has been suggested that resistance training may have a beneficial effect on improving psychiatric symptoms in patients living with schizophrenia (21), a pilot study by Heggelund et al. (25) reported an increase in PANSS total scores following a resistance training intervention. These authors suggested that the findings may be attributed to the natural course of the illness commonly seen in persons living with schizophrenia. This is an important point to consider when comparisons are made to changes seen in other groups (e.g., apparently healthy controls and other clinical populations). Additionally, the authors acknowledged that an 8-week intervention may be too short in duration for participants to adapt to the exercise intervention to produce greater reductions in symptom severity. Moreover, a study by Silva et al. (21) reported significant improvements in PANSS positive, negative, and total scores following a 20-week resistance training intervention.

Although there was insufficient data to conduct a meta-analysis, two studies investigated BMI scores in response to resistance training, revealing equivocal findings. Specifically, Silva et al. (21) revealed minor reductions in BMI scores following a 20-week intervention. In comparison, following a 12-week resistance training intervention, Maurus et al. (38) documented a slight increase in BMI scores. These divergent findings are not unanticipated owing to differences in exercise training programs, treatment patterns, and clinical characteristics of persons living with schizophrenia.

Resistance training reduces all-cause mortality by increasing musculoskeletal fitness and functional independence in the general population (56–58). Therefore, considering the increased risk of secondary complications (such as cardiometabolic disease) and premature mortality, further investigation is warranted to fully examine the effects of resistance training on psychiatric symptoms and health outcomes in schizophrenia (18, 25, 59).

Although further research is clearly warranted, the findings from this systematic review support the implementation of resistance training in persons living with schizophrenia. The optimal dosage, intensity, and type of resistance training remains to be determined. However, there is preliminary evidence supporting two-to-three sessions of resistance training carried out over a period of 12 weeks or more. This is similar to what is seen with the rehabilitation of other chronic medical conditions with low baseline fitness (e.g., chronic heart failure) (60–62).



Combined Aerobic and Resistance Training

Combined aerobic and resistance training has been shown to decrease cardiovascular disease risk factors and increase VO2max in overweight and obese populations when compared to aerobic or resistance training interventions (63, 64). Evidence has revealed that incorporating resistance training into an aerobic exercise intervention may act as a form of therapeutic treatment, as individuals living with schizophrenia receive the benefits of both aerobic and resistance training. In addition, findings suggest that combined training may help to improve body composition and lean body mass in persons living with schizophrenia (21, 26). All participants across three studies included in the meta-analysis reported BMI scores that were categorized as overweight (20, 21, 39). Although the mean effect size was not significant, there was a significant degree of heterogeneity that should be considered when interpreting these findings (Figure 5). It is important to note that a contributing study consisted of a small sample size of solely male participants (21), which may not be an accurate representation of the general clinical population. Considerable limitations such as small sample sizes (21), low compliance rates, high drop-out rates, and symptom severity (20) may be contributing factors to these findings and the associated heterogeneity.

A systematic review by Martin et al., (64) determined that an exercise program involving both aerobic and resistance training led to improvements in PANSS negative and total scores. An additional systematic review by Firth et al. (65) found improvements in psychiatric symptoms (PANSS positive, negative, and total scores) that were only detected through the implementation of programs that included aerobic training. Our systematic review had preliminary evidence to support this conclusion; however, our meta-analysis did not reveal a statistically significant benefit for PANSS total scores. Conducting a sensitivity analysis showed that removing the only study with a positive ES (21) shifted the findings to favor combined training on PANSS total scores. However, these changes did not lead to significant findings. Furthermore, positive symptoms were favored within the combined training groups; however, sensitivity analysis was required to remove the only positive ES in order establish statistical significance in these findings. It is also important to note that the degree of heterogeneity in the meta-analysis was statistically significant across the studies assessing PANSS positive scores; therefore, these findings should be interpreted with caution. There is preliminary evidence to support the efficacy of combined training on psychiatric symptoms. Additional studies are clearly warranted to further investigate the effectiveness of combined training on improving psychiatric symptoms and health outcomes in schizophrenia.



Limitations

We aimed to evaluate the optimal exercise training program for improving health-related physical fitness and other health indicators in persons living with schizophrenia. However, we acknowledge certain limitations within this systematic review and meta-analysis. First, only 12 out of the 22 included studies were randomized controlled trials or quasi-experimental designs, with a large majority of the remaining articles being pilot or feasibility studies. Further, our findings reflected studies that included relatively small sample sizes, making it challenging to ensure the included sample population was an accurate representation of the clinical population of interest. While some studies reported specific levels of antipsychotic medications, the potential confounding influence of antipsychotic medications were not considered in this review. In addition, not all authors responded to requests made for further information or additional data.

Data from studies that did not implement a control group were not included within the meta-analysis. Therefore, comparisons between the intervention of interest and a control were analyzed. However, many of the control groups within the included studies participated in an alternative form of physical activity. As a result, it is difficult to determine whether the reported changes in health measures and psychiatric symptom scores are a result of the implemented exercise intervention. Due to the limited number of studies selected within this systematic review, there was minimal data available to interpret many of the outcomes. This created a challenge when independently conducting meta-analyses within each exercise modality. To support a greater number of outcomes, meta-analyses were conducted combining all exercise training modalities. Additionally, there were only two studies that included persons with treatment-resistant schizophrenia; however, because these studies did not include a control group, a meta-analysis could not be performed. Increasingly, control groups are not being employed owing to the overwhelming health benefits seen with exercise training in persons living with schizophrenia. In addition, due to the limited number of studies included within the meta-analysis, it was not feasible to conduct subgroup analyses for duration, frequency, and intensity within each exercise modality group (aerobic, resistance, and combined aerobic and resistance training). Therefore, subgroup analyses were only conducted for all exercise training modalities for PANSS positive, PANSS negative, and PANSS total. Finally, it should be noted that the degree of heterogeneity within this meta-analysis ranges from low to considerable, with the majority being low.



Future Directions

Future studies should carefully examine the risks and adherence rates between modalities of exercise training to outline evidence-based recommendations for exercise training interventions that consider patient interests (such as motivational and support strategies to maximize health benefits associated with exercise training). Moreover, while varying degrees of symptom severities were taken into consideration for this systematic review, further investigation is needed to determine which modality of exercise training is optimal for individuals who may experience severe ratings of psychiatric symptoms and/or may be treatment resistant. Finally, additional studies are warranted to clearly examine the ideal dosages (frequency, intensity, type, and time) of aerobic, resistance, and combined training to achieve optimal health benefits in persons living with schizophrenia. This research is important in the context of recent findings that demonstrate an exacerbation of symptoms following exercise training in individuals living with schizophrenia receiving certain antipsychotic treatment regimens (66).




CONCLUSION

Our findings suggest that different modalities of exercise may play an important role in reducing psychiatric symptoms and improving health-related physical fitness outcomes in persons living with schizophrenia. These findings are directly aligned with previous research that highlights the importance of incorporating exercise as an adjunct treatment to improve health and wellbeing in this population (30, 65). More studies are needed to determine which type of exercise has increased efficacy in reducing psychiatric symptoms and various health measures. There is growing evidence that 90 min of weekly moderate-to-vigorous intensity exercise aerobic or combined aerobic and resistance exercise can lead to a significant reduction in symptoms in persons living with schizophrenia, with the potential for health benefits at relatively low volumes and intensities of exercise.
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Exercise is a commonly prescribed therapy for patients with established cardiovascular disease or those at high risk for de novo disease. Exercise-based, multidisciplinary programs have been associated with improved clinical outcomes post myocardial infarction and is now recommended for patients with cancer at elevated risk for cardiovascular complications. Imaging studies have documented numerous beneficial effects of exercise on cardiac structure and function, vascular function and more recently on the cardiovascular risk profile. In this contemporary review, we will discuss the effects of exercise training on imaging-derived cardiovascular outcomes. For cardiac imaging via echocardiography or magnetic resonance, we will review the effects of exercise on left ventricular function and remodeling in patients with established or at risk for cardiac disease (myocardial infarction, heart failure, cancer survivors), and the potential utility of exercise stress to assess cardiac reserve. Exercise training also has salient effects on vascular function and health including the attenuation of age-associated arterial stiffness and thickening as assessed by Doppler ultrasound. Finally, we will review recent data on the relationship between exercise training and regional adipose tissue deposition, an emerging marker of cardiovascular risk. Imaging provides comprehensive and accurate quantification of cardiac, vascular and cardiometabolic health, and may allow refinement of risk stratification in select patient populations. Future studies are needed to evaluate the clinical utility of novel imaging metrics following exercise training.
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INTRODUCTION

Regular physical exercise provides many benefits to the cardiovascular system and overall health at all stages of life. As such, aerobic exercise (e.g., walking, cycling) and more recently resistance exercise (e.g., weightlifting), have been an integral component of clinical guidelines, and the cornerstone of cardiac rehabilitation for patients with or at risk for cardiovascular disease including coronary artery disease (CAD), heart failure, and cancer (1–4).

The most common form of exercise for primary and secondary prevention of cardiovascular disease is aerobic training, which improves oxygen delivery (i.e. cardiac output) during physical effort, and resistance training, which increases skeletal muscle mass and strength. Patients with established cardiovascular disease are commonly referred to cardiac rehabilitation, which typically involves a 6–24-week program of supervised, moderate-intensity (50–75% of maximal heart rate or 40–60% of heart rate reserve) continuous aerobic exercise, supplemental resistance training and other health interventions. High-intensity interval training (brief periods of 85–100% maximal heart rate or 80–90% heart rate reserve alternated with rest or low intensity) is a time efficient aerobic exercise alternative for lower risk patients and appears to offer similar health benefits (5). Exercise training interventions have been shown to exert direct and indirect beneficial effects on the cardiovascular risk profile. Aerobic and resistance training prevent or reduce insulin resistance and diabetes mellitus type II (6), and have favorable effects on blood pressure, lipid profile, vascular inflammation, body composition, and overall cardiac function in patients with established cardiac disease as well as healthy individuals (7–9). Dietary counseling for optimal nutritional study also plays an integral role in most rehabilitation programs and targeted nutrition interventions can improve body composition, metabolic and cardiovascular health (10).

Imaging provides a valuable modality to quantify the effects of exercise training and multimodal rehabilitation as it enables an evaluation of the physiological and morphological adaptations of the heart and vasculature. Imaging is frequently used to characterize the impact of exercise training interventions on cardiac function and remodeling, two prognostic measures that help to guide the therapeutic management of patients with cardiac disease. Echocardiography and magnetic resonance imaging (MRI) are the primary imaging modalities used to evaluate the cardiovascular effects of exercise based on their accuracy, versatility, and safety profile for repeat testing. In assessing the heart, these modalities are principally used to provide information on ventricular size, mass, and function as well as hemodynamic and flow quantification. Cardiac MRI also allows the evaluation of myocardial tissue characterization, including macro- and microscopic fibrosis using quantitative mapping sequences and contrast enhanced imaging (Figure 1). In assessing the vasculature, these modalities are primarily used to evaluate vascular function, stiffness, and structure. These imaging modalities are increasingly applied in real time to evaluate dynamic changes in cardiovascular function during exercise to unmask occult dysfunction that may not be identified at rest (11, 12). Furthermore, our group has also used MRI to evaluate relevant extra-cardiac sequelae of cardiac disease such as lung water content in patients with potential heart failure, regional adipose tissue deposition as a metric of cardiovascular risk, and skeletal muscle volume and function impairments (13–15).


[image: Figure 1]
FIGURE 1. Examples of cardiac imaging metrics to assess the effects of exercise training in patients with or at risk for cardiovascular disease. (A) Left ventricular volumetric analysis of short-axis steady state free precession (SSFP) images acquired from cardiac MRI. (B) Global longitudinal strain acquired transthoracic echocardiogram. (C) Myocardial perfusion acquired from first-pass gadolinium enhanced imaging on vasodilator stress cardiac MRI. Note anterolateral perfusion defect (white arrows). (D) Myocardial tissue characterization on cardiac MRI with native T1 mapping (left) and extracellular volume fraction (ECV) (right). Note the elevated myocardial T1 (1,158 ms) and ECV (57%) consistent with cardiac amyloidosis.


In this review article, we will review the potential benefits of exercise on left ventricular (LV) function and remodeling, vascular function and structure, and body composition in adult patients with or at risk for cardiovascular disease and discuss the application and utility of imaging to characterize these changes.


Exercise Training Effects on Cardiac Structure and Function in Healthy Individuals

Before examining the role of exercise training in patients with cardiovascular disease, it is important to understand its effects in healthy individuals. Public health recommendations for the general population are to include 150 min per week of moderate-intensity aerobic exercise or 75 min if the intensity is classified as vigorous (16). Sustained (e.g., several hours) endurance exercise has been linked to increased circulating biomarkers of myocardial stress including cardiac troponin T and N-terminal-pro-B-type natriuretic peptide (NT-pro-BNP) (17). However, it has been postulated that BNP and NT-pro-BNP elevation in this setting may have cytoprotective and growth regulatory effects and thus be indicative of physiological stress rather myocardial damage (17).

Soluble suppression of tumorigenicity 2 (sST2) is an emerging prognostic biomarker that has been associated with myocardial fibrosis, inflammation, and function and is an independent predictor of long-term mortality (18). High-intensity and duration exercise such as a marathon race has been linked to increased levels of sST2 (19). This association might explain the increased incidence of myocardial scar on cardiac MRI late gadolinium enhancement imaging among athletes who practice intense endurance training compared to the general population (20). Although, the clinical significance of this finding in athletes is unclear and further studies are needed. Cardiac imaging, in particular echocardiography and MRI, have a vital role in examining geometric changes that may occur in athlete's hearts. Aerobic exercise training has been associated with LV dilation and hypertrophy, right ventricular and/or biatrial dilatation (21, 22). Therefore, to differentiate between exercise-induced physiological cardiac remodeling and cardiomyopathy, a recent meta-analysis of 27 studies defined normal reference values of biventricular size and function estimated by cardiac MRI in competitive athletes. Compared to the general population, competitive athletes generally have higher resting biventricular end-diastolic and end-systolic volumes, and stroke volume (22, 23). However, an important caveat is that most patients with cardiovascular disease will not complete the volume of aerobic exercise necessary to induce physiological remodeling.



Influence of Sex and Age on the Effects of Exercise Training on Cardiac Function
 
Sex

Ventricular volumes and mass are lower in females compared to males however cardiac function is comparable between sexes (23). Compared to men, women of comparable training status and age, typically have 5–15% lower peak VO2 after adjustment for body weight and lean body mass (24). A primary determinant of lower peak VO2 among women is lower peak exercise cardiac output relative to men (25). Given that women demonstrate a similar heart rate during exercise as men (26, 27), lower stroke volume is the primary contributor to the attenuated cardiac output response during exercise (28, 29). Additionally, sex differences exist for myocardial remodeling after injury and cardiovascular overload (e.g., training responses) (30). A recent meta-analysis of 26 studies (n = 468 healthy individuals) found similar LV hypertrophy adaptations to endurance training among men and women, but that LV end-diastolic, end-systolic and stroke volumes increased more in men (31). In addition, women appear to experience greater improvements in arteriovenous oxygen difference with endurance training compared to men (32–34). The sex differences literature on exercise training responses is primarily limited to healthy adults, as the studies of patients with heart failure have been predominantly performed in men (35). Several research gaps also exist regarding potential sex differences in the vascular adaptations to endurance training (36).

Estrogen levels have been shown to play an important role in attenuation of pathologic pressure-overload LV hypertrophy but may not affect exercise-related physiological hypertrophy in rodents (37, 38). Therefore, while menopausal status may be a determinant of pathological hypertrophy between the sexes, other factors may explain differences in cardiac adaptations to exercise training (30, 39). In younger, premenopausal women, the adaptations to endurance training are more likely related to peripheral determinants as opposed to LV adaptations, as seen in men (27, 36, 40, 41). Older, post-menopausal women experience similar peripheral adaptations to endurance training but appear to have a smaller increase in peak VO2 and blood volume compared to premenopausal women (32). Spina et al. demonstrated that among older (60–70 years) women, 9–12 months of endurance training increased peak VO2 and arteriovenous oxygen difference, but LV end-diastolic and stroke volumes did not change (40). Nio et al. compared training responses to 12 weeks of endurance training among pre- vs. post-menopausal women and found that post-menopausal women experienced a smaller increase in peak VO2 and blood volume, but no differences in cardiac output, heart rate, or LV volumes compared to premenopausal women (32).



Age

Ventricular volumes decrease with age but systolic function is unchanged with aging (23). Cardiovascular function among older adults tends to be impaired relative to younger adults owing to a number of age-related changes including worsening cardiac mechanics, decreased responsiveness to ß-adrenergic stimulation and increased vascular and aortic stiffness (36, 42–45). Among healthy, sedentary adults, there is a rate of decline in peak VO2 of an average of 5–10% per decade due to both structural and functional changes in central and peripheral determinants (27, 36, 40, 46). However, endurance training can attenuate the rate of age-related decline in peak VO2. While endurance training increases peak VO2 in older men and women, the magnitude of adaptation is less in older women relative younger controls (32, 47). The attenuated training adaptations appear to be related to lower improvements to cardiac output, stroke volume, and LV function among older vs. younger adults (27, 46). Older women experience similar improvements to peak VO2 in response to endurance training as older men, but there appears to be a sex difference in the responsible mechanisms. Prospective studies have demonstrated that older men are more likely to experience central adaptations such as improvements in cardiac output, stroke volume, and LV systolic function after 9–12 months of endurance training (48, 49). Conversely, older women are more likely to experience peripheral adaptations such as increased arteriovenous oxygen difference with minimal concurrent improvements in stroke volume (32, 33, 40, 49). Regular aerobic exercise appears to attenuate the age-related aortic stiffening among healthy men and women (36, 46) (Table 1).


Table 1. Characteristics of the imaging studies reporting on the cardiac effects of exercise training.
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EXERCISE TRAINING EFFECTS ON CARDIAC STRUCTURE AND FUNCTION IN PATIENTS WITH ESTABLISHED CARDIOVASCULAR DISEASE


Cardiac Remodeling in Cardiovascular Disease States: Clinical Significance

Left ventricular remodeling after myocardial injury is defined as a structural adaptation in chamber size and shape, arising from complex biochemical and cellular changes. This deleterious cascade leads to varying degrees of LV dilatation, hypertrophy and extra-cellular collagen deposition, manifesting clinically as myocardial stiffness, and/or LV dysfunction (75). The extent of remodeling is often used as a surrogate for cardiac disease progression and is an emerging therapeutic target in heart failure. Therapeutic interventions, including cardiac rehabilitation, have been used to attenuate cardiac remodeling, typically defined as a ≥ 10% increase in LV end-diastolic or end-systolic volume in the post-myocardial infarction (MI) or heart failure setting (76). Cardiac imaging routinely provides data on remodeling-specific markers, such as LV volumes and ejection fraction (EF), which elucidate prognosis and guide the potential need for further intervention (76).

Studies of structured, exercise-based cardiac rehabilitation for patients with heart failure or post-MI have been associated with improved cardiac function and attenuation of ventricular remodeling in addition to a reduction in cardiovascular mortality (77, 78). Thus, these programs have been implemented as a class I recommendation in contemporary guidelines for patients with cardiac diseases (1–4). Cardiac imaging is commonly used to evaluate the effects of exercise training on LV size and function in conjunction with other therapeutic interventions such as pharmacotherapy, coronary revascularization and cardiac resynchronization.



Exercise Training Effects in Patients With Coronary Artery Disease

Echocardiography has been the predominant modality used to study the effects of exercise training on cardiac remodeling in patients with CAD. Pooled analyses of clinical trial data suggest that the timing and duration of the exercise intervention is important. For example, these studies have shown that the attenuation of cardiac remodeling occurs when exercise is initiated early, within 1 week of hospitalization in clinically stable, post-MI patients and is continued for at least 6 months (50, 51). These salient effects on LV remodeling post-MI have been described in patients with preserved LV function (52) as well as moderate systolic dysfunction (53). Randomized controlled trials of exercise training have demonstrated improvements in LVEF ranging from 5 to 15% (51, 54, 55). There is also preliminary evidence to suggest that exercise may improve diastolic function. A randomized controlled trial evaluating the effects of exercise on diastolic function post MI found that E wave and E/A ratio by Doppler echocardiography increased by 0.2 in the exercise group, suggesting enhanced LV filling and reduced LV wall stress (53).

Exercise training and cardiac rehabilitation are effective strategies for limiting morbidity and mortality inpatients with coronary artery disease (77, 78). The mechanisms underlying this reduction in mortality are likely multifactorial but include reductions in cardiovascular risk factors as well as improved myocardial perfusion, which can be attributed to increased coronary artery collateralization and vasorelaxation as well as reduced vascular oxidative stress (79, 80). Improved coronary artery collateralization secondary to exercise training has been demonstrate using Thallium scintigraphy and gated SPECT with technetium-99 m sestamibi (56–58, 81). Coronary autoregulation is influenced by the interplay between nitric oxide production by the endothelium and inactivation by reactive oxygen species. In patients with CAD, coronary vasomotor tone is disturbed due to an imbalance in nitric oxide metabolism, however, exercise training restores nitric oxide availability and is largely responsible for the improvement in myocardial perfusion (81).

In summary, imaging studies demonstrate that exercise training has favorable effects on LV remodeling, systolic and diastolic function as well as myocardial perfusion in patients with CAD (Table 1).



Exercise Training Effects in Patients With Heart Failure

In patients with heart failure and reduced ejection fraction (HFrEF) (LVEF < 40%), exercise training has been shown to reverse LV remodeling, with favorable effects on ejection fraction, stroke volume, and end-diastolic and end-systolic diameters (59–62).

However, similar to patients with CAD, the length of training program needed to have measurable positive effects was 6 months or longer (59, 60, 62). In one recent meta-analysis, LVEF was observed to improve with a mean difference of 6.3% in trials of ≥ 6 months duration vs. 2.3% for studies of shorter duration (62). Similarly, clinical trials of patients with reduced ejection fraction (LVEF < 35%) found that exercise training of 3 months duration or less did not impact relevant circulating cardiac biomarkers: NT-pro-BNP, high sensitivity C-reactive protein, and cardiac troponin (82). Regarding the type of exercise, the meta-analysis reported that high intensity interval training (HIIT) or combined aerobic and resistance training was not superior to moderate intensity continuous training for improvement in LVEF (62). Diastolic function also likely improves with exercise training. A meta-analysis of patients with HFrEF found that aerobic training induced a mean difference of −2.85 in E/E' ratio (early diastolic filling over diastolic tissue velocity) relative to controls, suggesting improved myocardial relaxation (63). However, this exercise-induced improvement in cardiac function is possibly explained by changes to vascular tone rather than direct cardiac effects. Using echocardiography and right-heart catheterization, Hambrecht et al. showed that 6 months of training in patients with HFrEF lowered total peripheral resistance, which strongly correlated to concurrent increased stroke volume (64). In studies of patients with heart failure and preserved ejection fraction (HFpEF) (LVEF ≥ 50%), exercise training did not result in any significant changes in LV volume, systolic function and diastolic function but did lead to a mild improvement in cardiorespiratory fitness [improves peak oxygen uptake (VO2) by ~2 ml/kg/min] (65). Furthermore, measurements of carotid artery distensibility and brachial artery flow mediated dilatation were also unaffected by aerobic training in this study (65). However, exercise trained patients with HFpEF exhibit increased arterial-venous oxygen difference after 4 months, consistent with improved skeletal muscle oxygen uptake and/or extraction by active muscles (35). A recent randomized controlled trial of HIIT, moderate intensity intermittent training or guideline-based control in 180 patients with HFpEF confirmed no improvement in echo-derived diastolic function (E/E') and left atrial volume or cardiorespiratory fitness (peak VO2) after 12 months of training (66). An earlier meta-analysis also reported no change in cardiac imaging parameters and minor improvement in exercise performance in patients with HFpEF (67) (Table 1).




EXERCISE TRAINING EFFECTS ON CARDIAC STRUCTURE AND FUNCTION IN PATIENTS AT RISK FOR CARDIOVASCULAR DISEASE


Patients With Hypertension

Uncontrolled systemic hypertension may lead to LV hypertrophy and ultimately to heart failure (83). Moderate-intensity aerobic exercise training is recommended in patients with hypertension has been associated with 2-3 mmHg reductions in both systolic and diastolic blood pressure (84). Single-site imaging studies of exercise training in hypertensive patients also suggest associated improvement in cardiac function. An observational study of 116 patients undergoing 8 weeks of moderate-to-high intensity aerobic training (70–85% of peak heart rate) found no change in LVEF or LV wall thickness however tissue Doppler echocardiography and strain imaging suggested a post-intervention improvement in systolic and diastolic function (68). In a randomized study of 88 patients with hypertension, Molmen-Hansen et al. showed that high-intensity interval training (>90% maximal heart rate) improved 24-h ambulatory blood pressure, increased LVEF from 58 to 65%, increased E' from 8.06 to 9.26 cm/s, but with no change in LV wall thickness (69). A recent study of 30 hypertensive patients participating in 10 weeks of cardiac rehabilitation improved blood pressure control, decreased LV mass from 104 to 97 g/m2 and improved LV global longitudinal strain from 19.8 to 20.7% (70). Interestingly, a meta-analysis of 16 studies of normotensive and hypertensive patients showed that isometric resistance training lowered systolic blood pressure in both groups, however potential associated effects on cardiac structure and function have not been elucidated (85) (Table 1).



Patients With Diabetes Mellitus

Diabetes mellitus is an independent risk factor for the development of atherosclerosis and heart failure. Diabetic cardiomyopathy is characterized by two distinct phenotypes, LV dilatation with systolic dysfunction or concentric LV hypertrophy with diastolic dysfunction (86). Glycemic control has been shown to influence cardiac function in individuals with diabetes (87), however, even individuals with well-controlled diabetes (defined by HbA1c < 7.5%) have subclinical myocardial dysfunction demonstrated by a significantly reduced longitudinal strain reserve on stress echocardiography (88). A systematic review of exercise training in individuals with diabetes suggested an improvement in diastolic function (E/A) but no consistent effect on systolic function or LV remodeling on echocardiography or MRI (71). Nevertheless, this apparent effect of exercise training is likely important because diastolic dysfunction with preserved LVEF is a common phenotype in patients with diabetic cardiomyopathy (86).

Two studies have suggested that high-intensity intermittent exercise may be superior to moderate-intensity exercise in reversing diabetes-associated myocardial impairment, with demonstrated improvement in systolic and diastolic function (72, 73). However, high-intensity training also increases LV wall mass and end-diastolic volume, presumably due to changes in loading conditions (72) (Table 1).



Patients With Cancer

Cancer therapy-related cardiac dysfunction (CTRCD) is an important clinical consideration for patients receiving anthracycline and/or trastuzumab-based adjuvant treatment. Early recognition and management of CTRCD is important as it has the potential to delay cancer treatment and directly impact cardiovascular morbidity and mortality. Cardiac imaging plays a critical role in the early detection and monitoring of CTRCD. This adverse complication is most commonly assessed by measuring LVEF by echocardiography, multi-gated blood pool imaging or cardiac MRI (89). Left ventricular global longitudinal strain is also recommended as a sensitive metric to. detect early LV dysfunction (89).

While pre-clinical models suggest that aerobic exercise training prevents cancer therapy-related cardiotoxicity, this has not translated to the clinical setting in the available research to-date. A recent meta-analysis of 8 studies (221 patients) of exercise training in patients with breast cancer receiving trastuzumab and/or anthracyclines showed no consistent benefit in the prevention of LV dilatation or worsening systolic function as assessed by echocardiography or cardiac MRI (74). However, exercise did improve cardio-respiratory fitness as measured by peak VO2 (Table 1).




CARDIAC IMAGING WITH EXERCISE STRESS

Cardiac reserve function is defined as the difference in cardiac function from rest to peak exercise captured by echocardiography or cardiac MRI. Its potential importance stems from its ability to detect stress-induced myocardial dysfunction and evaluate exercise-related changes to chronotropy, inotropy, lusitropy, and vasodilation in patients with normal resting parameters (90).

In patients with HFpEF, a number of metrics have been studied with exercise imaging including LVEF, LV global longitudinal strain, E/E' ratio, mitral annular systolic velocity, and tricuspid regurgitation maximal velocity (91–93). Resting echocardiography, electrocardiogram, and serum biomarkers such as NT-pro-BNP often fail to identify patients with HFpEF, whereas a stress echocardiogram has been shown to be more sensitive for this diagnosis (93). Exercise echocardiography can be performed using a treadmill or a cycle ergometer. The latter having the advantage of imaging being performed in a semi-supine position and therefore does not require patient transfer and allows for image acquisition at incremental workloads.

Exercise stress imaging with cardiac MRI offers the advance of enhanced accuracy and reproducible quantification of cardiac volumes and biventricular function relative to other imaging modalities (94, 95). The exercise modes employed with cardiac MRI include a supine cycle ergometer or stepper device attached to the scan table to allowing real-time image acquisition while the patient is exercising, instantaneous with achievement of peak exercise or by exercise performed outside of the bore with quick transfer of patients to the MRI table for image acquisition (96, 97). Exercise-related increased respiratory rates and cardiac translation introduce both patient-related difficulties in breath-holds and ECG signal, which are required for the standard cardiac MRI acquisition methods (97). Our group recently validated a real-time, free-breathing approach that remedies these exercise-related issues in patients with cardiovascular risk factors and/or cancer (97) (Figure 2).


[image: Figure 2]
FIGURE 2. Real-time imaging of cardiac function during exercise using cardiac MRI. (A) Healthy volunteer in supine position outside of magnet bore using MRI conditional stepper device to achieve maximal aerobic activity. (B) All short-axis and long-axis slices are viewed simultaneously to select those for volumetric analysis. Short-axis slices with myocardium and a single 2- and 4-chamber view are chosen. (C) A full cardiac cycle for each selected slice is extracted from which end-diastolic and end-systolic images are identified and endocardial (red) and epicardial (green) borders are traced. Modified from Kirkham et al. (97).




EXERCISE TRAINING EFFECTS ON VASCULAR HEALTH


Imaging Metrics of Vascular Structure and Function

Age, cardiometabolic disease and toxic exposures (e.g., smoking, chemotherapy) each affect the arterial wall matrix, reduce elasticity and thus increase the potential for arterial stiffening and impaired blood flow (98). Endothelial dysfunction is also common in patients with and at risk for atherosclerotic disease and can increase arterial tone and stiffness due to impaired vascular smooth muscle function (98). Arterial stiffness is typically derived from the assessment of pulse wave velocity (PWV) in a vessel segment and is measured non-invasively using tonometry or cuff-based technologies as well as by imaging on Doppler ultrasound or MRI-derived phase velocity imaging (99). These imaging modalities also allow for complementary information on arterial wall thickness (B-mode or M-mode ultrasound) (100) and aortic distensibility (MRI cine imaging) (101) (Figure 3). Measures of arterial stiffness are clinically relevant as they predict future cardiovascular events (102–104) incident hypertension (105) and heart failure (106). Hence, therapies directed at attenuating vascular dysfunction are desirable. Aerobic exercise training is known to improve cardiovascular risk factors modulating arterial stiffness (4) and some studies also suggest direct effects on improving vascular function (107, 108).


[image: Figure 3]
FIGURE 3. Imaging techniques used to assess the effects of exercise training in patients with or at risk for cardiovascular disease. (A) MRI derived arterial stiffness. Pulse wave velocity (PWV) estimated from MRI derived phase velocity imaging of the thoracic aorta in an older patient with heart failure. Adapted from Thompson et al. (101). (B) Thoracic aorta distensibility (AoD) on SSFP cines. Comparison of aortic distensibility between a young healthy individual, an older healthy individual and an older patient with heart failure.





EXERCISE TRAINING EFFECTS ON VASCULAR FUNCTION IN PATIENTS WITH ESTABLISHED CARDIOVASCULAR DISEASE


Patients With Coronary Artery Disease

Aerobic exercise training has been linked to reduced arterial stiffness in patients with CAD. A systematic review of 5 studies of arterial stiffness in patients with CAD found that aerobic training was associated with lower PWV measures on Doppler ultrasound (109). One study suggested that the magnitude of benefit was greater for participants who trained for 20 weeks compared to 12 weeks, change in PWV −1.0 vs. −0.6 m/s, respectively (110). However, these studies were non-randomized, small (range 20–119 participants) and did not control for potential confounders. In contrast, a randomized-controlled trial of 12 months of combined aerobic and resistance training in 137 patients with CAD and diabetes mellitus found no effect of exercise on IMT measures (111). Although, subgroup analysis suggested improved IMT measures in patients without carotid plaques at baseline (Table 2).


Table 2. Characteristics of the imaging studies reporting on the vascular effects of exercise training.
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Patients With Heart Failure

Vascular function is believed to play an integral role in the development and progression of heart failure, particularly with preserved ejection fraction (117). Indeed, carotid artery distensibility derived from B-mode ultrasound is significantly reduced in patients with HFpEF compared to healthy controls and is also directly related to cardiorespiratory fitness (peak VO2) (118). In a cross-sectional study of 143 patients attending cardiac rehabilitation, a significant correlation between indices of arterial stiffness and cardiorespiratory exercise tolerance was found in patients with preserved ejection fraction but not in patients with reduced ejection fraction (119). However, a randomized, controlled trial of 16 weeks of combined aerobic and resistance training for patients with HFpEF found no improvement in carotid artery distensibility or in brachial artery flow mediated dilatation despite improvement in cardiorespiratory fitness (65). While vascular function appears to be an important determinant of exercise tolerance in patients with HFpEF, it does not appear to be improved by exercising training (Table 2).




EXERCISE TRAINING EFFECTS ON VASCULAR FUNCTION IN PATIENTS AT RISK FOR CARDIOVASCULAR DISEASE

Early studies suggested that 3 months of aerobic exercise training in patients with cardiovascular risk factors (hypertension, diabetes mellitus and dyslipidemia) reduced arterial PWV (108). However, these salient effects on arterial stiffness were an early response to exercise as they were not sustained at 6 months of aerobic training (112). Similarly, meta-analyses of predominantly aerobic exercise training in individuals with hypertension or diabetes found no improvement in the non-invasive assessment of arterial stiffness (113, 114). However, subgroup analysis in hypertensive patients suggested improvement with interventions of longer duration (113). Data on exercise training and arterial stiffness in patients with cancer is lacking however one recent study of 12 weeks of circuit resistance training reported significant improvement in cardiorespiratory fitness (VO2 max + 4.3 ml/kg/min) and PWV (−0.9 m/s) in 51 patients (115). A recent meta-analysis of exercise training in patients with breast or prostate cancer (163 total patients) reported that aerobic exercise improved vascular endothelial function on ultrasound (116) (Table 2).



EXERCISE TRAINING EFFECTS ON CARDIAC AND EXTRA-CARDIAC TISSUE STRUCTURE AND COMPOSITION

Late gadolinium enhancement sequences on cardiac MRI are frequently utilized to identify and quantify myocardial scar (replacement fibrosis) arising from acute ischemic injury (120). Follow-up studies of patients with acute MI, have shown that infarct size decreases by 16% on late gadolinium enhancement imaging (121). However, the effect of exercise training on infarct size has not been well-elucidated. Quantitative mapping MRI sequences also allow the characterization of both myocardial and extra-cardiac tissues to provide valuable insight into whole-body cardiovascular health profile. Elevated myocardial T1 times and extracellular volume metrics have been validated as indicators of edema in acute disease and interstitial reactive fibrosis in chronic conditions and are increasingly used as risk markers in patients at risk for or with established cardiovascular disease (122, 123). For example, Reinstadler et al. showed that in patients with ST elevation myocardial infarction, native T1 values in remote, non-infarcted myocardium independently predicted adverse cardiovascular outcomes at 6 months (124). Similarly, Vita et al. showed that in patients with non-ischemic dilated cardiomyopathy, elevated myocardial extracellular volume predicts long-term heart failure outcomes (125). Increased myocardial T1 and extracellular volume have also been reported in cancer survivors with previous exposure to anthracycline-based chemotherapy (126, 127). Kirkham et al., reported that native myocardial T1 was elevated compared to controls and correlated with cardiorespiratory fitness among anthracycline-treated breast cancer survivors, suggesting that this metric of myocardial microarchitecture has important functional implications (128). A recent non-randomized study of 27 patients with breast cancer undergoing 4 months of exercise training during anthracycline-based chemotherapy found no effect of exercise on native myocardial T1 but not report on extracellular volume fraction (129). To our knowledge, there have been no reports on the effects of exercise training on myocardial T1 and extracellular volume fraction (i.e., myocardial reactive fibrosis ± edema) in patients with established cardiovascular disease or with cardiovascular risk factors.

It is now well-established that the location of fat deposition is much more closely linked to cardiovascular disease risk than the total quantity of fat (130). For instance, subcutaneous fat (located under the skin) accounts for 80–95% of total body fat but has relatively benign cardiometabolic consequences (130). When the finite limit of the expansion capacity of subcutaneous fat is reached, or in the presence of toxic exposures (e.g., smoking or chemotherapy), fat deposition occurs in ectopic “overflow” sites instead, including around the visceral organs (visceral), in skeletal muscle (intermuscular), in liver cells, or around the heart (epicardial) (130). Ectopic fat only accounts for 5–15% of total body fat but has much worse cardiometabolic consequences. For example, visceral and intermuscular fat deposition are independent predictors for cardiometabolic disease including hypertension, dyslipidemia, insulin resistance and atherogenesis and are predictive of cardiovascular mortality (131, 132). Furthermore, our group has shown that thigh intermuscular fat is a strong independent predictor of cardiorespiratory fitness level in male and female patients with HFpEF, breast cancer survivors, and females with cardiovascular risk factors (15, 133, 134). We have shown that visceral and intermuscular fat volume at the time of a breast cancer diagnosis predicts later cardiac events (135) and also significantly and rapidly increase with trastuzumab-based chemotherapy treatment (14).

Imaging modalities used to quantify body composition in clinical practice and research include computed tomography, dual energy X-ray absorptiometry and MRI (Figure 4). MRI is uniquely suited to accurately and safely (without ionizing radiation) quantify fat in all of these locations as well as complementary information on cardiac structure and function in a single assessment.
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FIGURE 4. Examples of MRI T1 mapping sequences to assess the extra-cardiac effects of exercise training in patients with or at risk for cardiovascular disease. (A) Abdominal fat density (B) Skeletal muscle fat compartments. Dark signal = fat.


Exercise training and caloric restriction (i.e., reduced daily calorie intake) are the primary interventions used to improve body composition. A meta-analysis comparing the effects of exercise training to caloric restriction in patients with obesity found that both interventions independently reduce visceral fat with a potential trend toward greater reduction with exercise (136). In patients with CAD undergoing cardiac rehabilitation, bioelectrical impedance-derived measures of visceral fat have been shown to improve, but with a greater magnitude of benefit with a greater volume of exercise training (137). Similarly, in a small study of patients with chronic heart failure, 5 months of cardiac rehabilitation also appears to reduce visceral adipose tissue (138). Data on the effects of exercise training in patients with hypertension is limited. However, one study of 156 hypertensive patients randomized to 12 months of exercise training or usual care found 30% reduction in visceral fat area on B-mode ultrasound compared to no effect with antihypertensive pharmacotherapy alone (139). Meta-analyses of the effect of exercise training on visceral fat in both overweight adults and patients with type 2 diabetes mellitus suggest that aerobic exercise training (but not resistance training) appears to provide the greatest benefits (140) (Table 3).


Table 3. Characteristics of the studies reporting on the extra-cardiac effects of exercise training.
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Our group is conducting a randomized-controlled trial of a multi-modal intervention including combined aerobic and resistance exercise training and dietary counseling (with no caloric restriction) on LV function in patients receiving cardiotoxic breast cancer treatment and includes quantification of ectopic fat as a secondary outcome measure (141). In a recent randomized controlled trial where exercise was performed shortly after the completion of breast cancer treatment, whole-body, and visceral fat volume were significantly reduced by 16-weeks of combined aerobic and resistance training (142). Therefore, another strategy to reduce cardiovascular risk in this population may be to perform an exercise intervention after treatment completion.



SUMMARY AND FUTURE DIRECTIONS

Exercise training is a cornerstone treatment for patients with cardiovascular disease due its demonstrated impact on risk profile and clinical outcomes. Ultrasound or MR imaging for quantification of changes to the cardiac and extra-cardiac phenotype of patients, provide valuable whole-body information about the cardiovascular risk profile and have an excellent safety profile to allow for repeat testing.

The choice of imaging modality to evaluate changes in cardiovascular structure and function is an important consideration. In general, echocardiography is the most readily available modality and offers a comprehensive assessment of ventricular volumes, mass and function. It can also more easily be used to evaluate cardiac function in real time during exercise on a semi-recumbent bicycle. Cardiac MRI is considered the gold standard imaging test for ventricular volumes, mass and function due to high reproducibility. As mentioned previously, it also allows assessment of cardiac and extra cardiac tissue characterization which has increasingly been linked to prognosis in patients with or at risk for cardiovascular disease. Therefore, cardiac MRI should likely be used to study the effects of exercise training in higher risk patient groups when available.

There is strong evidence supporting a beneficial effect of exercise training, particularly >6 months duration, on cardiac function and remodeling in patients with CAD or heart failure (Table 4). Imaging studies on the effects of exercise training for vascular function in patients with or at risk for cardiovascular disease have shown either modest or no improvement in arterial stiffness. Furthermore, these studies are limited by the small number of participants, non-randomized design and lack of controlling for confounders.


Table 4. Overview of the exercise training effects of on cardiovascular imaging metrics in patients with or at risk for cardiovascular disease.
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Ectopic fat deposition, particularly, visceral and intermuscular fat are important indicators of cardiovascular risk that can be reduced by exercise training in numerous patient populations. MRI-acquired myocardial tissue characterization using T1 mapping sequences also provide incremental prognostic information however, the effect of exercise training on this parameter has not well-studied. MRI and/or ultrasound is well-suited for multiparametric evaluation of exercise training interventions and is easily translatable to the clinical setting to help guide patient management. Incorporation of MRI-derived lung water quantification could also help to identify cardiogenic causes of exercise intolerance and evaluate exercise training in patients with subclinical pulmonary edema (13, 143). Exercise cardiac reserve is another attractive approach to evaluating cardiogenic causes of exercise intolerance and detecting subclinical disease, and related studies are underway in the cancer setting (144, 145).

Targeted nutrition interventions can also positively impact cardiovascular health and should be further explored in combination with exercise interventions (146). Dietary patterns and specific nutrients can have independent, synergistic, or additive effects on reducing cardiovascular disease risk (147). Furthermore, nutrition interventions also have a therapeutic role for certain cardiovascular diseases (148). In addition to providing calories and macronutrients, specific nutrients can reduce oxidative damage, increase pro-inflammatory mediators and decrease anti-inflammatory mediators, while also promoting optimal body composition (e.g., decreasing ectopic fat, increase protein synthesis and reducing degradation) (148, 149).

Preclinical models of cardiovascular disease have been used extensively to study the cardioprotective effects of exercise training. Aerobic training has been shown to attenuate cardiac injury in animal models of myocardial infarction (150), ischemic heart failure (151), and preclinical disease (71, 152, 153). These models provide significant insight on the salient effects of exercise in cardiovascular disease and allow extensive histological and biochemical characterization of cardiovascular structure and function in a controlled setting. By comparison, resistance training protocols have been understudied in animal models of cardiovascular disease, in part due to a lack of standardized protocols. Nevertheless, beneficial cardiac and vascular adaptations with resistance training have been reported in small animal models of cardiovascular disease (154). Future preclinical work in exercise training requires refinement and standardization of training protocols to improve study comparisons and to better simulate exercise programs in the clinical setting (155). In conclusion, ultrasound and magnetic resonance-based imaging provides detailed information on the cardiac and extra-cardiac effects of exercise training. Imaging studies provide moderate or good evidence for exercise training to mitigate or improve cardiac remodeling and function in patients with or at risk for cardiovascular disease. Similar work on vascular function suggests a benefit in patients with CAD although these studies were non-randomized and included small numbers of patients. There is no clear benefit of exercise training in vascular function in patients with heart failure, hypertension or diabetes mellitus. There is little data on the effects of exercise training on replacement or reactive myocardial fibrosis. Future work on imaging studies of exercise training should also evaluate the complementary role of nutrition interventions given their importance in cardiac rehabilitation.
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References  Study Sample size Participants and average Setting Type of care Interventions Components Effect of intervention Risk of bias*
design age
Smymova  Unclear ~ n=102  COPD+CHF Inpatient Hospital based CG: SC CG: PR program  Full yogic breathing + SC 4
etal. (29) Average age: CG:67 & 6 1G: SC + full 1G: PRand is associated with more
1G: 69 + 6 years yogic breathing yogic breathing  pronounced 1 exercise
GHF type: not reported tolerance (BMWD), |
Average EF: not reported dyspnea (Borg scale), |
length of hospital stay, |
functional class
Bernocchi  RCT COPD+CHF Outpatient  Home based CG: SC CG: Educational  Rehabiltation was 5
etal. (24) Average age: IG: 71 & 9 IG: tele rehabiltation program, feasible and effective in
CG: 70 + 9 years educational intervention + medications and  fexercise capacity
GHF type: not reported. personalized oxygen (6MWD), 1 physical
Average EF: 1G: 44.5 & exercise program 1G: Aerobicand  activity profile (PASE),
12.4% resistance exercises QoL (MLHFQ and CAT)
CG: 433 £ 13.2% + reinforcement on  and | disability (Barthel),
lifestyle changes | dyspnea (MRC) and
Ltime
to hospitalisation/death
Berry et al. (25) RCT n=140  COPD+HDcomorbid  Outpatient  Centre/Home based or 3 months supervised and Aerobic exercise  Long term supervised 5
(=51 community based then divided into: and upper-extremity care is more beneficial in
Average age: 1st group = Short-Term (unmonitored) - resistance texercise capacity
67, 2nd group = 68 years Or Long-Term exercise training  (BMWD), Jdisabilty
HF type: not reported Care (Supervised) (self-reported), time to
Average EF: not reported climb steps and
overhead task
Beny et al. (26) RCT COPD + HD comorbid ~ Outpatient ~ Centre based TET: Traditional exercises  TET: walking Both were effective in 6
(=79 program or LAP: exercises + increasing and
Average age: TET: 66 & Behavioral warm-up and maintaining moderate
10/LAP: 66 % 10 years Lifestyle program ool down, LAP:  levels of physical activity
HF type: not reported education and (moderate
Average EF: not reported self-reliance physical activity—
of exercise keal/week)
Coultasetal. RCT COPD+CV comorbid (n = Outpatient  Centre SC or Moderate intensity  SC or Group Home-based coaching 5
@7 198) based/Home based lifestyle physical activity ~ workbook: intervention may
Average age: 70 9 years with a structured workbooktelephone health |sedentary behavior and
HF type: not reported coaching tailored to fphysical activity levels
Average EF: not reported each participant  (RAPA questionnaire),
Jrate of previous
lung-related health
care utilization
Charikiopoulou RCT COPD+CV comorbid (1= Outpatient  Centre based Individualized rehabilitation Exercises: aerobic, PR seems to be 3
etal. (28) 22) program resistanceand  beneficial for all patients
Average age: G1:64 5 Two groups, according  respiratory muscle  in |dyspnea (MRC),
G2:67 & 6 years to comorbidities training; breathing QoL (SGRQ and CAT),
HF type: not reported retraining, texercise capacity
Average EF: not reported education, diet, and (BMWD), independently
psychological of the presence, the
support number or the nature of
their comorbidities
Lenferink et al. RCT COPD-+HD comorbid Outpatient  Centre Patient-tailored SM: Educational  Patient-tailored action 7
29) SM: 69 9 years based/Home based self-management program (disease,  plans for COPD patients
UC: 68 + 9 years intervention (Indivicual and self-treatment, with comorbidies,
HF type: not reported group sessions + phone  importance of Jduration per COPD
Average EF: not reported cal) or SC (group session  physical fitness and  exacerbation and Jrisk of
and phone cal) exercise, dietand  respiratory-related
lifestyles behaviors, hospitalization
exacerbation during follow-up
actions) or SC:
Educational
symptom level
and diaries
Foyetal. (30) RCT n=140  COPD+HDcomorbid  Outpatient ~ Centre/Homebased 3 months supervised and Walking and  CRQafter 3 months 4
(=51 then divided into: Short ~ strength training.  and {dyspnea, fatigue,
Groups average age: G1:67 Term (unmonitored) Or  Short term therapy ~ emotional function and
46 G2:68 + 6 years Long-Term mainly home based, mastery after long term
HF type: not reported Care (Supervised) long term Men derive significant
Average EF: not reported structured regime  benefits from
extended training
Vasiopoulou  RCT n=150  COPD+CVcomorbid  Outpatient ~ Centre/Home based ~ Home-based maintenance Home-based: Home-based 5
etal. (31) (=42 tele rehabiltation inan ~ exercise, maintenance
Average age: GA67 10 individualized action plan  psychological tele-rehabiltation is

GB:67 + 7 GC:64 + 8 years
HF type: not reported

Hospital-based: Outpatient support; dietary
maintenance rehabilitation and SM advice

equally effective as
hospital-based outpatient

Average EF: ot reported or SC treatment Hospital-based:  in { risk for acute COPD
exercise, exacerbation and
physiotherapy,  hospitalizations and; in
dietary and preserving exercise
psychological capacity (BMWD), peak
advice SC: work rate, QoL (dyspnea
vaccination and mMRC)
pharmacotherapy,
oxygen

CHF, chronic heart failure; COPD, chronic obstructive pulmonary disease; CAT, COPD Assessment Test; CV, cardiovascular; EF, Ejection fraction; HD, heart disease; CG, Control Group; G, Interventional Group; SC, standard care;
MLHFQ, Minnesota Living with Heart Failure; MAC, Medical Research Council; QoL, Quality of life; PASE, physical activity profile; PR, Pulmonary rehabilitation; MWD, six-minute walking distance; TET, Traditional exercises program;
LAP, Behavioral Lifestyle program; CRQ, Chronic Disease Respiratory Questionnaire; SM, self-management; RAPA, Rapid Assessment of Physical Activity. *Risk of Bias was assessed by PEDro Scale Tool.
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VOzpeck, peak oxygen uptake; ¥, Yes; N, No; NS, Not sure.

1. Participant’s
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Population

Healthy
HF

Healthy

CAD

Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Fontan
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy

HF

Healthy

CAD

Healthy
CTEPH
Healthy
Cardiac disease
Healthy
Hypertension
Healthy
Healthy
Hypertension
Healthy

AMI

PE

Participants (1)

19
13

Males (n)

11

10
17
NA
13
18

10
6

19
11

Age, years
Mean  SD (range)

25+3
61.9+6.1
63846
60+ 6
39 4 6 (30-50)
216 NA (21-24)
3513
251 £4.72
24%4
246+43
(9-15)
28+2
184£26
127 £49
38 4 8(26-45)
226+09
2243
24%7
23892
60 NA (48-72)
2646
59.1 % 5.6 (49-66)
131 +23(8.4-17.8)
58+ 14
22 1 NA (19-27)
615+ 8.8 (46-79)
12,5+ 1.4 (103-14.8)
555
26280
22 % NA (19-25)
47.9 + NA (34-62)
284 5(23-34)
55378
194 6 (10-31)

BMI (kg/m?)/Body mass (kg)
Mean + SD

238+ 17.6/750+£ 176
201 £ 29/NA
265+ 8.1/NA

NA/85 + 11
23.4£0.43/66.2 + 1.7
22,0+ 1.2/NA
NA/80.3 + 6.7
NA/67.9 + 14.07
NA/74.4 £ 6.9
NA/76.6 + 8.7
18.28 £ 2.4/NA
NA/G7 + 11
19.2 £ 3/NA
19.6 £ 5.1/NA
73.7 £ 7.8/NA
NA733+28
NA74.6 +3.4
NA/75.0 £ 5.8
NA/65.8 + 10.6
NA/NA
NA71£8
255+ 1.8/76.75+£2.76
NA/49.3 + 14.2
NA/NA
NA/73 £ NA
NA72.7 £ 14.4
NA/45.5 + 10.5
NA/NA
NA72.7 £ 9.1
NA/68.0 + 3.3
NA/NA
NA/83 £9
NA/64.8 + 6.8
NA/S6 + 10

SD, standard deviation; BMI, body mass index; HF; heart failure; CAD, coronary artery disease; Fontan, Single Ventricle Receiving Fontan Pallation; GTEPH, chronic thromboembolic
pulmonary hypertension; AMI, Acute Myocardial Infarction; PE, pectus excavatum. NA, not available.
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Exercise Intensity Duration Frequency and Supervision/control Safety Care to be taken
duration
Aerobic exercise Initially (46-56% of VO3peax) 30-60min 2-5 times a week Borg dyspnea and fatigue score of ~ Exercise-based Patient education to

(24, 25,30)

Resistance Exercise
(24, 25, 81)

Inspiratory muscle
training (33)

moderate level (260% of VOzpear)
and intense (80% of VOzpea)
60-85% of the maximum HR
Borg dyspnea score of 4-6
(moderate to severe)

From 20 to 85% of MR by
muscle group

Increment 5-10% of MR
per week

30-80% of MIP

3 sets of 10-15
repetitions of 1MR

30min

6-12 weeks

2-3 times a week
6-24 weeks

5 times a week
4-12 weeks.

4-6 (moderate to severe), SpO; >
88% and HR should be below the
maximum HR predicted by age

Borg dyspnea and fatigue score of
4-6 (moderate to severe)

Borg dyspnea and fatigue score of
4-6 (moderate to severe)

rehabiltation s safe, and
it has no hemodynamic,
respiratory, and/or
musculoskeletal
complications during the
execution of exercise
protocols (23, 24)

perform the exercises
and recognize the
symptoms of dyspnea
and fatigue (23, 24, 31)

VO2peak, OXygen consumption; HR, heart rate; MR, maximum repetition; MIP maximum inspiratory pressure; SpO, Peripheral oxygen saturation.
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ACSM Guidelines (49) EAPC and ESC Guidelines (1)

Intensity VO, and HR RPE Intensity VO, and HR RPE
Light 37-45 %VOzmax 911 Low <40 %VOzmax 10-11  Aerobic
57-63 %HRmax <55 %HRmax
30-39 %HRR <AOBHER
Moderate 46-63 %VO;max 12-13 Moderate 40-69 %VOzmax 12-13  Aerobic
64-76 %HRmax 55-74 %HRmax
40-59 %HRR 40-69 %HRR
Vigorous 64-90 %VOzmax 14-17 High 70-85 9%VOmax 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 9%VO,max 17-19  Aerobic + lactate + anerobic
>95 %HRmax >90 %HRmax
>89 %HRR >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); VOs, oxygen uptake.
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Patients with CAD Patients with HF

Training protocol HR or VO, Other measures HR or VO, Other measures

MICT 60-75 %HRpeak RPE 11-14 60-75 %HRpeak 50-75 %PPO
60-85 %HRR 50-65 %PPO 45-60 %HRR 90-100 %VT1
50-60 %VOzpeak 100-110 %VT1 B60-70 %VOzpeak

HIT 80-100 %HRpeak RPE 15-18 80-95 %HRpeak 90-100 %PPO
80-95 %HRR 90-110 %PPO 76-80 %HRR
80-90 %VOzpeak 100 %VT2 or %RCP 70-80 %VO,peak

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);
VOs, oxygen uptake; VT1, first ventilatory threshold; VT2, second ventilatory threshold; PPO, peak power output; RCP, respiratory compensation point.
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Variables

Number

Age (year)

Female (percentage/n)

Height cm)

Weight (kg)

BMI (kg/m?)

Hypertension (percentage/n)
Hyperlipidemia (percentage/n)
Hyperglycemia (percentage/n)
Smoking (percentage/n)

CAD

42
57.52+9.24
333 (14)
164.90 & 8.37
6921 % 11.60
2534£2.95
64.29 27)
47.62 20)
40.48 (17)
2857 (12)

Control

21
53954844
66.67 (14)
161.25 £ 9.47
65.30 + 1331
24.36 308
0(0)

00)

0(0)

00)

P-value

0.142
0.012
0.129
0.234
0.245
0.000
0.000
0.000
0.000
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Artery  Variable

RC Rl

Lc PSV (cm/s)
FR (mU/min)

RB PSV (cm/s)
FR (mU/min)

Control

Artery  Variable

RB FR (ml/min)
Lo Rl

Before

0.731 £0.014*
89.285 & 4.446™
779.718 + 50.483"

76.444 + 6.871
138.667 + 18.659

Before

129.891 £ 11.601
0.696 £ 0.007**

Female (n = 14)
During
0798 + 0,023
83.541 £ 4.060
879,522 & 60.419
71140 + 6.978"
136,900 + 26,098
Female (n = 14)
During

100.755 £ 9.515
0.854 £ 0.030"*

After

0.703 £ 0.016*
86.018 + 5.565
824.476 £ 57.001
81.191 +7.256
165.519 + 24.443

After

101.260 £ 11.246
0.683 +£0.014

Before

0.740 £ 0.010*
83.170 + 4.243
766.306 + 34.921
74.062 + 2.838
162.599 + 12.840

Before

179.977 4 21.346
0.682 £ 0.009"

Male (n = 28)
During
0915 0017
79.083 + 3.722
790,222 + 43.359

77.663 + 3.456
140.961 £ 12.700"

Male (n=7)

During

184.830 + 18.081*
0.887 £ 0.084*

After

0.732 £0.010
77.490 £ 4.217*
747.223 +£33.274

73.416 +2.736
162.473 & 16.322

After

263.706 £ 21.276*

0.723 £0.013*

RC, LC, RB, and RF are the right carotid, left carotid, brachial and femoral arteries, respectively. PSV, peak systolic velocity; ID, mean inner diameter; FR, mean flow rate; EDV, end-dlastolic
velocity; R, resistance index. * and ** denote p < 0.5 and < 0.01 respectively.
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Intervention group
(n=30)

WOMAC (Total score)
Pre-intervention 56.90 + 10.92
Post-intervention  15.43 £ 8.42"*
Pain score

Pre-intervention 12.90 £ 2.62
Post-intervention  8.27 & 1.95"
Stiffness score

Pre-intervention 1.3 080
Post-intervention 1.07 £0.91
Physiological function score
Pre-intervention 42.67 = 10.52

Post-intervention 11.10 £7.24*

Control group
(n=30)

59,53 + 12.42
21.17 £ 8.88"

13.87 £2.96
4.80 +2.78"

1.47 £0.90
1.20 £ 0.89

44.20 +10.31
15147 £ 7.21*

1z

—-0.8724
—2.566A

-1341a
—2.472A

—0.4407
—0520°

-0.570A
~2.180%

0.387
0.013*

0.185
0.016*

0.660
0.597

0571
0.083*

A Indicates the value of t, O indicates Z value of Mann-Whitney U rank-sum test;
“indicates P < 0.05 compared between groups and “indicates within groups.
WOMAC, Western Ontario and McMaster Universities Osteoarthritis Indlex.
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Intervention group

(n=30)
VAS score
Pre-intervention 6.10+1.03
Post-intervention 1.7341.05
z -4.825
P 0.000"

Control group
(n=30)

6.60 +1.25
247 £1.33
—4.719
0.000™

iz P
-1922  0.065
-225 0.024"

* Indicates P < 0.05 compared between groups and ** indicates within groups.

VAS, visual analog scale.
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Intervention group

=12
HR (min~")

Pre-intervention  111.08 + 25.74
Post-intervention  104.08 + 13.56
SV (mi)

Pre-intervention 92.30 £ 19.67

Post-intervention ~ 114.97 + 12.06™

CO (L/min)

Pre-intervention 090325
Post-intervention  11.92  1.68"
Cl [(L/(min~"-m™2)]
Pre-intervention 598+ 193
Post-intervention 7.1 & 1.04**

CTI (dPmx)
Pre-intervention 260,33 & 124.11
Postintervention 363,63  124.43
LCWI (kg x m x m~?)

803+295
983 +2.08"

Pre-intervention
Post-intervention
LVET (ms)

Pre-intervention 274.28 £ 116.23

Post-intervention  235.63 + 78.19
EDFR (%)

Pre-intervention 75.89 + 14.71

Post-intervention 6793 % 19.24

SVRI (D.S x cm™5 x m™?)

1572.50 4 685.65
Post-intervention ~ 1125.42  245.45
Ejection Fraction (EF) (%)

62.36 % 11.77
69.02 4 9.26"

Pre-intervention

Pre-intervention
Post-intervention

Control group 74

(n=12)

10050 £21.475  1.094A
101.00 £ 11.74 0.595A
90.98 + 16.45 0.182a
9838+£1643  2820A

968163 03014
979+182 29784
606118  -0.1154
6.11£1.17 2299A
29418 £ 14552  ~0.450A
28366 £10578 1484
818+255  —0.133A
844 +2.39 15154
204.18 6343  0594A
2278348116 02474
6533+2150  1.404A
64.97 £2218  -0.4040
120025+ 20557  1.3664

1337.42 4 228.479 —2.190A
64221175 03874
6368+1204  1.163A

0.286
0.558

0.857
0.010°

0.766
0.007

0.910
0.031*

0.657
0.152

0.895
0.144

0.559
0.807

0.174
0.686

0.186
0.039*

0.702
0.267

A Indicates the value of t, O indicates Z value of Mann-Whitney U rank-sum test;

indicates P < 0.05 compared between groups and

indicates within groups.

CO, cardiac output; Cl, cardiac index; CTi, contractiity index; EDFR, early diastolic filing
rate; EF;; HR, heart rate; LCWI, left cardliac work index; LVET, left venticuler ejection time;
SV, stroke volume; SVRI, systemic vascular resistance index.
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Intervention group ~ Control group 74
(n=12) (n=12)

HR (min~')

Pre-intervention 7347 £824 8550 £2320 13897

Post-intervention 78504 11.53  80.50 £1098  —0.435A

SV (mi)

Pre-intervention 7185  14.21 675341254 07704

Post-intervention 8213+ 10.06"  68.85£1091  3.100A

€O (L/min)

Pre-intervention 514+ 1.39 508+0.89  0.140A

Post-intervention 651 % 1.66™ 548+£078" 20574

Cl [(U(min~"-m~2)]

Pre-intervention 312085 315+067  -0.107a

Post-intervention  3.89 & 0.90 338+065"  —1.3800

CTI (dPmx)

Pre-intervention 15268 £55.25  163.38+57.54 —0.465A
Post-intervention  193.55 + 66.10" 138525117  ~2.1940
LCWI (kg x m x m™2)

Pre-intervention 420+ 179 4794136  -1388A
Post-intervention .47 & 1.63" 468122 11648
LVET (ms)

Pre-intervention 400.91 £ 58.78 376,66 +57.78  —0.9810
Post-intervention ~ 373.38 + 63.90 361.22+£7837  0.417A

EDFR (%)
Pre-intervention 56,00 & 5.80 5477 £1089  -1.7900
Post-intervention 6297 + 13.07 626041270 0.052A

SVRI (D.S x cm™ x m~2)

Pre-intervention  2456.83 £ 435.38  2484.42 + 33483 —~0.174A
Post-intervention  2041.58  429.25" 2372.33 +337.18 ~2.099A
EF (%)

Pre-intervention  55.07 % 10.13 56.71+9.48  -0.4930
Postintervention 5006 % 1058" 5367 £1080  —1.1260

0.007
0.668

0.450
0.005*

0.890
0.052

0916
0.165

0.647
0.028*

0.165
0.257

0.326
0.681

0.073
0.959

0.863
0.048*

0.488
0.260

A Indicates the value of t, O indicates Z value of Mann-Whitney U rank-sum test; *

indicates P < 0.05 between-group comparison and ** indicates within-groups.
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Intervention group
(n=12)

6MWD (m)
Pre-intervention 365.92 + 73.41
Post-intervention  413.88 44,61
METs

Pre-intervention 381:+048
Post-intervention 413+0.20"
Exercise energy consumption (Kcal/min)
Pre-intervention 421+066
Post-intervention 457 +0.63"

* Indicates P < 0.05 compared between groups and ** indicates within groups.

Control group
(n=12)

348.92 + 59.68
3765.00 + 40.53

3.71£039
3.88+027

395+£0.75
412 £ 067"

0.622
2234

0.622
2.243

0.901
1.690

0.540
0.036*

0.540
0.035*

0378
0.105

METs, activity metabolic equivalent; BMWD, 6-minute walking distance; BMWT, 6-minute

walking test.
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Sex
Male

Female

Age (y)

Height (cm)

Weight (Kg)

BMI (kg/m?)
Operative time (min)
Blood loss (mL)
Location of disease
Left

Right

Hypertension

Yes

No

Intervention group

(n=30)

7
23
66.16 + 6.69
158,53 + 6.03
64.81 £9.71
25.76 £3.33
107.28 £7.14
31875 £ 73.78

12
18

13
17

Control group
(n=30)

5
25
67.26 +£7.99
157.32 + 7.02
61.81 £ 10.05
24.86 £2.88
108.81 £7.31
316.13 £ 58.29

13
17

1"
19

A Indicates the value of t and Ol indiicates the value of chi-square.

BMI, body mass index.

/X2

04170

-0.594%
0.734%
1.208%
1.1458

-0.838%
0.1564

0.069°

0.2789

0519

0.555
0.466
0.232
0.257
0.405
0.876

0.793

0.598
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Age, years
Male
CKD
Stage 3A
Stage 38
Stage 4
Stage 5
BMI, kg/m?
cel
Atrial fibrilation
Heart condition
Non-HF
HFpEF
HFrEF
LVEF
Geriatric assessment
MNA-SF (0-14)
Timed up-and-go test, sec
TUG, s 224
Handgrip strength, kg
HGS, kg
F <16.435/M <20.4
Rockwood frailty index
Non-frail
Pre-frail
Frail
Group*
Non-HF & non-frail
Non-HF & frail
HF & frail
Laboratory data
NT-proBNP, pg/mL
LDL, mg/dL.
Abumin, g/dL
Hbaic, %
©GFR, mV/min per 1.73 m?
Proteinuria, mg/g
Medications
Diuretics
MRA
B-blocker
ACEl or ARB
Anti-platelet agents
Anti-coagulants
Digoxin

Alive (n = 287)

82,6 (76.3-86.2)
201 (70.0)

135 (47.0)
89(31.0)
41(14.3)
22(7.7)
24.3(22.2-27.3)
1.0(1.0-2.0
103.5)

228 (77.7)
38(132)
26(0.1)

58.0(54.0-61.0)

13.0(11.0-14.0)

17.0 (13.0-24.0)
76 (26.5)

212(14.4-25.6)

53 (42.4)
27.8(18.8-35.3)
17(6.9)
62(21.6)
208 (72.5)

79(27.5)
144 (50.2)
64(22.3)

1,897.5 (643.0-8,712.8)
97.0 (80.0-120.0)
40(35-4.2)
62(5.7-7.0)

442 (382.5-52.4)
0.17 (0.10-0.42)

208 (72.5)
61(21.3)
173(60.3)
213(74.2)
196 (68.3)
49 (17.1)
32 (11.1)

Death (n = 44)

83.4(78.5-87.1)
31(705)

12 27.3)
12 (27.9)

11 (25.0)
9(205)
245 (212-26.8)
15 (1.0-3.0)
5(11.4)

31(705)
7(159)
6(13.6)

58,0 (54.0-60.0)

13.0(11.0-14.0)

20.0(15.3-28.8)
15 (34.1)

17.7 (14.2-20.7)

13 (72.2)
34.3(25.0-43.9)
0000
6(13.6)

38 (86.4)

6(13.6)
25 (66.8)
13 (295)

2,735.0 (786.8-11,662.5)
85.0 (68.0-106.0)
35(3.1-3.8)
62(55-7.0)

329 (17.7-45.4)
0.15 (0.07-0.39)

43(97.7)
19 (43.2)
36(81.8)
36(81.8)
30(68.2)
13 (205)
13 (295)

p-value

0.250
1.000
0.005

0.504
0.242
0.052
0525

0.455

0.807
0.080
0.383
0.102
0.034

0.002
0.092

0.132

0.405
0.017
<0.001
0.429
<0.001
0.271

0.001
0.003
0.010
0.368
1.000
0.077
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 kidhey disease; HF, heart failure; BMI, body mass index; CCl, Charison
Comorbicity Index; HFPEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection frection; LVEF, left ventricular ejection fraction; MNA-SF, mini-nutritional
assessment-short form; TUG, Timed Up-and-Go test; HGS, handgrip strength; NT-proBNR. N-terminal pro-B-type natriuretic peptide; LDL, low density lipoprotein; Hbalc, glycated
hemoglobin; eGFR, estimated glomerular fitration rate; MRA, mineralocorticoid receptor antagonist; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin  receptor blockers;
eGFR, calculated by using modified Modification diet of renal disease (MDRD) formula, was utilized to evaluate renal function.
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Age
Male vs. Female
Heart failure:
Non-HF
HFpEF
HFrEF
CKD
Stage 3A
Stage 38
Stage 4
Stage 5
cal
Geriatric assessment
MNA-SF
UG, s
TUG 224, 5
HGS, kg
HGS, kg
F>15.435/M >20.4
F <15.435/M <20.4
Rockwood frailty index

Univariate model

HR (95% CI)

1.01(0.96-1.06)

0.88 (0.46-1.69)

1.42 (0.74-2.72)
Ref. -

1.28 (0.56-2.91)

1.63 (0.68-3.92)

Ref. -
1,53 (0.68-3.40)
263 (1.16-5.96)"

422 (1.77-10.09
1.17 (0.95-1.43)

092 (081-1.05)
1.01(0.99-1.04)
1,60 (0.86-2.99)

0.92 (0.86-0.99)"

ref. -
4.01(1.42-11.34
1.04 (1.02-1.06)*

Model 1

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)
094 (0.11-8.20)

091 (0.84-0.99"

Model 2

HR (95% Cl)

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)

1.06 (0.27-4.27)
087 (0.10-7.69)

ref. -
3.47 (1.16-10.42)"

Model 3

HR (95% CI)

1,02 (0.97-1.08)
0.71(0.35-1.42)

Ref. -
054 (0.21-1.41)
056 (0.19-1.67)

Ref. -
1.35 (0.60-3.03)
2.03(0.87-4.73)

384 (151-0.75)"

1.04 (1.01-1.07)"

"p < 0.05; "p < 0.007; Model 1: The Cox proportional hazards model was used to evaluate the association of all-cause mortalty with multivariate analysis among different stages of
chronic kidhey disease (CKD), the severity of heart failure (HF), and continuous levels of handgrip strength (HGS) in older adults. Mode! 2: The Cox proportional hazards model was used
to evaluate the association of all-cause mortelty with multivariate analysis among different stages of CKD, the severity of HF, and categorized HGS in older adllts. Model 3: The Cox
proportional hazarcs model was used to evaluate the association of ll-cause mortaliy with multivariate analysis among different stages of CKD, the severity of HF, and Rockwood fraity
index in older adults. All multivariate analysis wes adjusted for age and gender. HFpEF, heart faiure with preserved sjection fraction; HFEF, heart feilure with reduced ejection fraction;
CCl, Chartson Comorbidity Index; MNA-SF, mini-nutritional assessment-short form; TUG, Timed Up-and-Go test; HGS, handgrip strength.
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Characteristics

Age, years

Male

BMI, kg/m?

Heart condition
Non-heart failure
HFpEF
HFrEF

Atrial fibrilation

cal

LVEF

Gardiac arrhythmia

Laboratory data
NT-proBNP, pg/mL
LDL, mg/dL.
Albumin, g/dL
Hbalc, %

Medications
Diuretics
MRA
p-blocker
ACEl or ARB
Anti-platelet agents
Anti-coagulants
Digoxin

CKD stage 3A (n = 147)

83.1(77.1-86.3)
101 (68.7)
24.6(22.6-27.3)

119(81.0)
15(10.2)
13(8.8)
6(4.1)
2.0(1.0-2.0)
59.0(54.0-60.0)
10(6.8)

670.6 (366.0-4,119.0)
98.0(82.0-121.0)
40(3.7-4.8)
6.1(5.7-7.0)

108 (73.5)
31@1.1)
88(59.9)
110 (74.8)
95 (64.6)
24(16.9)
17(11.6)

CKD stage 3B (n = 101)

81.8(76.0-86.7)
71(70.3)
24.5 (22.1-282)

84(832)

12 (11.9)
5(4.9)
220)

1.0 (10-2.0)
58.0 (55.5-62.0)
6(5.9)

1,780.0 (337.2-3,925.5)
103.5 (81.3-119.0)
39(33-4.2)
63(58-7.0)

72(71.8)
16 (15.8)
60 (59.4)
77 (76.2)
66 (65.4)
13 (12.9)
11(10.9)

CKD stage 4 (n = 52)

83.2(79.0-87.1)
39(75.0)
24.0 (218-27.0)

36(69.2)
10(19.2)
6(11.5)
3668
1.0(1.0-2.0)
56.5(52.0-61.8)
4(7.7)

3,495.0 (1,162.0-16,312.5)
87.0 (73.0-108.0)
3.8(385-4.1)
62(5.6-7.4)

47 (©0.4)
18 (34.6)
41(78.9)
4382.7)
4484.6)
19 (36.5)
10(19.2)

CKD stage 5 (n = 31)

78.8(73.3-83.6)
21 (67.7)
23.8(21.2-26.1)

15 (48.4)
8(25.8
8(25.8)
4(12.9)

2.0(1.0-8.5)
59.0(49.8-60.3)
6(19.4)

9,150.0 (1,610.0-33,050.0)
795 (58.0-1218)
36(3.0-8.9)
5.6(5.2-6.5)

24.(77.4)
15 (48.4)
20(64.5)
19.61.9)
21(67.7)
6(19.4)
7(22.6)

p-value

0.043
0.846
0.275
0.001

0.080
0.747
0.742
0.094

0.001
0.037
0.001
0.010

0.054
0.001
0.078
0.183
0.052
0.003
0.197

Continuous data were expressed as median (IQR) and analyzed by the Kruskal-Walls test. Categorical data were expressed as number and percentege and analyzed by the Chi-
Square test. CKD, chronic kidney disease; BMI, bodly mass indlex; HFpEF, heart failure with preserved ejection fraction; HFIEF, heart feilure with reduced ejection fraction; CCl, Charison
Comorbicity Index; IQR, interquartile range; LVEF, left ventricular ejection fraction; NT-proBNR, N-terminal pro-B-type natriuretic peptide; LDL, low-density poprotein; Hbalc, glycated
hemoglobin; eGFR, estimated glomerular fitration rate; MRA, mineralocorticoid receptor antagonist; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin i receptor blockers;
eGFR, calculated by using modified Modification diet of renal disease (MDRD) formula, was utilized to evaluate renal function.
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Characteristics CKD stage 3A (n = 147) CKD stage 38 (n = 101) CKD stage 4 (n = 52) CKDstage5(n=31)  p-value

MNA-SF (0-14) 13.0 (11.0-14.0) 13.0 (12.0-14.0) 12,6 (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 224 39 (26.5) 27 (26.7) 17 82.7) 8(25.8) 0838

Handgrip strength, kg 215(14.5-25.2) 180 (14.1-24.5) 21.8(18.6-25.5) 17.7 (14.5-24.9) 0622

HGS, kg 0.461
F <15.435/M <20.4 59 (40.1) 55(54.5) 22(42.3) 17 (64.8)

Rockwood frailty index 267 (17.7-35.3) 29.4(21.1-343) 297 (28.2-41.2) 36.8(23.5-47.1) 0.003
Non-frai 9(6.1) 4(4.0) 1(1.9) 3(97) 0233
Pre-fra 36 (24.5) 20(198) 10(19.2) 2(65)

Fral 102 (69.4) 77(76.2) 41(788) 26 (83.9)

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

Age, years
Male
BMI
cal
LVEF
Cardiac arrhythmia
Atrial forillation
Geriatric assessment
MNA-SF (0-14)
Timed up-and-go test, sec
Timed up-and-go test =24, s
Handgrip strength, kg
Handgrip strength, kg
F <15.435/M <20.4
Rockwood frailty index
Non-frail
Pre-frail
Frail

Non-heart failure (n = 254)

82.8(76.4-86.5)
174 (68.5)
24.3(22.0-272)
1.0(1.0-2.0)
60.0 (56.0-62.0)
12(4.7)
3(1.2)

13.0(11.0-14.0)

18.0(13.8-23.3)
63 (24.8)

205 (14.2-25.0)

110(43.3)
25,0 (17.4-33.9)
176.7)
68(26.8)
169 (66.5)

HFpEF (n = 45)

81.2(77.2-85.6)
34(75.6)
24.3(22.8-26.6)
20(1.0-25)
59.0(56.3-60.8)
10 (22.2)
9(20.0)

13.0 (12.0-14.0)
17.0 (12.0-27.5)
15 (33.3)
23.0(15.3-27.3)

20(44.4)
412(33.3-47.2)
0(0.0
0(0.0
45 (100.0)

HFYEF (0 =32)

82.4 (76.5-86.9)
24.(75.0)
245 (22.1-28.8)
20(1.0-29
420 (31.0-49.0)
4(125)
3(9.4)

12.5 (10.0-13.0)
18.5 (15.3-29.5)
13 (40.6)
17.1 (14.3-19.2)

28(87.5)
42.1(33.3-50.0)
0(0.0)
0(0.0)
32(100.0)

p-value

0.980
0518
0.533
0641

<0.001
<0.001
<0.001

0.053
0.126
0.108
0.332

0.054
<0.001
<0.001

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. HFPEF, heart failure with preserved ejection fraction; HFFEF, heart failure with reduced ejection fraction; CCl, Charison Comorbidity Index; LVEF, left ventricular ejection
fraction; MNA-SF, mini-nutritional assessment-short form.
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Rank Article title Year Totalcited  Average
frequency  per year

1 Exercise-Based Cardiac Rehabilitation for Coronary Heart Disease 2016 675 168.75

2 Exercise-Based Cardiac Rehabilitation for Coronary Heart Disease: Cochrane Systematic Review and Meta-analysis 2016 172 43.00

3 Exercise-Based Rehabilitation for Patients with Coronary Heart Disease: Systematic Review and Meta-analysis of 2004 149 931
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 Glinical Practice (constituted
by representatives of 10 societies and by invited experts) Developed with the special contribution of the European
Association for Cardiovascular Prevention and Rehabiltation (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 108 1747
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 108 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 Rehabiltation and Secondary Prevention of Coronary Heart Disease: An American Heart Association Scientific 2005 % 660
Statement from the Council on Ciinical 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 Rehabiltation
10 Use of Cardiac Rehabiltation by Medicare Beneficiaries after Myocardial Infarction or Coronary Bypass Surgery 2007 9 762
11 Core Components of Cardiac Rehabilitation/Secondary Prevention Programs: 2007 Update: A Scientiic Statement from the 2007 o7 746
American Heart Association Exercise, Cardiac Rehabilitation, and Prevention Committee, the Council on Ciinical Cardiology:
the Councils on Cardiovascular Nursing, Epidemiology and Prevention, and Nutrition, Physical Activity, and Metabolism; and
the American Association of Cardiovascular and Pulmonary Rehabiltation

12 Exercise Based Rehabilitation for Heart Failure 2014 9 16.00

18 Efficacy of Exercise-Based Cardiac Rehabilitation Post-myocardial Infarction: A Systematic Review and Meta-analysis of 2011 9 1044
Randomized Controlled Trials

14 EUROASPIRE IV: A European Society of Cardiology Survey on the Lifestyle, Risk Factor and Therapeutic Management of 2016 86 2150

Coronary Patients from 24 European Countries
15 Heart Disease and Stroke Statistics—2014 Update: A Report from the American Heart Association 2014 82 18.67
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Characteristic HEG (n = 103)
CVEs 439
Acute myocardial 1
infarction

Acute angina 2

Acute heart failure

Atrial fibrillation

Stroke 1
Death

LEG(1=94)  p-value
1(11.7) 0.039
1
1
3

Categorical data were expressed as number and percentage and analyzed by the
chi-square test. HEG, high execution group; LEG, low execution group; CVEs,

cardiovascular events.
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Characteristic

Outcome of
follow-up

Regular medication
Smoking cessation
Mental health
Weight stability

HEG (n = 103)

102 (99.0)
13/23 (56.5)
100 (97.1)
86(83.5)

LEG (n = 94)

82(87.2)
16/26 (61.5)
77 (819
69 (73.4)

p-value

0.001
0.721
<0.001
0.084

Categorical data were expressed as number and percentage and analyzed by the
chi-square test. HEG, high execution group; LEG, low execution group.
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Characteristic HEG (n = 103) LEG (n=94)  p-value

Age, years 600(52.0-600)  645(540-733) 0234
Male 78(75.7) 72(76.6) 0887
BMI, kg/m? 251 (282-27.2)  242(224-267) 0156
Smoke 23(223) 26(27.7) 0387
Follow-up time, months 120 (7.0-14.0) 1.0(7.0-140 0107
SBP, mmHg 1300 (117.0-1390) 126.0(114.8-143.8) 0.644
DBP, mmHg 77.0(69.0-870)  750(660-84.5 0091
Laboratory data
TG, mmolL 423.4-5.1) 393249 0307
TG, mmol/L 1.4(1.0-19) 1401018 0342
HOL, mmol/L 110912 100812 0052
LDL, mmolL 2301629 230729 0421
Comorbidities and interventions
CHD 62(60.2) 48(51.1) 0.197
POl 50(80.6) 36(75.0) 0477
Anti-platelet agents 56(90.3) 30(813) 0.169
Statins 56(90.3) 43(896) 0898
Hypertension 74718 57 (60.6) 0096
ACEl or ARB 51(68.9) 37 (64.9) 0628
B-blocker 41(55.4) 28(49.1) 0475
cc 2736.5) 19(33.3) 0708
Diuretic 15(20.3) 14.(24.6) 0558
Diabetes 34(33.0) 22(23.4) 0.135
Anti-diabetic 26(76.5) 18(81.8) 0.634
Ultrasonic cardiogram
Aod, mm 31.3(200-830) 301 (280-83.0) 0.124
LAD, mm 350(330-880)  359(330-80.4) 0361
LVDd, mm 502(47.3-522)  509(7.4-529) 0305
LVDs, mm 320(200-339)  330(288-34.0) 0278
VS, mm 10.1 8.8-11.0) 10088109 0763
LVPW, mm 96(8.7-102) 101@6-112) 0070
FS, % 357(330-387)  35.4(328-393 0989
EF, % 639(60.0-600)  649(61.1-700) 0454
E1, om/s 682(500-750)  70.0(56.0-81.3) 0215
Al cmis 833(77.0-920)  820(710-900) 0565
FA 08(0.7-0.9) 08(07-1.0) 0379
Cardiopulmonary function exercise test
Exercise duration, 3800 (306.0-455.0)  383.0(3038-4563) 0.935
Peak work load, w 880(600-1100)  840(653-1148) 0895
Peak VOz, mL/min 1348.0 13195 0880
(10200-16430)  (1068.0-1710.0)
Peak VOp/kg, ml/ (minkg) ~ 192(163-22.4)  196(16.4-236)  0.436
Poak Oz/HR, mUbeat 10.8 8.8-18.1) 11024129 0670
Poak mets 55(.6-6.4) 56(4.6-66 0547
AT, mUmin 1082.0 947.0 0192
(824.0-1277.0) (©28.5-11508)

Continuous variables are expressed as median (IQR) and analyzed by the Mann-Whitney
U rank sum test. Categorical variables are expressed as number and percentage and
analyzed by the chi-square test. HEG, high execution group; LEG, low execution group;
BM, body mass index; SBR, systolic blood pressure; DB, diastolic biood pressure; TC,
total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein; LDL-C, low-density
lpoprotein; CHD, coronary atherosclerotic heart disease; PCI, percutaneous coronary
intervention; ACE|, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor
antagonist; CCB, calcium channel blocker; Aod, aortic iameter; LAD, leftatrial diameter;
LVDG, left ventricular end diastolic diameter; LVDs, left ventricular systolic diameter; IVS,
interventricular septal thickness; LVPW, left posterior wall: FS, fraction shortening; EF, left
ventriculer ejection fraction; E/A, ratio of peak E to peak A; Peak VOy, peek oxygen uptake;
Peak VO,/kg, peak oxygen uptake per kiogram of body weight; Peek Oz/HR, oxygen
pulse; Peak Mets, peak metabolic equivalent; AT, anaerobic threshold.
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Rank  Country/author

USA
Canada

England

Australia

Ttaly

Sherry L. Grace
Paul Oh

Ross Arena
Randal J. Thomas
Carl J. Lavie
Patrick Doherty
Rod S, Taylor
Philp A. Ades.
Susan Marzolini
Anndorthe Zwisler

© ® N OO 0N OsON -

5

BC, betweenness centrality.

Publication frequency

1,529
747
588
532
385
158
80

69
66
65
62
56
56
46
46

Burst

8.51

5.96

6.06
5.03
4.45
3.36
827
367
6.14

431

BC

0.24
024
0.22
0.17
0.18
0.05
0.01
0.02
0.05
0.02
0.02
0.05
0.01

0.02
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Rank Subject category

Cardiovascular system and cardiology
General and internal medicine
Nursing

Rehabiltation

Sport sciences

Public, environmental, and occupational health
Psychology

Health care sciences and services
Peripheral vascular disease

Geriatrics and gerontology

Psychiatry

Research and experimental medicine
Respiratory system

Physiology

Psychology, clinical

BC, betweenness centrality.

2,611
562
516
490
331
330
292
248
185
130
130
116
115

7

4.58

14.84

834
691
6.87

Frequency Burst BC

0.21
0.1
0.07
0.07
0.05
0.44
0.19
0.06
0.03
0.06
0.02
0.08
0.02
0.1
0.01
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LCR HCR

Areaum?
Non-ischemic gastrocnemius 43408 £281.3  2783.6 + 236.3"
7 day ischemic gastrocnemius  3081.4 £ 3727° 24333 + 3608
14 day ischemic gastrocnemius 49385 + 78865 22027 & 622.2¢

Perimeter um
Non-ischemic gastrocnemius 267.76 £ 8.57 21185 £ 8.75
7 day ischemic gastrocnemius  224.57 £ 9.44 200.72 £ 14.4
14 day ischemic gastrocnemius  290.61  26.95 190.20 + 22.9
Capillary density, capillaries/mm? (CD)
Non-ischemic gastrocnemius 41781 236 614.60 £ 57.5'
7 day ischemic gastrocnemius 564.76 + 40.5 91854 + 197.6™
14 day ischemic gastroonemius  507.48 % 54.2 1015.41 + 174.9"
Capilary contacts (NCAF)
Non-ischemic gastrocnemius 4547 0220 4280 % 0217
7 day ischemic gastrocnemius 4370 + 0584 5.170 + 0.276"

14 day ischemic gastrocnemius 6220 £ 0481 5210 + 0.265"
Individual capillary to fiber ratio (cap/fib)

Non-ischemic gastrocnemius 1.662 + 0,089 1555 0,073

7 day ischemic gastrocnemius 1.608 + 0,233 1.896  0.149"

14 day ischemic gastrocnemius 2248 £ 0.183'% 1.852 + 0.007"
Share factor (SF)

Non-ischemic gastrocnemius 2.896 + 0.014 2,933 + 0.062
7 day ischemic gastrocnemius 2.890 + 0.038 2,938 + 0.069
14 day ischemic gastrocnemius 2935 +0.023 3.140.015

#Significant differences between phenotypes at corresponding time point.
“Significant differences from control condition within phenotype.
$Significant differences vs. 7 day ischemic value within phenotype.
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Primer Forward sequence Reverse sequence

VEGF
Fit-1
KDR
Angt
Ang2
eNOS

TTCAAGCCGTCCTGTGTGC TCCAGGGCTTCATCATTGC
CCTCGCCAGAAGTCGTATGG CCTCGCCAGAAGTCGTATGG
TCAAGATCCTCATCCACATTGG ~ GGGCTTCGTGCAGGCA
AGATACAACAGAATGCGGTTCAAA TGAGACAAGAGGCTGGTTCCTAT
TGGCTGGGCAACGAGTTT TGGATCTTCAGCACGTAGCG
GTGCTGGCATACAGAACCCA CCATGTGGAACAGACCCCA

GAPDH GCTGAGTATGTCGTGGAGTC GTCAGATCCACAACGGATAC
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CRP IL-6 IL-8 IL-10 TNF-a

CRP
-6
IL-8
IL-10
TNF-a

NT ProBNR, N-terminal pro b-type natriuretic; CRF, high sensitivity C-Reactive protein;
IL-6, Interleukin 6; IL-8, Interfeukin 8; IL-10 Interleukin 10; TNF-a, Tumor Necrosis
Factor alpha.

“Marked correlations are significant at p < 0.05. The heat map correlation is designed
such that a correlation of ~1 is represented with red,  comrelation of 0 (mid-point) is
represented with yellow, and a correlation of +1 is represented with a color of dark green.
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Ejection Fraction Oxygen Consumption Height Weight NT Pro BNP Age

Ejection Fraction
Oxygen Consumption
Height

Weight

NT ProBNP

Age

—0.05
0.23

0.01

0.01
-0.05
-0.11
0.18
—0.08

*Marked correlations are significant at p < 0.05. The heat map correlation is designed such that a correlation of —1 is represented with red, a correlation of 0 (mid-point) is represented
with yellow, and a correlation of +1 is represented with a color of dark green.
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Variable Steady-state Interval training group

training group =17
=7
Heart rate (bpm) 105+ 8 40%: 91 + 16

90%: 109 + 26
Average: 100 + 21

Rating of perceived 4206 40%:30 %12

exertion (0-10) 90%: 5.6 + 1.4*
Average: 4.3 £ 12

Work Rate (W) 5464253 40%:313+ 118

90%: 70.3 + 265
Average: 50.8 % 19.1

METs 2810 40%: 1.4 £ 0.4
90%: 3.2 1.0°
Average: 2.3+ 0.7
Rate pressure product 13,802 + 2,664 40%: 10,869 % 2,317
(mmHg-bpm) 90%: 14,639 & 4,713
Average: 12,704 & 3,490
Total work (J) 65,486 % 30,388 60,943 22,078

Average refers to the mean response across the 20 min interval session involving 10 min
of high and low intensiy exercise (90 and 40%, respectively). Totel work was calculated
across the 20 min exercise session for both training groups. “Significant (o < 0.05)
difference between interval training intensities (ie., 90 > 40%). No significent difference
between training groups.
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Variable

Rest

Heart rate (opm)
Oxyhermoglobin saturation (%)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Oxygen pulse (mL-beat~")

VO, (mL-kg~"min=1)

VO, (L-min~T)

Peak exercise

Heart rate (opm)
Oxyhemoglobin saturation (%)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Oxygen pulse (mL-beat~")
VOzpeai (MLkg™"min=")
VOspec (Limin~")

No significant differences between groups.

Steady-state
training group
=17

88.6+21.8
976+ 14
1013+ 16.4
66.7+9.6
2707
3106
03+0.1

M7.9+£17.4
96.7+£26
124.9 £20.1
65.7£96
11.6+40
1494563
14£05

Interval training
group
=7

727 +235
983+ 1.0
105.0 + 10.8
68.3+ 105
3609
36+09
0301

104.4 £31.5
96.0+29
136.6 £ 26.6
683+ 105
11.2+38
1256+39
1.1£03
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Variables Total  CABG surgery
(1=2141)  (n=1,509)

Age, years 53(16-80) 58 (20-80)
(median)

Male gender, n (%) 1,613 (75) 1,201 (86)
Systolic BP 109 (72-197) 112 (72-197)
(median)

Diastolic BP 65(32-99)  66(32-99)
(median)

Body height, cm 163 164 (138-185)
(median) (135-185)

Bodyweight, kg 58(29-120) 66 (30-115)
(mediar)

Diabetes, n (%) 702(32.7) 665 (44)
Dyslipidemia, n (%) 846 (39.5) 813 (54)
Smoker, n (%) 903 (42.2) 804 (59)
LVEF, % (median) ~ 568(12-93) 56 (12-81)
ECGWith AF,n (%) 298 (13.9) 34(23)
Lengthof stay, day 949 9+5
(mean)

6-MWDin meters  321.5+£732 3136758
(mean)

Valve
surgery
(n=632)

43 (16-71)

323 51)
106 (73-172)

65 (40-99)

161
(135-183)

53 (20-120)

37(68)
33(6.7)
99(189)
60 (18-99)
264 (41.7)
948

3278 =705

<0.0012

<0.001¢
<0.0012

0.1212

<0.0012

0.0012

<0.001¢
<0.001¢
<0.001¢
<0.0012
<0.001¢
0.488>

0.001°

Values are mean  SD, median (minimum-maximurm) or frequency (%). CABG, coronary
artery bypass graft; BP. 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.

*Menn-Whitney U-test.
PIndependent t-test.
<Chi square test.
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Model

(Constant)
Male gender

Age

Diabetes

Body height

AF

Adjusted R?

ANOVA p-value

Durbin Watson

Standardized residual Kolmogorov-Smirnov
Levene's test equality of error variances

CABG surgery

Unstandardized coefficients

B

212.57
30.47
-1.62
-12.68
1.09
—28.36

Standard error

49.55
5.19
023
3.59
029
11.06

15.3%

<0.001

2.040

0.342

0.751

<0.001
<0.001
<0.001
<0.001
<0.001

0.027

Valve surgery

Unstandardized coefficients

B Standard error
371.06 9.99
37.98 5.57
-1.36 022
—10.61 5.60
14.6%
<0.001
2.087
0.479
0.848

<0.001
<0.001
<0.001

0.049

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

Kolmogorov-Smimov test and Levene’s test are fulfiled (p > 0.05).

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

rhythm
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Population Mean observed Mean predicted  P-value

(vear) 6-MWD 6-MWD
CABG 2014-2016 313.50 31323 087
2018 337.28 331.89 011
Valve surgery 2014-2016 327.75 327.91 093
2018 328.18 326.70 059

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

Age ()

Height (om)
Weight (kg)

BMI (kg'm?)
Ejection Fraction

VOspeak (ML-kg™"min=1)

Diabetes mellitus

Type 1 DM

Type 2 DM

New York heart association class
Class 1

Class 2

Class 3a

Diagnosis

Ischemic

Valvular

Diiated

Idiopathic

Rhythm

NSR

Atrial fibrillation/flutter

Paced

Ventricular pacermaker

AICD

CHF onset (yr)

<1y

1-5yr

6-10yr

11-20yr

NT ProBNP (pg'mL~")

500-1,000

1,001-2,000

2,001-3,000

3,001-4,000

4,001-5,000

5,001-10,000

>10,000

Hemoglobin

Low

Normal

Medications

ASA

Beta blocker (CoReg, atenolol, monocor,
bisoprolol)

ARB (atacand)

Digoxin

Diuretic (asix)

Amiodarone (antiarrhythmic)
Cholesterol-lowering (ipitor, crestor,
simvastatin)

Anti-coagulant (coumadin)

Plavix

ACE inhibitor (altace, captopri, accupril)
Calcium channel blocker (norvasc)
Vasodilators (nitroglycerine: patch, spray,
tablets; hydralazine)

Hyperglycemic agents (Metformin,
Glyburide, Insulin)

Other (testosterone, eltroxin, synthroid,
pantolec, allopurinol, effexor, welbutrin,
celexa, cholchicine, valium, halcion)

Steady-state
ining group
=7

60.1+86.7
177.7£53
96.3 +23.4
30.2+5.34
0.24 £0.07
149453

GPw 2w O

- ey =B G

~

[N N

MR ® o o

Interval training
group
=7

579498
1777+ 54
96.0+ 136
305+ 46
030£0.11
126439

sNv 200 ®o o ~

[N

o 2N O = e e, 1)

[SRECIENEFNIFN

Y

No significant differences between participants at baseline (p < 0.05).
ARB, angiotensin Il receptor blocker; ACE, angiotensin-converting-enzyme inhibitor.
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Model Variable

1 Low execution of exercise
Age
Smoke
Vs
2 Low execution of exercise
Age
Smoke
Vs
CHD
Hypertension
Diabetes
3 Low execution of exercise
Age
Smoke
Vs
Unregular medication

B

1.387
0.052
1.365
-0.324
1.446
0.049
1.340
—0.301
0.560
—0.659
—0.450
1.363
0.052
1.396
—-0.329
0.336

HR (95%Cl)

4003 (1.062-15.095)
1.054 (1.012-1.007)
3914 (1.280-11.967)
0.723 (0.584-0.895)
4.247 (1.067-16.911)
1.050 (1.006-1.097)
3820 (1.252-11.657)
0.740 (0.594-0.921)
1.751 (0.681-5.275)
0517 (0.181-1.481)
0.637 (0.134-3.028)
3.906 (1.024-14.906)
1.054 (1.012-1.007)
4086 (1.202-12.606)
0.720 (0.581-0.893)
1.398 (0.169-11.675)

CVEs, cardiovascular events; IVS, interventricular septal thickness; CHD, coronary atherosclerotic heart disease. Bold values indicates p < 0.05.

p-value

0.041
0.011
0.017
0.003
0.040
0.026
0.019
0.007
0.320
0219
0571
0.046
0.011
0.016
0.003
0.756
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Variable

Age
Male
BMI

sep
DBP

TC

G

HDL

LoL

CHD

Hypertension
Diabetes

Aod

LAD

Wod

LVDs

Vs

LVPW

FS (%)

EF (%)

Ef

Al

E/A

Exercise duration
Peak work load
Peak VO,

Peak VOp/kg

Pezk VOo/HR

Peak MET

VO, @AT

Unregular medication
Low execution of exercise
Non-smoking cessation
Mental unhealth
Weight instabilty

3

0.039
-0.803
—0.111

1.052

0.015

0.000
-0.334
-0311
—0.420

0.093

0.449
—0.890
-0.830

0.081

0.040

0.051

0.009
-0.279
-0.1563
—0.008

0.001
—-0.002
-0.016

0.321

0.001
—-0.006

0.000
-0.022

0.063
-0.047

0.000

0.105

1.438

0.174

0917

1.014

Standard error

0.019
0.760
0.084
0518
0.015
0.020
0.249
0.349
1.082
0.298
0.550
0519
0.761
0.056
0.035
0.052
0.044
0.104
0.132
0.043
0.030
0.014
0014
0.648
0.002
0.007
0.001
0.047
0.095
0.183
0.001
1.038
0.652
0.646
0.652
0.531

HR (95% Cl)

1.040 (1.002-1.080)
0.448 (0.101-1.987)
0.895 (0.759-1.055)
2865 (1.037-7.914)
1.015 (0.986-1.044)
1.000 (0.962-1.040)
0.716 (0.440-1.166)
0733 (0.370-1.451)
0.657 (0.079-6.437)
1.097 (0.612-1.966)
1567 (0.533-4.604)
0.411 (0.149-1.135)
0.436 (0.098-1.936)
1.085 (0.973-1.210)
1.041 (0.972-1.115)
1.052 (0.950-1.165)
1.009 (0.925-1.101)
0.756 (0.617-0.927)
0.858 (0.662-1.112)
0.997 (0.915-1.085)
1.001 (0.944-1.061)
0.998 (0.971-1.026)
0984 (0.957-1.012)
1.378 (0.387-4.911)
1.001 (0.996-1.005)
0.994 (0.981-1.008)
1.000 (0.999-1.001)
0979 (0.892-1.074)
1.085 (0.885-1.281)
0.954 (0.666-1.366)
1.000 (0.998-1.001)
1.111(0.145-8.501)

4.213(1.175-15.107)
1.119/(0.336-4.218)

2501 (0.697-8.971)
2755 (0.974-7.79)

Wald

4.165
1.116
1.752
4.121
1.003
0.000
1.798
0.795
0.151
0.098
0.666
2.946
1.191
2.136
1.336
0.956
0.044
7.211
1.338
0.006
0.001
0.019
1.228
0.245
0.074
0.720
0.003
0.209
0.439
0.067
0.109
0.010
4.872
0.073
1.978
3.647

p-value

0.041
0.291
0.186
0.042
0317
0.996
0.180
0372
0.698
0.766
0414
0.086
0275
0.144
0.248
0.328
0.833
0.007
0.247
0.937
0.975
0.890
0.269
0.621
0.786
0.396
0.953
0.648
0.508
0.796
0.742
0.919
0.027
0.788
0.160
0.056

CVEs, cardiovascular events; SBR. systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high density lipoprotein; LDL-G, low density
lpoprotein; CHD, coronary atherosclerotic heart disease; PCI, percutaneous coronery intervention; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor antegonist;
CCB, calcium channel blocker; Aod, aortic diameter; LAD, left atral diameter; LVDd, left ventricular end diastolic diameter; LVDs, left ventricular systolic diameter; IVS, interventricular
septal thickness; LVPW, left posterior wall; FS, fraction shortening; EF, left ventricular ejection fraction; E/A, ratio of peak E to peak A; Peak VOg, peak oxygen uptake; Peak VOz/kg,
peak oxygen uptake per kilogram of body weight; Peak Oo/HR, oxygen pulse; Peak Mets, peak metabolic equivalent; AT, anaerobic threshold. Bold values indicates p < 0.05.
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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

o0~ 0N =

. 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 arthythmias such as ventricular tachycardia, frequent multi-source
premature ventricular beats, high atrioventricular block and significant QT
interval prolongation occurred during exercise test.

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

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

8. Uncontrolled diabetes;.

9. Recent embolism;

10. Thrombophiebiti

11. New atrial fibrillation or atrial flutter, etc., and other conditions not suitable for
sports training;

12. Severe liver and kidney dysfunction, liver function more than three times the
normal value, 6GFR <30 mUmin/1.78 m2;

13. Currently suffering from severe mental iliness, 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;

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

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

BMI, body mass index; LVEF, left ventricular ejection fraction; NYHA, New York Heart
Association; ICD, implantable cardioverter-defibrillator; MET metabolic equivalent; oGFR,
estimated glomerular fitration rate.
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Group Intervention
Frequency Duration Intensity Form
High intensity training group 3 times per week 30min 70% peak V02 Centre-based rehabilitation: treadiil.
Home-based cardiac rehabilitation: walk.
Moderate intensity training group 3 times per week 35-42min AT Centre-based rehabilitation: treadmil.
Home-based cardiac rehabiltation: walk.
Control group Daiy actiites.

peak VOy, peak oxygen consumption; AT, anaerobic threshold.
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CAD HFrEF HFpEF Hypertension Diabetes mellitus Cancer

Systolic function + + 0 +/- - 0
LV remodeling + + 0 - - 0
Vascular function e 0 0 0 o 2
Myocardial reactive fibrosis ? ? ? ? ? ?
Body composition + - - - + e

+, beneficial effect.

++/-, possible beneficil effect, more studies needed.

0, no effect.

2, no or limited available data.

CAD, coronary artery disease; HFrEF, heart failure with reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; LV, left ventricular.
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References Study design Study population Imaging type Aerobic exercise Resistance exercise Exercise program  Relevant results

(sample size) (age, % prescription prescription duration
male)
Obesity
Verheggen et al. (136) Meta-analysis & Systematic Obese patients Computed tomography,  F: 1-7 days/week None 6-20 weeks Both groups:
Review of prospective Exercise group: MRI or DEXA 1: 40-90% VOzpeax/HRmax. 1 weight & VAT
studies N =2404 T: 15-90 min Exercise relative to diet group:
(h=14815) (mean age range 21-73) 1 weight loss, trend 1
Low calorie group: VAT loss
N=2411
(mean age range 30-66,
33% male)
Coronary artery disease
Mirman etal. (137)  Prospective, two-arm trial  Giinically stable CAD Bioelectrical impedance  Traditional program: F:2-3days/week  Traditional: 8-12 weeks | weight, VAT & 1 lean
(h=715) Traditional cardiac rehab: analysis I: not reported Intensive: 9 weeks mass but greater effect in
N=516 -3 days/week T: 15-30 min intensive program
(median age 69, 74% I: <70-85% HRmax
male) T 45-60min
Intensive cardiac rehab: Intensive program:
N =199 F: 2 days/week
(median age 64, 78% male) I: <70-85% HRmax
T: 240 min
Heart failure
Takagawa et al. (138) Prospective, singlearm  Chronic heart failure Bioeleotrical impedance  F: 3-5 days/week None 5months 1 weight & VAT
study (any type) analysis I: anaerobic © lean mass
(n=19) threshold—1 min
T: 40-60 min
Patients at risk for cardiovascular disease
Fang et al. (139) RCT Hypertensives B-mode ultrasound F: 3 days/week None 12 months  BMIand VAT only in
(n= 156) (mean age 46 + 8, 58% 1: 65% HRmax exercise group
male) T60min
Sabagetal. (140)  Meta-analysis Type 2 diabetes Computed tomography or  F: 2-7 days/week F:3-5days/week 4 weeks—12 months Aerobic training:
(n=1383) (mean age range 45-69, 37%  MRI 1: 50-70% VOgzpeax, 60-00%1: 40-80% 1-RM L VAT
male) HRmax T: not reported Resistance or
T: 20-120min combined training:
VAT

BMI, body mass index; CAD, coronary artery disease; DEXA, dual-energy x-ray absorptiometry; F; frequency; HRmax, max heart rate; I, intensity; MRI, magnetic resonance imaging; RCTs, randomized control trias; T, time/dluration; VAT,
visceral adjpose tissue; VOzpeax, Peak volume of oxygen consumption with exercise; 1-RM, 1-rep max.
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References Study design

(sample size)

Coronary artery disease

Oliveira et al. (109) Systematic review of
prospective studies.
(n=271)

Laskey et al. (110)

(n=148)
Byrkjeland etal. (111) RCT
(=137
Heart failure
Kitzman etal. (65)  RCT
(n=163)

Patients at risk for cardiovascular disease

Maddenetal. (108) ~ RCT
(n=36)

Maddenetal. (112)  RCT
=562

Monteroetal. (113)  Meta-analysis of RCTs &
non-RCTs

(=472

Way et al. (114) Meta-analysis of RCTs &
non-RCTs
(=783

Jonesetal. (115)  RCT
(=51

Beaudry etal. (116)  Meta-analysis of RCTs

(n=163)

Study population
(age, %
male)

CAD

Imaging type

Carotid-femoral or

(mean age range 48-67, sex not carotid-brachial Doppler

reported)

Prospective, single-arm trial Ciinically stable CAD

(mean age 61 11,54%
male)

Type 2 diabetes and CAD
(mean age 63 8, 84%
male)

Heart failure with preserved
ejection fraction

Type 2 diabetes, hypertension
and hypercholesterolemia
(mean age 71 1, 52%
male)

Type 2 diabetes, hypertension
and hypercholesterolemia
(mean age 69 1, 58%
male)

Pre-hypertensive

(age range 44-70, <50%
males)

Type 2 diabetes
(mean age 57 £ 17,51%
male)

Breast cancer survivors
(mean age 56 + 7, 0%
male)

Cancer sunvivors
(mean age 57 + 7, 54%
male)

ultrasound

Doppler ultrasound

Ultrasonography

Uttrasonography, Doppler
echocardiography

Doppler ultrasound

Doppler ultrasound

Doppler ultrasound

Doppler ultrasound

Doppler ultrasound

Uttrasonography

Aerobic exercise
prescription

F: 1-3 days/week

1: 40-85% HRR/anaerobic
threshold

T: 15-50min

F: 3 days/week

1: 40-85% HRR

T 15-50min

F: 3 days/week

1: not reported

T:33min

F: 3 days/week
1: 40-70% HRR
T: 60 min

F: 3x/wk
I: 80-76% HRR
T: 60min

F: 8x/wk
I: 60-76% HRR
T: 60min

3-6/wk

I: 60-75% HRR/60-
86%HRpax/50-75%
VOzmax

T: 25-60 min

F: 3x/wk

I: 60-75% HRR/60-90%
HRmax/50-85%
VO2peek/65-75% VOzmax
T: 25-60 min

XXk

I: 50-70% HRmax

T: 60min

F: 8x/wk
I: 65-76% VOzpeak.
T: 20-45min

Resistance exercise Exercise program

prescription duration
Too few studies for  6-20 weeks
comparison

None 20 weeks

F: 3 days/week 12 months
1: not reported

T 17 min

None 16 weeks
None 12 weeks
None 6 months
None 1-7 months

F: 2-8x/wk |: 50-70% 12-24 weeks
1-RM/60-80% MVC T:

2-8sets x 10-15 reps,

25-60 min

F: 2x/wk I: 60% 1-RM 12 weeks
T: 12 resistance-based
exercises, 1set x

10-12 reps

None 3-6 months

Relevant results

Relative to control: | PW

Relative to control: | central
aortic systolic pressure &
PWV

Relative to control: «
carotid intima-media
thickness

Relative to control:
t VOzpea

< carotid artery
distensibility & FMD

Relative to control:
1 femoral and radial PWV
© VO zpea

Relative to control:
1 femoral and radial PYW
el 2peak

Relative to control: <>
measures of arterial stifiness
(PMV, distensibility)

Relative to control:

| endothelial-independent
dilation

<« PWV&FMD

Relative to control:
1 PWY
VO 2max

Relative to control: + FMD &
VOzpoak

CAD, coronary artery disease; F, frequency; FMD, flow mediated dilation; HRymax, max heart rate; HRR, heart rate reserve; I, intensity; LV, left ventricular; MVC, maximal voluntary contraction; NMD, nitric-flow mediated dilation; PWV,

pulse wave velocity; RCTs, randomized control trials; T, time/duratic

Ospoak: PEaK volume of oxygen consumption with exercise; VOamax, max volume of oxygen consumption with exercise; 1-AM, 1-rep max.
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RCT
=73

RCT
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RCT
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RCT
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Piot RCT
(h=47)

Systematic review of RCTs
and non-RCTs
(n=221)

Study population
(age, %
male)

Healthy adlults
(age range 2272,
61%

male)

Healthy women

(age range 45-58)

11 pre-menopausal &
14 post-menopausal
Healthy men

11 young

(age range 24-32)

13 older

(age range 60-82)

15 healthy men
(mean age 63)

16 healthy women
(mean age 64)

Post-MI
(mean age 5, “pre-dominantly”
male)

Post-MI
(mean age 58, 93%
male)

Post-MI with preserved LVEF
(mean age 56 + 10, 100%
male)

Post-MI with reduced LVEF
(mean age 55 + 3, 72%
male)

Post-acute ST elevation MI
(mean age 54 + 8, 87%
male)

Post-coronary event

(mean age 62 + 9, 7%
male)

GAD & reduced LVEF
(mean age 57 9, 91%
male)

GAD &reduced LVEF
(mean age 55 + 9, 100%
male)

Post-acute ST elevation MI
(mean age 63 + 9, 92%
male)

Heart failure with reduced EF
(age range 54-74,
“pre-dominantly male”)

Chronic heart failure as a result
of diative cardiomyopathy or
ischemic heart disease

(mean age 53 + 3)

Chronic heart failure as a result
of diative cardiomyopathy or
ischemic heart disease

(mean age 61 % 11, 100%
male)

Heart failure with reduced EF
(mean age 63, 7%
male)

Heart failure

(any type)

(age range 4977,
“pre-dominantly male”)

Heart failure with reduced EF
(mean age 54 + 9)

Heart failure with preserved EF
(mean age 70 & 7, 24%
male)

Heart failure with preserved EF
(mean age 69 + 6, 12%

male)

Heart failure with preserved EF
(age 70 + 8, 33% males)

Heart failure with preserved EF
(mean age 66, 37%
male)

Hypertensive
(mean age 51 % 8, 49%
male)

Hypertensive
(mean age 52 + 8, 56%
male)

Hypertensive
(mean age 56 + 9, 38%
male)

Type 2 diabetes
(mean age range 46-61, sex not
reported)

Type 2 diabetes
(mean age 60 + 9, 78%
male)

Type 2 diabstes with LV diastolic
dysfunction

(mean age 56 + 6, 64%

male)

Breast cancer
(during chemotherapy)
(mean age 49, 0% males)

Imaging type

Predominantly
echocardiography or MRI

Echocardiography

Radionuclide
ventriculography

Acetylene rebreather and
Echocardiography

Echocardiography, MRI or
radionuclide
ventriculography

Echocardiography, MRI or
radionuclide
ventriculography

Echocardiography

Echocardiography

Echocardiography

Echocardiography

Dobutamine stress
echocardiography followed
by thallum myocardial
scintigraphy

Dobutamine stress
echocardiography followed
by thallum myocardial
scintigraphy

Gated single-photon
emission computed
tomography imaging

Echocardiography or MRI

Echocardiography

Echocardiography

Echocardiography or MR

Echocardiography

Echocardiography

Echocardiography

Echocardiography

Echocardiography

Echocardiography or
Doppler ultrasound

Echocardiography

Echocardiography

Echocardiography

Echocardiography or MRI

MRI

Echocardiography

Echocardiography

Aerobic exercise
prescription

F: 3-6 days/week

I: 50-85% HRR/60-95%
HRmax/60-100% VOpmas
T: 20-180min

F: 3 days/week

1: HIIT: 90-95% HRimax x 4
intervals of 4 +

Bmin recovery

F: 4-5 days/week

I: increasing to 80-85%
HRmax by 4th month

T: 45min

F: 5 days/week

I: 60-70% to 75-85%
HRmac

T: 45min

F: 8-7 days/week
I: ~60-85% VOzp00x/80%
HRimax

T: 30-180min

F: 3-5 days/week
I: 60-85% HRR/70-90%
HRpoak/55-85% VOzp0ac
T: 20-60min

F: 2 days/week

I: 60-80% VOzp00ic

T 40min

F: 3 days/week
I: 60-70% VOppeak
T 40min

F: 3 days/week

I: 60-70% VOzpeaic
T:30min

F:3-5 days/week
Center-based group
1: 40-70% HRR

T 20-40min
Home-based group
1: 40-70% HRR

T: 20-40min

days/week

1: 60% VOgpea
T 40min

Dipyridamole
(75 mg/day) given with
exercise

F: 3 days/week

1: 60% VOzp0k
T:80min

F: 3 days/week

1: 60-70% VOzpeak

T 40min

F: 2-5 days/week
1: 60-80% VOzpeak
T: 20-60min

F: 7 days/week
1: 70% VOzp0a
T: 20 min

days/week
1: 60% VOzp0ax
T: 20-30 min

F: 3-5 days/week
HIT group:

18T:85-95%
HRoesk/VOzp0c

3-6min intervals + 2-3min
recovery

(25-47 min total)

MIT group:

Resistance exercise Exercise program

prescription

None

None

None

None

NR

None

F: 2 days/week
I: based on RPE
T: 1 set x 12 reps;
25-40 min

NR

NR

None

None

None

None

Too few studies for
comparison

F: 1 time/week
I: Group training

duration

3-12 months

12 weeks

6 months

9-12 months

1-6 weeks

NR

10 weeks

6 months

6 months.

12 weeks

8 weeks

8 weeks

6 months

Most 3-6 months,
range 2-14 months

6 months

(walking, calisthenics, &

non-competitive ball

games)
T: 60 min

F: 1 days/week
I: Group training

12 weeks

(walking, calisthenics, &

non-competitive ball

games)
T: 60 min

Too few studies for
comparison

| & T: 40-70% HRR/77-90%

HRimax/60-80% VOzp00k
for 20-45 min

F: 2-7 days/week

I: 40-80% HRR/45—
70%HRmax/60-80%
VOzpeax

T: 20-60min

F: 7 days/week

1: 70% VOzp0a
T 20min

F: 3 days/week
I: 40-70% HRR
T: 60 min

F: 3 days/week
I: 40-70% HRR
T: 60min

HIT group

F: 3 days/week
I:4 x 4-min intervals @
80-90% HRR
T: 38 min

MIT group

F: 5 days/week
1:35-50% HRR
T: 40min

F: 2-3 days/week
I: 70% HRR/60-75%

HRmax/60-80% VOzpeak
T 50_AN min

F: 3 days/weck
I: 70-85% VOzp0aic
T: 45 min

F: 3 days/week
HIT group:

1&T: 4 x 4-min @85-90%
VOamax
T:38min
MIT group:
I: 70% VOzmax
47min
3 days/week
I: alternating 1-min low &
high load
T:20min

F: 2-4 days/week
I: HIT: 90-95% HRmax
MIT: 50-75% HR mac

F: 8 days/week
18T: 5 x 2-4-min @RPE
16-17 with 3-min recovery
T: 33min

HIT group:

F: 8 days/week
1&T: 4 x 4-min @90-95%
HRmax for 40 min

MIT group:

F&INR

T >10min bouts,

210 min/week

days/week

I: 70% HRR/50-95%
HRimax/60-100% VOzp0aic
T: 15-60min

F: 2-3 days/week
1:50-80% 1RM

Most 3-6 months,
range 1 month to 10
years

1-7 months

T:2-3 sets x 8-10eps.

F: 1 time/week
I: Group training

(walking, calisthenics,
and non-competitive

ball games)
T 60 min

None

None

None

None

None

None

F: 3 days/week
1:75% 1-AM
T: 6 exercises
(3 upper/3 lower

extremities), 3 sets x

10 reps
F: 2-3 days/week

1: 56-80% of maximum
voluntary contraction

(=59
None

None

F: 3 days/week
1ENR
T-60minin
combination with
aerobic training

6 months

16 weeks

16 weeks

12 weeks

3-6 months

8 weeks

12 weeks

12 weeks

12 weeks—1 year

12 weeks

12 weeks

1-16 weeks

Relevant results

Relative to men:
| LVEDV, LVESV, & SV
© LV mass

Relative

to post-menopausal:
 VOzpeak

© LVEF &LV volume
Relative to older men: <>
VOzpoa, LVEDV & LVEF

Relative to men:

© VOzpeax

| exercise SV

1 exercise arteriovenous
02 diference

Relative to control:
+ LVEF

1 LVEDV & LVESV with
earlier initiation post-MI and
increased program duration
Relative to control: 1 VOzpea
& LVEF

1 LVD when initiated <29
days post-MI

Relative to control:

1 VOsp0ac

1 LVEDV & LVESV

Relative to control:
1 VOzpea & LVEF

1 LVEDV & LVESV

Relative to control:

1 VOzpea

1 LVEF

Center and  home-based
groups relative to control:

1 LVEF

Center-based group relative
to home-based group:

© LVEF

Relative to control: 1
VOppea & contractile
response to dobutamine
and thalium activity

Relative to control: 1
VOzpeak, coronary coliateral
score, thallium activity, LVEF,
&WTSI

Relative to control:
1 VOzpea

| resting & stress WMSI,
resting & stress WTS|

Relative to control:
+ LVEF

1 LVEDV & LVESV with
greater effect for > 6
months training
Relative to control:
 VOzpea

1 LVEDD

Relative to control:
1 VOpmax & LVEF

| LVEDV, LVESV, LVEDD,
&LVESD

Relative to control:
t WEF & VOzpeac with
greater effect for = 6
months training

No diference in change in
LVEF between HIT & MIT
groups

o LVEDV & LVESV

Relative to control: | LV E/e’

Relative to control:
+ LVEF
1 LVEDD

Relative to control:

+ VOzpeaic

<« LVEDV, LVESV, LVEF, &
LV E/A ratio

Relative to control:
 VOzpeac

« LVEDV

HIIT & MIT relative to control:

 VOzpeek
© LVER

Relative to control:

VO
« LVEF, E wave, & E/e’

Relative to baseline:
tws

LWER

< LVEF, LV mass
HIT and  MIT

to control:

1 VO 2max

HIIT relative to MIT:

T LVEF Ve’ &S’

© LVE&Awave, LV
wall thickness

relative

Relative to control:

1 LV GLS & LA reservoir
strain

1LV mass

Relative to MIT:
1 VOppeak, LV E/A
< LV GLS, LVEF, LV mass

Relative to control: 1 LV
mass, LVEDV, LVSV, LVEF, &
LV E wave

HIIT relative to MIT:
 VOzpea, LV &', LV S’
o WV Ee

Relative to control:

+ VOgpea
© LVGLS & LVEF

A, peak mitral inflow during atrel systole; E, early dlastolc trensmitral velocit

&', early diastolic mitral annular velocity; EDD, end-diastolic diameter; EDV, end-diastolic volume; EF; ejection fraction; ESD, end-systolic diameter; ESV,

end-systolic volume; F; frequency; GLS, global longitudinal strain; HITT, high intensity interval training; HRmax, max heart rate; HRR, heart rate reserve; I= intensity; LA: left atrial; LV, left ventriculer; MIT, moderate intensity training; MR,
magneic resonance imaging; MVC, meximal voluntary contraction; RCTs, randomized controlled trals; RPE, rate of perceived exertion; T, time/duration; ', systolic mitral annulus tissue velocity; SBP, systolic blood pressure; VOzpask,
peak volume of oxygen consumption with exercise; VOzmax, max volume of oxygen consumption with exercise; WMSI, wall motion score index; WTSI, wall thickening score index; 1-RM, 1-rep max.
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Children and adolescents (5-17 yr) Adults (18-64 yr) Older adults (65-93 yr)

Time to complete (mean  standard deviation) 4.0 22min 41 £26min 50+ 1.8min
Internal consistency (Cronbach's alpha) 0980 0993 0907
Total reproducibilty (ICC; 96% CI) 0.819 (0.766-0.866) 0.905 (0.888-0.921) 0.885 (0.843-0.920)
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Modality of exercise ~ Examined Number Results

outcome of studies
Aerobic Training PANSS 4 Slightly favors
Positive exercise group
Not statistically significant
Aerobic Training PANSS 4 Favors exercise group.
Negative Statistically significant
Aerobic Training PANSS 3 Favors exercise group
General Statistically significant
Resistance Training ~ PANSS Total 3 Slightly favors
exercise group
Not statistically significant
Combined (Aerobic and Body Mass 3 Favors control group
Resistance Training) ~ Index Statistically significant
Combined (Aerobic and PANSS 3 Slightly favors
Resistance Training) ~~ Positive exercise group
Not statistically significant
Combined (Aerobic and  PANSS Total 4 Slightly favors
Resistance Training) control group.

Not statisticaly significant
All Exercise Training ~ Body Mass 4 (5 trials) ~ Favors control group

Modalities Index Statistically significant
All Exercise Training Maximal 4 Favors exercise group
Modalities Oxygen Statistically significant
Consumption

All Exercise Training ~ Body Weight 2 (3 trials)  Favors control group
Modalities Statistically significant

All Exercise Training ~ PANSS 8(9trials) Favors exercise group
Modalities Positive Not statisticaly significant
Al Exercise Training PANSS 8(Qtrials)  Favors exercise group
Modalities Negative Statistically significant

All Exercise Training ~ PANSS 6(7 tials)  Favors exercise group
Modalities General Not statistically significant
All Exercise Training ~ PANSS Total 8 (9 trials)  Favors exercise group
Modalities Not statistically significant
All Exercise Training ~ SANS 3 Favors exercise group

Modalities Statistically significant
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Model B std. Error 8 t sig.

Constant 54.847 5.882 7,953 0.000
Waist-hip-rate —16.244 6.798 -0.389 -2.153 0.023





OPS/images/fcvm-08-753117/fcvm-08-753117-t001.jpg
#  Searchterms Results

1 exp schizophrenia/ or schizophrenia.mp. 148,490
2 psychosis.mp. 40,821
3 for2 171,975
4 exp exercise/ or exercise.mp 432,398
5 aerobic exercise.mp. 10,439
6 aerobic training.mp. 2,692
7 weight liing.mp or exp weight lifting/ 5329
8 resistance training.mp. or exp resistance training/ 14,795
9 physical activity.mp. 121,398
10 physical exertion.mp. or exp physical exertion/ 58,138
11 4or5or6or7or8or9or 10 517,276
12 Panss.mp. 4,709
13 BPRS.mp. 2366
14 Psychiatric Status Rating Scales.mp or exp Psychiatric Status 85,406
Rating Scales/

15 Symptom’.mp. 1,243,088
16 (Positive and Negative Syndrome Scale).mp. [mp=tile, 4,454

abstract, original title, name of substance word, subject
heading word, keyword heading word, protocol
supplementary concept word, rare disease supplementary
concept word, unicue identifler, synonyms]

17 Brief Psychiatric Rating Scale.mp. or ex Brief Psychiatric 3995
Rating Scale/

18 12or 18or 14 or 15017 1,204,706

19 Band11and 18 491

Exp, explode; mp, tile, abstract, original title, name of substance word, subject heading
word, keyword heading word, protocol supplementary concept word, rare disease
supplementary concept word, unique identifer, synonyms; Asterisk ('), match i terms
beginning with a word root.
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Variables Mean & SD or
median (P25, P75) or

percentage
Male 34(82.9)
Female 7(17.9)
Age (years) 56292
Height (cm) 169.4£7.6
Weight (kg) 7534 11.1
BMI (kg/m?) 262+29
Waist-hip ratio 0784036
Smokers (%) 14.(34.1)
Previous myocardial infarction 25(61.0)
No. of stenotic coronary arteries
1 29(70.7)
2 8(19.5)
3 4098
No. of stents 2(14)
The time between CPET and the latest PC (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)
ACEVARB 11(268)
Stain 38(02.7)
Diltiazem 4(9.8)
Nitrates 20 (48.8)
Biochemical indicators (reference range)
BNP (pg/m) 270.1 & 275.7 (0-150)
Cr (wmol/l) 80.7 + 16.9 (30-110)
TnT (ng/l) 0,02 40.03 (0-0.1)
CK-MB (ng/mi) 389+ 4.19 (0-6.5)
TG (mmol/L) 3.78+£0.93(3.1-6.7)
LDL (mmol/L) 221074 (0-3.4)
Cardiac ultrasound indicators (reference range)
LVEF (%) 58.1 % 7.6 (50-70)
LVIDd (mm) 463 % 4.6 (37-53)
IVSd (mm) 10.7 £ 1.3 (8-11)
Regional wall motion 14 (34.1)

BMI, body mass index; ACEVARB, angiotensin converting enzyme inhibitor/angiotensin
receptor blocker; LVEF, left ventriculer ejection fraction; LVIDG, left ventricular diastolic
dimension; VSd, interventricular septal thickness.
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CPET TET t-Value p-Value

METmax 519+£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 7475 £12.98 1.98 0.056
ASBP 53+ 19 3919 -3.16 0.003
ADBP 9+ 14 1 £32 3.64 0.001

CPET, cardiopulmonary exercise testing; TET, treadmill exercise testing; MET, metabolic
equivalent; HR, heart rate; SBR, systolic blood pressure; DBP, diastolic blood pressure.
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Model B Std. Error B t sig.

Constant 5.088 0.640 7,953 0.000
Waist-hip ratio —1.591 0.739 0356 —2153 0039
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Al Intervention Control

n=18 n=8 n=10

Demographics
Age, years 6810 675 70+13
Male, n 17004 8(100)  9(90)
BMI, kg/m? 2343 2843 2443
Smoking
Never smoke, n 9(50) 5(63) 4(40)
Previous smoker, n 7(39) 2(25) 5(50)
Current smoker, n 2(11) 1(13) 1(10)
Marital status
Married, n 17(04  8(100)  9(%0)
Widowed, n 16) 00 1(10)
Education
Primary o less, n 6(33) 3(38) 3(30)
High school or above, 12067 562 7(70)
NYHA class
NYHAI, n 9(50) 5(63) 4(40)
NYHAIL n 9(50) 3(38) 6(60)
LVEF class
HFFEF (EF < 40%),n 9(50) 5(63) 4.(40)
HFMIEF (EF 40-49%), n 4(22) 0(0) 4(40)
HFPEF (EF > 50), n 5(28) 3(39) 2(20)
Cardiac interventional procedure/surgical treatment
PCLn 1E) 675 5(50)
Pacemaker, n 4(22) 1(19) 3(30)
1cD, n 16) 0(0) 1(10)
CRT/CRT-D,n 1(6) 00 1(10)
Valvular surgery, n 16) 1(19) 00
Repairment of V-/A-septal 16) 1(19) 0(0)
defect, n
Comorbidity
Average comorbidities per patient, mean 4 £ 2 5+2 31
Coronary heart diseases, n 1372 8(100)  5(50)
Hypertension, n 161 675 5(50)
Atrial fibrilation/flutter, n 6(33) 3(38) 3(30)
Myocardial infarction, 3(17) 2(25) 1(10)
Stroke (Ischemic), n 2(11) 2(25) 0(0)
Hyperlipoidemia, 5(28) 3(38) 2(20)
Type2-Diabetes, n 161 5069 6(60)
Hyperuricemia, n 161 509 6(60)
COPD/Asthma, n 16 1(13) 0()
Current cardiac relevant medications.
ACEV/ARB, n 1704 7068  10(100)
Beta-blockers, n 16(89)  8(100)  8(80)
Aldosterone blockades, n 1689  7(88) 9(90)
Statins, n 16(89)  8(100)  8(80)
Platelet anti-aggregants, n 1478 8(100)  6(60)
Diuretics, n 10(56)  3(38) 7(70)
Digoxin, n 5(8) 339 2(20)
Calcium antagonists, n 4(22) 113 3(30)
Anticoagulant, n 3(17) 0(0) 3(30)

Results are presented as mean = SD or n (%).

BMI, Body Mass Index; NYHA, New York Heart Association; EF, ejection fraction;
HFIEF, heart failure with reduced ejection fraction; HFmIEF, heart faiure with mid-
range of ejection fraction; HFpEF, heart faiure with preserved ejection fraction;
PCI, percutaneous coronary intervention; ICD, implantable cardioverter defibrillators;
CRI/CRT-D, cardiac resynchronization therapy/vith defibrilator; V-/A-, ventriculer-or
atrial-; COPD, chronic obstructive pulmonary disease; ACEVARB, angiotensin-converting
enzyme inhibitors/angiotensin receptor blocker.
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Outcomes Control Intervention P-value®

Baseline 6th week Baseline 6th week
1. CPX parameters

Exercise test time, seconds 399 (309.8, 408.3) 329 (268, 419) 501 (400.8, 538.5) 404 (387, 488) 0.902
Wordload, watt 66 (53.3,77.8) 70 (53, 85) 825(65.8,89.9) 8280, 85) 1
RER 55.5 (43.7, 59.5) 52.2(40.3, 67.1) 60 (535, 68) 62.6 (62, 65.4) 1
VOzat, mLkg/min® 1(1,1.9) 141,19 14(1,1.9) 14(1,1.2) 0.165
VOzpeaic, mUKg/Min® 10989, 14.1) 97 (6.1, 11.6° 12.9(11, 136) 11(103, 12.1) 0.128
VOzpeak J6pred, 9% 14.3(10.2,17.4) 18,686, 15.2° 15.9(15.1, 16.8) 14.3(13.6, 16.4) 0205
HRR, bpm® 54.4(49.4,62.2) 47.6(80.7, 1.7 59.2(56, 62.6) 59.2(50.6, 61.1) 0.128
Peak O, puise, mL/beat® 29.5(14.5, 42.5) 25 (11,34) 35(25.3,47) 26 (16, 40) 0.007
VENVCOy, siope® 841(7,10) 7(6.4,9° 89(7.6,10.7) 10(7.7,11.1) 0805
AVO/AWR, mUmin/We 32.7(201,41.2) 367 (33.3, 42.9° 32.9(24.3,35.9) 33.6(28.2,35.4) 0073
FEV1 9%pred, %* 74(63.8) 83(4,88) 7(65,87) 10.3 (0.4, 1.4 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* 39(3.1,6.6) 43(27,5.1) 35(1,6.8) 7.2(4,9.9°9 0.04
3. Echocardiography

LVEF, %* 41(35,47.8) 36.5 (34, 39.5) 34.5(30.5, 50) 45 (36, 53) 0281
Fs, %° 24(19.5,30) 19(17,225) 21(17.3,28.9) 27 (18, 29 004
SV, mUbit* 80 (64, 83.5) 825(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, mmHg® 31 (19, 45) 26(20.3, 36.5) 31(25.8,43.8) 27 (25,82) 0536
4. Biomarkers

NT-proBNP, pg/L® 1477 (717.8, 2351) 872.9 (489.7, 4191.5) 1,346 (268.5, 2686.3) 703 (269, 1062) 0307
hsCRP, mg/L® 54(1.1,108) 62(1.8,159) 24(05,5.7) 1.6 (1, 4.4) 0694
Total cholesterol, mmol/L> 43(3,4.6) 37(33,42) 42(35,4.4) 4136,4.7) 0072
LDL-C, mmol1® 24(1.7,9) 22(17,27) 242229 27(19,3) 0336
HDL-C, mmolL* 12(08,1.6) 1.1(08,16) 1(1,12) 1(09,1.9 0.152
Tiglycerides, mmol/L® 13(06,1.8) 1.4(0.7,15) 15(1.1,22) 1.2(1,1.7) 0536
Hemoglobin, g/L* 1305 (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(65,108) 86(7.8, 107 7.1(66,98) 7.7(69,87) 0.004
Left-hand grip strength, kg® 286(20.8, 35.5) 287 (22,37.9) 29.7(23.5,32.2) 31.2(26.1,33.1) 0536
Right-hand grip strength, kg® 31.8(22.9,37.6) 27.6(23.9,35.9) 209 (26.4,33.1) 27.4(236, 27.5° 0397
6. Quality of life

MLHFQ total score® 20.5(138, 65.5) 16.5(3.3, 23.5) 12.5(5.5,81.8) 12(1,26) 0779
EQ-5D-VAS score® 80(73.8, 90) 6.5 (80, 98.8) 85(64.8,93.8) 7570, 100) 0232
7. Depression and anxiety status

HADS-anxiety score® 15(1,7) 1(1,3) 05(0.9) 10.6) 0.867
HADS-depression score” 11,9 25(1,55) 10,6 00.1) 0072

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

CPX, cardiopulmonary exercise test; RER, respiratory exchange ratio; METs, metabolic equivalents; VOzat, 0xygen uptake at AT; VOzpeak, peak oxygen uptake; HRR, heart rate reserve
1min post exercise; Vg/VCO,, 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 1min; MV 9%pred, percentage of predicted value of maximum voluntary ventiation; LVEF; Left ventricular ejection fraction; FS, fractional shortening;
SV, stroke volume; LVEDD, left ventricular end-diastolic diameter; PASP, pulmonary artery systolic pressure; NT-proBNP, N-teminal B-type natriuretic peptide; hsCRP, 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.

“Higher value more favorable.

bLower value more favorable.

©p < 0.05, refers to the comparison with baseline using Wiicoxon 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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Screened for eligibility(n =81)|

Excluded (n=40)

— | Not mecting inclusion criteria (n

Declined to participate_(n=$)

Cardiopulmonary exercise test (n=41)

|

Treadmill exercise test (n=41)

|

Data analysis (n =41)
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