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Abstract 
During the COVID-19 pandemic, physical activity levels have decreased and 

sitting time has increased. This is a major concern as physical inactivity 

increases the risk for severe COVID-19 outcomes. Evidence also indicates that 

COVID-19 survivors can experience reduced physical function (i.e., ability to 

complete daily living activities) long after acute illness. Currently, there are no 

evidence-based guidelines for recovering physical function following COVID-19 

infection. Exercise with blood flow restriction (BFR) presents a promising 

rehabilitation strategy as the benefits of traditional exercise can be achieved 

using lower intensities. However, several barriers such as cost, access to 

equipment, and lack of standardized methods limit its use. The goal of this 

research was to promote and facilitate the use of physical activity as a critical 

form of medicine during the COVID-19 pandemic and beyond. With study 1, I 

implemented a community-based program to provide free physical activity 

resources to the rural Upper Peninsula during the pandemic. Physical activity 

was promoted through a widespread media campaign and over 260 virtual home-

based workouts were delivered to community members using several platforms 

(i.e., Zoom, Facebook Live, YouTube, TV, DVD). With study 2, I developed a 

working hypothesis and theoretical framework for using BFR to help restore 

physical function in those individuals infected with COVID-19. Specifically, I 

hypothesized that passive BFR modalities can mitigate losses of muscle mass 

and muscle strength that occur during acute infection and 2) exercise with BFR 

can serve as an effective alternative to traditional higher intensity exercise for 

regaining muscle mass, muscle strength, and aerobic capacity during 

convalescence. With study 3, I collected laboratory-based measures using 

Doppler ultrasound and anthropometric techniques in healthy adults (n=143) and 

applied linear regression methods to develop and validate a prediction equation 

for performing BFR without the need for specialized equipment. Finally, with 

study 4, I developed and usability tested a web-based application designed to 

serve as user support tool that aids physical therapists in implementing BFR. 



xi 

Collectively, my research addressed two major public health problems (COVID-

19 and physical inactivity) and sought to enhance accessibility of physical activity 

and exercise with BFR during the pandemic and beyond.  
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1 Introduction 
 

1.1 Physical Inactivity 
Physical inactivity is the fourth leading cause of death worldwide, 

contributing to over 3 million deaths annually.1 As a leading risk factor for non-

communicable diseases, physical inactivity increases the risk for cardiovascular 

disease, obesity, cancer, diabetes, hypertension, bone and joint disease, and 

depression.2 Currently, 80% of U.S. adults do not meet the necessary guidelines 

for aerobic and muscle strengthening exercise 3 and it is estimated that $117 

billion in U.S. health care is spent per year due to inadequate levels of physical 

activity.4 Given its widespread health and economic impacts, physical inactivity 

has been defined as a pandemic 5 and suggested to be the biggest public health 

threat of the 21st century.6 Despite robust evidence pointing to the role of physical 

activity in maintaining health, treating disease, and reducing health care costs, it 

remains an underappreciated modifiable behavior by the medical community, 

policy makers, and the public at large. Furthermore, physical activity (e.g., 

walking) presents one of the most affordable and accessible healthcare 

interventions with potential to be highly effective in modulating health outcomes.  

1.2 Physical Inactivity and COVID-19 
In March of 2020, coronavirus disease 2019 (COVID-9), the disease 

caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), was 

declared a pandemic by the World Health Organization (WHO). To date, there 

have been over 760 million cases of COVID-19 reported worldwide and over 6.8 

million deaths.7 During the COVID-19 pandemic, physical activity levels 

decreased and sedentary behaviors increased.8 Importantly, several recent 

systematic reviews and meta-analyses 9-11 indicate that physical inactivity is 

associated with an increased risk of severe outcomes (i.e., hospitalization, 

admission to the intensive care unit, and death) in those individuals infected with 

COVID-19. In a groundbreaking study, Sallis and colleauges 12 reported that 
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other than advanced age and a history of organ transplant, physical inactivity is 

the strongest risk factor for hospitalization, admission to the intensive care unit, 

and death in those individuals infected with COVID-19. Furthermore, physical 

inactivity increases risk for these outcomes even more than other well 

established risk factors such as obesity, diabetes, smoking, high blood pressure, 

and cardiovascular disease. In light of mounting evidence, physical inactivity is 

now recognized as a major risk factor for severe COVID-19 outcomes by the 

CDC 13 and the WHO.14 The synergistic effects of COVID-19 with preexisting 

public health threats, such as physical inactivity and non-communicable disease, 

has led several authors to refer to COVID-19 as a syndemic.15,16 While strategies 

to manage viral transmission (i.e., hand washing, social distancing, wearing a 

mask) serve as an important first line of defense, improving healthy living 

behaviors 17 such as increasing physical activity, may be just as critical to 

combating COVID-19 (as well as other non-communicable and communicable 

diseases). Thus, it is imperative that efforts are made by public health authorities 

to educate the public about the risk of physical inactivity related to COVID-19 and 

to promote engagement in physical activity during the pandemic. Moreover, when 

the COVID-19 pandemic subsides, the physical inactivity pandemic is likely to 

remain and potentially have worsened. Taking immediate widespread action to 

promote and facilitate physical activity will not only create a population that is 

more resilient to COVID-19 (and possible future pandemics) but will counteract 

the future consequences of increasingly sedentary lifestyles.  

1.3 Long-term Effects of COVID-19 Infection 
In addition to the acute complications of COVID-19 infection, accumulating 

evidence 18-23 indicates that a variety of symptoms can persist for weeks and/or 

months following the acute phase of illness. The long-term manifestations of 

COVID-19 have been referred to as “long COVID”, “post-acute sequelae of 

COVID-19”, and/or “post-acute COVID-19 condition”. Among the most prevalent 

reported symptoms are fatigue, dyspnea, cognitive dysfunction, muscle and joint 

pain, and weakness. Additionally, in a recent systematic review de Olivira 
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Almeida and colleagues 24 reported that COVID-19 survivors experience 

impaired physical function and reduced ability to perform activities of daily living 

up to 6 months following acute illness. For example, authors reported lower 

performance on functional tests including the 1-min sit-to-stand, 2-min walking, 

and Short Physical Performance Battery Test as well as lower Barthel Index and 

Activities of Daily Living Scores. While those individuals with more severe acute 

illness requiring hospitalization appear to be most affected, impaired physical 

function has been reported across acute illness severities and affects community 

recovered individuals with milder cases.25,26   

Collectively, the chronic manifestations of COVID-19 infection may comprise 

long-term health and leave those individuals who become infected prone to frailty 

and disease. Persistent physical function impairments following COVID-19 are 

associated with lower physical activity levels27-30 and may increase the risk of 

frailty,31 falls and injury,32 and chronic diseases such as diabetes, obesity, and 

cardiovascular disease.33 Furthermore, long-term functional impairments may 

drastically impact the workforce. A recent report 25 indicated that 50% of British 

Armed Forces were medically non-deployable at 12-months after COVID-19 

infection. Data indicate 18 that 44% of individuals infected with COVID-19 will 

develop long-term impairments in physical function, meaning that ~300 million 

people could be affected. As COVID-19 continues to impact the world, the health 

and economic consequences of long-term symptoms could be astronomical. 

Currently, there are widespread initiatives,34 action plans,35,36 and calls for 

research 23,37 (e.g., The White House, National Institutes of Health, American 

Physiological Society) to address the long-term effects of COVID-19 and identify 

potential treatment strategies. Currently, there are no widely accepted 

approaches for rehabilitating physical function following COVID-19. Thus, finding 

effective interventions (e.g., physical activity and exercise) that are safe, cost-

effective, and feasible during and following infection is critical.  
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1.4 Blood Flow Restriction 
Exercise with blood flow restriction (BFR) offers an effective approach for 

increasing muscle size and strength,38-41aerobic capacity,42,43 and physical 

function 44 in a variety of populations. This modality involves performing exercise 

with mechanical compression applied to the proximal portion of a limb, typically 

with a pneumatic cuff, which serves to partially reduce arterial blood flow to the 

exercising limb while limiting most of the venous return 45-47. The main 

advantages of exercise with BFR compared to traditional exercise are: 1) 

increases in muscle size, strength, and aerobic capacity can be achieved with 

low exercise intensities,40,43,44,48 2) adaptations from BFR occur faster, and 3) 

muscle size and strength can be increased with aerobic or resistance exercise.39 

Accordingly, BFR offers an alternative option for improving muscle size and 

strength in populations such as the elderly, those with orthopedic limitations, and 

various diseased states, for whom higher intensity exercise may be difficult or 

contraindicated. Additionally, exercise with BFR may be a useful alternative to 

traditional exercise during the COVID-19 pandemic. Several authors 49,50 have 

suggested that exercise with BFR provides a feasible means to counteract the 

negative effects of physical inactivity during the pandemic. Specifically, exercise 

with BFR could be used as a home-based strategy to maintain and improve 

skeletal muscle size and strength when access to gyms, fitness facilities, and 

equipment for performing high intensity exercise is limited. Additionally, with 

limited access to healthcare during the pandemic, this modality has been 

suggested as a therapy to aid in the home-based management of 

musculoskeletal conditions.51 Lastly, authors 52 have proposed the use of 

exercise with BFR for the treatment of intensive care acquired weakness in those 

individuals suffering from severe COVID-19 illness. Collectively, exercise with 

BFR represents a viable alternative to achieve the benefits of traditional exercise 

in a wide variety of populations during the COVID-19 pandemic and beyond.  
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1.5 Dissertation Overview 
The overarching goal of this research is to facilitate the use of physical 

activity as a critical form of medicine during the COVID-19 pandemic and 

beyond. To accomplish this, I conducted a series of 4 studies spanning the 

spectrum of translational science. For study 1, I promoted and facilitated physical 

activity in the Upper Peninsula community during the pandemic through 

implementation of a population-based physical activity program. For study 2, I 

developed a working hypothesis and theoretical framework for the use of BFR as 

a therapy to restore physical function in those individuals infected with COVID-

19. For study 3, I conducted a laboratory-based study to develop a prediction 

equation for implementing exercise with BFR without the need for expensive 

equipment. Lastly, for study 4, I developed and usability tested a web-based 

application to aid practitioners in the clinical implementation of exercise with 

BFR. Collectively, this research address two major public health problems (i.e., 

COVID-19 and physical inactivity) and enhances accessibility of an effective form 

of exercise that can be used during the pandemic and beyond (i.e., exercise with 

BFR). An overview of this work is shown in Figure 1.1. This research was 

supported by 1) graduate student fellowships through the Blue Cross Blue Shield 

of Michigan, Michigan Space Grant Consortium, Health Research Institute of 

Michigan Technological University, Portage Health Foundation, and 2) a 

community health grant from the Michigan Health Endowment Fund.  

1.5.1 Study 1 
Efforts to promote physical activity during the pandemic are especially 

important in rural communities where residents are the least physically active 53 

and have high susceptibility to severe COVID-19 outcomes.54 However, there are 

many barriers to implementing physical activity in these communities. Access to 

both the infrastructure that facilitates physical activity (e.g., fitness centers, 

outpatient rehabilitation clinics, parks, recreational facilities) and the availability of 

credentialed fitness professionals is severely limited and even more so during the 

COVID-19 pandemic. While resources in rural communities are sparse, locally 
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situated colleges and universities can play an important role in promoting and 

facilitating physical activity for their surrounding communities. The purpose of this 

study was to leverage Exercise is Medicine® on Campus (EIM-OC) at Michigan 

Technological University to provide critical physical activity resources to 

Michigan’s rural Upper Peninsula during the COVID-19 pandemic. I led a team of 

students, faculty, and fitness professionals to: 1) promote physical activity 

through a widespread media campaign (i.e., website, social media, radio, 

newspaper, TV, public townhall) and 2) deliver virtual home-based workouts to 

community members using several platforms (i.e., Zoom, Facebook Live, 

YouTube, TV, DVD). Together, these efforts demonstrate the extent to which 

EIM-OC increased physical activity infrastructure (e.g., promotion and resources 

for engaging in physical activity) during a critical time of need for our rural and 

underserved community. Work from this study resulted in the construction of 

several infographics that were published in: 1) the British Journal of Sports 

Medicine 55 (Appendix B) and a home-based cardiac rehabilitation booklet 56 , 2) 

the Baylor University Medical Center Proceedings 57 (Appendix C), and 3) the 

Mayo Clinic Proceedings 58 and Kinesiology Review 59 (Appendix D). A 

manuscript of this work has been published 60 in the ACSM Health and Fitness 

Journal (Chapter 2).  

1.5.2 Study 2 
Accumulating evidence indicates that COVID-19 survivors display reduced 

muscle mass and muscle strength 28,61-63 and aerobic capacity,64 which contribute 

to impairments in physical function that can persist for months after the acute 

phase of illness. Accordingly, strategies to restore muscle mass, muscle 

strength, and aerobic capacity following infection are critical to mitigating the 

long-term consequences of COVID-19. The application of BFR presents a 

promising therapy that could be utilized throughout different phases of COVID-19 

illness to restore physical function. The purpose of this study was to provide a 

working hypothesis and theoretical framework for how BFR may be utilized to aid 

in the rehabilitation of those individuals infected with COVID-19. Specifically, I 
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hypothesize that: 1) use of passive BFR modalities can mitigate losses of muscle 

mass and muscle strength that occur during acute infection and 2) exercise with 

BFR can serve as an effective alternative to traditional higher intensity exercise 

for regaining muscle mass, muscle strength, and aerobic capacity during 

convalescence. In addition to restoring physical function, I highlight how the 

various applications of BFR may also serve as a targeted therapy to address the 

underlying pathophysiology of COVID-19 and provide benefits to numerous 

organ systems affected by the disease. Lastly, I propose a theoretical framework 

with which BFR could be implemented throughout the progression from acute 

illness to outpatient rehabilitation with the goal to improve short and long-term 

outcomes in COVID-19 survivors. This work encourages consideration of the 

potential therapeutic benefits of BFR to treat not only COVID-19 but similar 

pathologies and cases of acute critical illness. A manuscript of this work has 

been submitted for publication in Medical Hypotheses (Chapter 3).  

1.5.3 Study 3 
It is recommended that cuff pressures during BFR be selected based upon 

arterial occlusion pressure (AOP) or the minimum amount of pressure required to 

occlude arterial blood flow to the limb.65 However, high costs associated with the 

necessary equipment to assess AOP and implement BFR limit its accessibility to 

clinicians, coaches, and athletes. The purpose of this study was to develop a 

practical approach (i.e., regression equation to estimate AOP) to implementing 

lower body exercise with BFR. For this lab-based study I utilized Doppler 

ultrasound, Biodex dynamometry, and anthropometric techniques in a large 

sample of healthy adults (n=143). Specifically, for part 1 of this study, I utilized 

multiple linear regression to explore sociodemographic, anthropometric, and 

hemodynamic variables that constitute predictors of AOP when applying an 

inexpensive thigh sphygmomanometer as a restrictive device. I hypothesized that 

thigh circumference and femoral systolic blood pressure would be the main 

predictors and explain approximately 40% of the variability in AOP. For part 2, I 

utilized the predictor variables identified in part 1 to develop and validate a 
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prediction equation that estimates AOP. Collectively, a validated prediction 

equation paired with an inexpensive cuff offers a practical method for 

implementing exercise with BFR in the lower body.  

1.5.4 Study 4 
Emerging evidence indicates that exercise with BFR may be an effective 

alternative to traditional exercise in a broad range of clinical populations including 

those living with hypertension,66 cardiovascular disease,67-72 diabetes,73,74 renal 

dysfunction,75,76 and most notably in those with musculoskeletal conditions.77-80 

Accordingly, exercise with BFR is now endorsed by the American Physical 

Therapy Association 81 and used in rehabilitation.82 Despite its growing use in 

rehabilitation settings, implementation of BFR remains challenging for 

practitioners 83 for several reasons. First, most interventions have been focused 

on healthy individuals and applied in controlled laboratory settings. Second, 

methods used to implement exercise with BFR vary widely 84 and include the use 

of different types of equipment (i.e., pneumatic cuffs, elastic wraps), a wide range 

of applied cuff pressures (e.g., 100-240mmHg), and a variety of procedures for 

determining cuff pressure (i.e., arbitrarily selected, based on systolic blood 

pressure, based on limb circumference, perceived tightness). Finally, BFR 

methodology used in clinical settings 82 may be lagging behind current evidence-

based guidelines. Thus, the current gap between research and clinical practice 

poses a major obstacle to the implementation of BFR in real world settings. The 

purpose of this study was to develop a web-based application to serve as a user 

support tool for the implementation of exercise with BFR in clinical settings. A 

secondary purpose was to conduct preliminary usability testing of the web-based 

application in physical therapists. Importantly, this user support tool for 

implementing BFR will help to overcome many of the major barriers that 

practitioners face to utilizing this modality, thus improving access, safety, and 

effectiveness of its use in clinical settings.  
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Figure 1.1 Overview of dissertation.  
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2 Promoting Physical Activity in Rural Communities 
During COVID-19 with Exercise Is Medicine On 
Campusâ 

 

2.1 Abstract 
During the COVID-19 pandemic, physical activity levels have decreased. 

This is concerning as physical inactivity increases the risk of non-communicable 

disease and severe outcomes in those individuals infected with COVID-19. Thus, 

strategies to increase physical activity levels are paramount for keeping 

communities healthy during the pandemic. Efforts to promote physical activity 

during the pandemic are especially important in rural communities where 

residents are the least physically active and have high susceptibility to severe 

COVID-19 outcomes. However, there are many barriers to implementing physical 

activity in these communities. Access to both the infrastructure that facilitates 

physical activity (e.g., fitness centers, outpatient rehabilitation clinics, parks, 

recreational facilities) and the availability of credentialed fitness professionals is 

severely limited and even more so during the COVID-19 pandemic. The purpose 

of this study was to leverage Exercise is Medicine® on Campus (EIM-OC) at 

Michigan Technological University to provide critical physical activity resources to 

Michigan’s rural Upper Peninsula during the COVID-19 pandemic. A team of 

students, faculty, and fitness professionals: 1) promoted physical activity through 

a widespread media campaign (i.e., website, social media, radio, newspaper, TV, 

public townhall) and 2) delivered over 260 virtual home-based workouts to 

community members using several platforms (i.e., Zoom, Facebook Live, 

YouTube, TV, DVD). Together, these efforts highlight the extent to which EIM-

OC bolstered physical activity infrastructure during a critical time of need for our 

rural and underserved community. 
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2.2 Background 
During the COVID-19 pandemic, physical activity levels have decreased for 

children, adolescents, college students, and adults.8 This is concerning as 

physical inactivity and sedentary behavior are risk factors for cardiovascular 

disease, obesity, cancer, diabetes, hypertension, bone and joint disease, 

depression, and premature death.2 Additionally, recent evidence 85 indicates that 

physical inactivity increases risk for severe outcomes in those individuals who 

become infected with COVID-19. Thus, strategies to increase physical activity 

levels are paramount for keeping communities healthy during the pandemic and 

beyond. Accordingly, call to actions by the American College of Sports Medicine 
86 and Physiological Society 87 have urged widespread promotion and 

implementation of physical activity.  

Efforts to promote physical activity during the pandemic are especially 

important in rural communities, where over 46 million Americans reside. 

Compared to urban and suburban residents, those living in rural areas have 

lower physical activity levels.53 These residents are also older in age and have 

higher rates of smoking, hypertension, and obesity.88 Collectively, the 

intersection of health behavior risk factors and poor access to health care place 

rural residents at increased susceptibility to severe outcomes when infected with 

COVID-19.54 Thus, leveraging the health benefits of physical activity in rural 

communities is critical to reducing the impact of COVID-19. A barrier for 

implementing physical activity in rural communities is limited access to both the 

infrastructure that facilitates physical activity (e.g., fitness centers, outpatient 

rehabilitation clinics, parks, recreational facilities) and the availability of 

credentialed fitness professionals that promote and provide physical activity 

programming. For comparison, in urban areas, large health care systems, 

universities with allied health and medicine programs, and numerous fitness 

centers and credentialed professionals deliver health promotion and services 

including physical activity. Many urban communities also have bicycle and 

pedestrian routes that promote active commuting to destinations such as schools 
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and parks that rural areas may not have. Even though rural communities typically 

possess fewer resources, the U.S. Department of Education 89 identifies over 500 

colleges and universities that are located in rural areas. These institutions can 

play an important role with providing physical activity resources for their 

surrounding communities. The Upper Peninsula of Michigan makes up ~30% of 

the state landmass and ~3% of the population. In this commentary, we describe 

how we leveraged Exercise is Medicine® on Campus (EIM-OC) at Michigan 

Technological University to provide critical physical activity resources during the 

pandemic to Michigan’s rural Upper Peninsula. Specifically, university health 

science students and faculty collaborated with local fitness professionals to 

promote and facilitate physical activity. Given the time sensitive need, our 

objective was focused on rapid implementation of physical activity resources.  

2.3 Rural Community 
Michigan Technological University is a small doctoral granting public 

research university (~7,000 students). The University campus is in Houghton, 

Michigan (7,870 residents) and the closest major city (>50,000 residents) is over 

200 miles away. Major medical facilities (i.e., Hospitals with Level I Trauma 

Centers, Medical Schools) are several hours away (Figure 2.1). Categorized by 

the U.S. Health Resources and Services Administration as a Medically 

Underserviced Area, Houghton is serviced by a regional health department that 

oversees 5 surrounding counties encompassing over 13,000 mi2. Moreover, all 

15 counties within the Upper Peninsula are classified as “rural remote” according 

to the U.S. Department of Agriculture.90 Accordingly, Michigan Technological 

University was committed to improving health in its rural and underserved 

community (Figure 2.1) which aligns with the Exercise is Medicine® efforts to 

develop strategies to promote and facilitate physical activity in underserved 

populations. 
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Figure 2.1 Map of the rural area surrounding Michigan Technological University. 
Map highlights county level population, counties overseen by the regional health 
department, and the nearest Level I Trauma Centers and medical schools. 

 

2.4 Exercise Is Medicine On Campus 
In 2020, the Department of Kinesiology and Integrative Physiology at 

Michigan Technological University formed its EIM-OC program as an emergency 

initiative to promote and facilitate physical activity as a protective health strategy 

during the COVID-19 pandemic, both on campus and in the broader rural 

community. EIM-OC is a global health initiative that calls upon colleges and 

universities to promote and increase physical activity on their campuses. 

Currently, there are over 220 registered EIM-OC colleges and universities 

worldwide. Importantly, EIM-OC programs have also extended off campus to 

impact their surrounding communities. The EIM-OC team was comprised of 1) 

undergraduate students in exercise science, 2) graduate students in kinesiology, 

integrative physiology, and biology, 3) faculty specializing in exercise physiology 
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and public health, and 4) university and community-based fitness professionals 

including strength and conditioning coaches, personal trainers, and fitness 

instructors. To support our EIM-OC initiative, we initially applied for and received 

a small science outreach grant. A graduate student team member also applied 

for and received a graduate student health focused grant. The team also created 

a crowdfunding page to collect donations from community members to help 

support costs of delivering the free program. Subsequently, we leveraged these 

funding resources along with our preliminary work to secure a community health 

impact grant from a Michigan health foundation. These resources enabled us to 

aggressively implement and sustain our EIM-OC initiative throughout the 

pandemic.  

2.5 Promotion of Physical Activity 
The importance of physical activity during the pandemic was promoted in 

the community using several platforms (Table 2.1). First, an EIM-OC website 

specific to the rural Upper Peninsula of Michigan was created. An email list was 

established and subscribers received monthly emails containing tips for staying 

physically active during the pandemic. Second, social media accounts (Facebook 

and YouTube) were created to market and support the EIM-OC initiative. Third, 

an existing virtual COVID-19 Public Townhall Series was leveraged to keep the 

community informed during the pandemic. Specifically, the goal of this monthly 

series was to provide timely and accurate information about COVID-19 while 

promoting the importance of mitigation strategies to interrupt and halt 

transmission. The series also gave public health officials, clinicians, educators, 

EIM-OC team members, and other health and fitness experts in the local 

community a platform to come together and discuss a range of pandemic-related 

topics including the role of public health to protect the community, the impact of 

disease on physical and mental health, health disparities, and adopting healthy 

living behaviors including physical activity. The series was free to all community 

members and broadcasted live online (Zoom, Facebook Live) and on local radio 

and TV. Fourth, the EIM-OC team participated in radio and podcast interviews to 
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discuss the health benefits of physical activity and to direct listeners to physical 

activity resources. Fifth, the importance of staying physically active during the 

pandemic was communicated through newspaper articles and blogs posts. 

Finally, infographics were created to illustrate the importance of staying 

physically active during the pandemic and were shared with clinicians and 

community members. 

Table 2.1 Overview of physical activity promotion. 
 

 

Platform Media Channels Purpose 

Website www.upandmoving.org House initiative 

Establish email list 

Archive workouts 

Social Media Facebook & YouTube 
accounts 

Promote initiative 

Stream workouts 

Archive workouts 

Community Townhall Streamed on Zoom, 
Facebook Live, local radio 
& TV 

Keep community informed 
during the pandemic  

Direct viewers to physical 
activity resources 

Radio/Podcast 
Interviews 

Local radio & health 
foundation podcast 

Discuss the health benefits of 
physical activity 

Direct listeners to physical 
activity resources 

Newspaper/Science 
Blog 

Local/regional newspaper 
& national science blog 

Communicate importance of 
physical activity 

Direct readers to physical 
activity resources 

Infographic Shared with clinicians & 
within community 

Provide visual illustration of the 
importance of physical activity 

Provide recommendations for 
meeting guidelines during the 
pandemic 
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2.6 Community-Based Physical Activity Program 
A free physical activity program was made accessible to the community 

using a number of different platforms (Figure 2.2). Virtual physical activity 

workouts were delivered live 3x/week (Fall 2020), 6x/week (Spring 2021), 

3x/week (Summer and Fall 2021), and 2x/week (Spring 2022) through Zoom and 

Facebook Live. The home-based workouts were led by an EIM-OC team 

member, open to any community member, and lasted ~30-45 min. Specifically, 

workouts included aerobic exercise, resistance exercise using common 

household items, agility and balance movements, and/or yoga (Figure 2.3). 

Importantly, adaptations were demonstrated for each movement to 

accommodate age, individual fitness, and mobility. Community members were 

encouraged to self-select an intensity that they felt most comfortable with. All live 

workouts were recorded and archived on the EIM-OC website and YouTube 

channel where they were available to view at any time. Additionally, live 

lunchtime movement sessions were offered 1x/week through Zoom. These ~20 

min sessions consisted of low-intensity physical activity and stretching to break 

up sitting. An exercise DVD option was also available upon request that included 

4 different home-based workout sessions and could be ordered on the EIM-OC 

website or by phone. Additionally, 30 min physical activity workouts were aired 

on our local ABC TV affiliate monthly.  
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Figure 2.2 Overview of community-based physical activity program. 

 

 

Figure 2.3 Screenshots and descriptions for each of the different virtual workout 
types. 
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2.7 Primary Outputs 
The EIM-OC team: 1) participated in 2 radio interviews, 1 podcast, and 25 

COVID-19 Public Townhalls, 2) contributed to 5 newspaper articles, 3) produced 

a COVID-19 healthy living TV commercial, and 4) published 2 blog posts on the 

American Physiological Society’s I Spy Physiology Blog. Over an 18-month 

period, our EIM-OC website had more than 17,000 views and our monthly email 

gained 134 subscribers. Most notably, promotion of physical activity resulted in 2 

physical activity infographics that gained widespread attention. Specifically, our 

infographic “Promote The 4-W’s” (Figure 2.4; left) provided a simple message for 

the community to Wash their hands, Wear a mask, and Watch their distance, and 

Walk, to stay physically active. This message was featured in the American 

Kinesiology Association quarterly newsletter  and included in a recent 

publication.57 A second infographic (Figure 2.4; right) illustrated physical activity 

as a form of medicine, its health benefits, and how to reach the recommended 

levels of physical activity safely from home during the pandemic. This infographic 

was requested by the Michigan Department of Health and Human Services and 

featured in a home-based cardiac rehabilitation booklet. This infographic was 

also published 55 and to date, downloaded over 23,000 times, Tweeted 526 

times, and cited 17 times. Additionally, both infographics were provided to 

clinicians and local fitness professionals as a resource to promote the importance 

of physical activity during the pandemic.  

 We delivered over 260 guided virtual physical activity workouts (Table 2.2) 

that could be performed safely from home without the need for specialized 

equipment. Collectively, these workouts helped adults work towards achieving 

the recommended amounts of weekly aerobic and muscle strengthening exercise 

and reduce time spent sitting. Additionally, our virtual physical activity program 

also was utilized by two remotely taught Michigan Technological University 

physical education courses. Over an 18-month period, our webpage linking 

viewers to the live virtual workouts had more than 4,800 views. During this same 

timeframe, our YouTube channel containing archived workouts received over 
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4,000 views. To celebrate the 100th virtual workout, a virtual 5 km 

walk/run/movement event was held on Zoom. The event facilitated a home-

based option that accumulated the number of steps required to cover ~5 km. As 

a result of the EIM-OC team’s efforts to promote and facilitate physical activity on 

campus and in the community, Michigan Technological University received a 

Silver level designation from the ACSM’s EIM-OC program and a special honor 

for demonstrating creative physical activity adaptations during the COVID-19 

pandemic. 

 

Figure 2.4 Infographics used to promote physical activity during the pandemic. 
Reprinted from references 55,57. Used with permission (pending at time of 
manuscript acceptance to ACSM Health & Fitness Journal). 
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Table 2.2 Summary of workouts delivered. 

Type Number Delivered 

Live Virtual Workouts 212 

Aerobic 88 

Resistance training 64 

Agility & Balance 38 

Yoga 22 

Lunchtime Movement Sessions 40 

TV Workouts 12 

Workout DVDs 5 

Total 269 

 

2.8 Considerations and Lessons Learned 
Our EIM-OC initiative provided physical activity resources to the community 

quickly during the pandemic. Based on our experiences to date, there were 

several important considerations and lessons learned. First, through EIM-OC we 

were able to facilitate collaboration between students, faculty, and fitness 

professionals. Importantly, this collaborative effort allowed our team to come 

together and leverage our health and fitness expertise to contribute to the 

COVID-19 response within our rural and underserviced community. With limited 

public health resources and a local health care system overburdened with 

managing COVID-19 our team helped to supply critical messaging about physical 

activity as a form of medicine and provided resources to keep our community 

safe and healthy. Further, our website and social media analytics suggest that 

these resources were accessed by community members. 

Second, EIM-OC facilitated widespread public health promotion through 

several forums (e.g., newspaper, social media, interviews, public town hall, TV 

commercial, infographics). According to the World Health Organization’s 
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Interventions on Diet and Physical Activity: What Works?,91 mass media 

campaigns promoting physical activity are an effective intervention for increasing 

awareness and prompting positive behavioral change. Similar to our promotional 

efforts, successful interventions commonly focused on communicating a clear 

and simple message via many different channels. Increased health promotion 

through media campaigns could have far reaching effects in rural communities. 

Increased access to health information may help to improve health literacy, a 

social determinant of health that tends to be lower in rural populations compared 

to urban populations.92 Further, increased awareness about the importance of 

physical activity and the promotion of local resources may result in more 

community members seeking help from fitness professionals in the area.  

Third, the delivery of a virtual physical activity program was a viable way to 

offer physical activity resources during the pandemic and may offer numerous 

benefits to facilitating physical activity beyond the pandemic. Specifically, the 

workouts were easily broadcasted and archived, providing many different ways 

for community members to access the program (Zoom, Facebook Live, 

YouTube, website, TV, DVD). Additionally, it provided a convenient way for 

community members to access our local fitness professionals from home. By 

including fitness professionals with a diverse range of interests and skillsets we 

were able to provide a wide variety of different workout types. Indeed, with some 

creativity along with common household items, workouts could be delivered 

similar to those more typical in a gym or fitness center. The virtual platform also 

aided with university remote physical education instruction thus helping to keep 

students active even though they were not on campus. In rural communities 

where access to physical activity infrastructure is limited, guided virtual home-

based workouts may provide an option for rural residents to engage in physical 

activity.  
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2.9 Limitations and Strengths 
We acknowledge that a limitation of our work was that we did not directly 

assess the effectiveness of our intervention to increase public awareness or 

improve physical activity levels. However, our objectives were not framed as 

research questions that would require experimental design and methods to 

evaluate. Given the critical and time sensitive need for physical activity promotion 

during a national crisis, we focused exclusively on timely implementation. Under 

these time constraints we did our best to conduct process type-evaluation and 

tracked views to our web pages, social media communications and virtual 

exercise programming. These data helped to provide some level of evaluation 

and guided our work during real time. As outlined in the MAP-IT framework 

promoted by Healthy People 2020, a powerful model for planning and evaluating 

a successful public health intervention includes five steps: 1) Mobilize, 2) Assess, 

3) Plan, 4) Implement, and 5) Track. By leveraging EIM-OC to address the need 

for physical activity promotion and implementing a plan in our rural community, 

we were able complete the first four steps of this model. Evaluating the 

effectiveness of our program to impact health behaviors is an important next 

step, as we believe that this type of virtual physical activity programming will gain 

increasingly more importance in the future, during both pandemic and non-

pandemic times. These types of virtual programs expand the potential for greater 

reach and impact among persons living in rural areas and/or among older adults 

and people with disabilities who may not be able to travel to locations were in-

person programming and assistance are available.  

2.10 Professional Development for Students 
The pandemic has negatively impacted educational experiences for 

students and trainees. Through our EIM-OC initiative several students had the 

opportunity to contribute to the COVID-19 response in their rural and 

underserved community while at the same time developing skills related to health 

promotion and exercise implementation. Indeed, the EIM-OC team doubled in 

size from Fall 2020 to Spring 2021 to include students interested in a wide range 



23 

of different careers within health and fitness. The EIM-OC initiative provided 

these future professionals with valuable learning experiences beyond the 

classroom and aided in their professional development during the pandemic. 

Importantly, EIM-OC will continue to provide an experiential learning and 

outreach opportunity for our students focused on careers in health science, 

health fitness, and healthcare.  

2.11 Moving Forward 
Physical inactivity will present a serious threat to public health for decades 

to come. Moving forward, EIM-OC at Michigan Technological University will 

continue to use a collaborative approach involving students, faculty, and fitness 

professionals to provide physical resources for our rural and underserved 

community. An important next step is to work with local health care providers to 

establish physical activity as a vital sign of health and implement an exercise 

prescription and referral system, which aligns with the vision for EIM. Local 

fitness professionals involved with our EIM-OC program will be key players in the 

referral system. We hope that this commentary will encourage fitness 

professionals to collaborate with EIM-OC programs to promote and facilitate 

physical activity during the COVID-19 pandemic and beyond.  

 

 

 

 

 

*An unpublished addendum to Study 1 (Appendix A) includes more description of 
the population-based framework used to develop and implement the physical 
activity program 
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3 Blood Flow Restriction as a Potential Therapy to 
Restore Physical Function Following COVID-19 
Infection 

 

3.1 Abstract 
Accumulating evidence indicates that COVID-19 survivors display reduced 

muscle mass, muscle strength, and aerobic capacity, which contribute to 

impairments in physical function that can persist for months after the acute phase 

of illness. Accordingly, strategies to restore muscle mass, muscle strength, and 

aerobic capacity following infection are critical to mitigating the long-term 

consequences of COVID-19. Blood flow restriction (BFR), which involves the 

application of mechanical compression to the limbs, presents a promising 

therapy that could be utilized throughout different phases of COVID-19 illness to 

restore physical function. Specifically, we hypothesize that: 1) use of passive 

BFR modalities can mitigate losses of muscle mass and muscle strength that 

occur during acute infection and 2) exercise with BFR can serve as an effective 

alternative to traditional higher intensity exercise for regaining muscle mass, 

muscle strength, and aerobic capacity during convalescence. In addition to 

restoring physical function, the various applications of BFR may also serve as a 

targeted therapy to address the underlying pathophysiology of COVID-19 and 

provide benefits to numerous organ systems affected by the disease. 

Consequently, we propose a theoretical framework with which BFR could be 

implemented throughout the progression from acute illness to outpatient 

rehabilitation with the goal to improve short and long-term outcomes in COVID-

19 survivors. We hope that this work encourages consideration of the potential 

therapeutic benefits of BFR to treat not only COVID-19 but similar pathologies 

and cases of acute critical illness. 
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3.2 Introduction  
To date, there have been over 670 million reported cases of coronavirus 

disease 2019 (COVID-19) and over 6 million deaths worldwide.7 In addition to the 

acute complications associated with COVID-19 infection, accumulating evidence 
18-22,93 indicates that a variety of symptoms can persist for weeks and/or months 

following the acute phase of illness (i.e., long COVID, post-acute sequelae of 

COVID-19 or post-COVID-19 syndrome). Among the most prevalent symptoms 

are fatigue, dyspnea, cognitive dysfunction, muscle and joint pain, and 

weakness. Additionally, in a recent systematic review de Olivira Almeida and 

colleagues 24 reported that COVID-19 survivors experience impaired physical 

function and reduced ability to perform activities of daily living up to 6 months 

following acute illness. For example, several authors have reported lower 

performance on sit-to-stand,61,94,95 walking,19,96 and physical performance battery 

tests 61,94,97 and lower Barthel Index and Activities of Daily Living Scores.98 While 

these outcomes have been reported across acute illness severities, individuals 

with more severe illness requiring hospitalization appear to be most affected. 

Physical function is influenced by the integration of multiple organ systems, 

particularly the musculoskeletal and cardiorespiratory systems. Accordingly, 

skeletal muscle quality,99-101 muscular strength,102-105 and aerobic capacity 99 

(i.e., peak oxygen consumption) are important determinants of physical function. 

Individuals who become critically ill with COVID-19 experience rapid muscle 

wasting,63 loss of muscle strength,61-63 and reduced aerobic capacity 106 during 

hospitalization. Furthermore, these losses are not recovered months following 

acute infection. Recently, Ramirez-Velez and colleagues 28 reported muscle and 

strength loss in COVID-19 survivors at 3-months following acute illness. Several 

authors 64 have also reported lower aerobic capacity in survivors with some 

evidence indicating that impairments may persist up to 12 months after initial 

infection. Together, these data suggest that diminished skeletal muscle mass, 

muscle strength, and aerobic capacity are likely contributors to long-term 

impairments in physical function. The mechanisms responsible for these effects 
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are not well understood and may be multifactorial including factors associated 

with general critical illness (i.e., extended periods of inactivity, pharmacological 

therapies, malnutrition) and/or mechanisms specific to COVID-19 

pathophysiology (i.e., direct viral infiltration, renin angiotensin system 

dysregulation, systemic inflammation, and oxidative stress).  

Collectively, the chronic manifestations of COVID-19 infection may be 

comprising long-term health and leaving those individuals who become infected 

prone to frailty and disease. Persistent physical function impairments following 

COVID-19 are associated with lower physical activity levels 27-30 and may 

increase the risk of frailty,31 falls and injury,32 and chronic diseases such as 

diabetes, obesity, and cardiovascular disease.33 Data indicate 18 that 44% of 

individuals infected with COVID-19 will develop long-term impairments in 

physical function, meaning that ~230 million people could be affected. As 

COVID-19 continues to impact the world, the health and economic 

consequences of long-term symptoms could be astronomical. Currently, there 

are no evidence-based strategies for restoring physical function in those 

individuals suffering from short- to long-term complications following COVID-19. 

Developing safe, feasible, and cost-effective approaches to mitigate the loss of 

muscle mass, muscle strength, and aerobic capacity are of paramount 

importance and align with COVID-19 initiatives.35-37,107 Based on the unique 

symptoms, pathophysiology, and challenges associated with COVID-19, 

innovative rehabilitation approaches are required. Accordingly, the present paper 

aims to discuss the potential use of blood flow restriction (BFR) as a 

rehabilitation modality during and following COVID-19 infection to improve 

physical function.  

3.3 Statement of Hypotheses 
Our working hypothesis is that implementation of BFR can facilitate 

recovery of physical function following COVID-19. Specifically, we hypothesize 

that BFR can be applied during: 1) acute infection in those individuals with critical 
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illness to mitigate the loss of muscle mass and muscle strength and 2) 

convalescence in those individuals recovering from critical illness to regain 

muscle mass, muscle strength, and aerobic capacity. To support these 

hypotheses, we provide a rationale for how BFR offers a targeted therapy that 

specifically addresses the underlying pathophysiology of COVID-19 and propose 

a theoretical framework for how BFR may be implemented throughout the 

progression from acute illness to outpatient rehabilitation. We hope that this 

paper encourages discussion and consideration among researchers and 

clinicians not only about the potential utility of BFR in the treatment of COVID-19 

but its application to similar pathologies and cases of acute critical illness.  

3.4 Theory of Hypotheses 
Recently, several authors 52,108,109 have suggested the use of blood flow 

restriction (BFR) as a treatment strategy for COVID-19 patients. This modality 

(Figure 3.1) involves applying mechanical compression to the proximal portion of 

a limb, typically with a pneumatic cuff, which serves to partially reduce arterial 

blood flow to the limb while limiting most of the venous return.45-47 The reduction 

of arterial and venous blood flow results in localized tissue hypoxia,110 metabolite 

accumulation, and cellular swelling 111 within tissues distal to the cuff. Currently, 

BFR is endorsed by the American Physical Therapy Association and is used in 

rehabilitation.82 It has been implemented with a variety of clinical populations 

including individuals with advanced age,43,112-114 orthopedic limitations,77,115,116 

critical illness,117 cardiovascular disease,67-72 hypertension,66,118-120 diabetes,73,74 

renal dysfunction,75,76 and neurological conditions.121-123 Notably, some of these 

conditions share similar pathophysiological presentations to COVID-19, 

characterized by increased levels of inflammation, oxidative stress, autonomic, 

and endothelial dysfunction.  

Most commonly, BFR has been applied in combination with the 

performance of voluntary exercise, including both resistance exercise (BFR-RE) 
38-41 and aerobic exercise (BFR-AE).42,43,124 Additionally, it has also been 
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implemented passively in the absence of muscle contraction (BFR-P) 117,125 and 

in combination with involuntary muscle contraction elicited via neuromuscular 

electrical stimulation (BFR-NMES).48,123,126,127 The various applications of BFR 

may have utility during different phases of acute infection and post-acute 

recovery from COVID-19. Specifically, we hypothesize that passive applications 

of BFR (BFR-P and BFR-NMES) can help to mitigate losses in muscle mass and 

muscle strength during acute COVID-19 illness and that the combination of BFR 

with exercise (BFR-AE and BFR-RE) can provide a viable way to restore muscle 

mass, muscle strength, and aerobic capacity to adequate levels during 

convalescence. Furthermore, BFR may offer a unique therapy that not only 

facilitates recovery of physical function but specifically addresses the underlying 

pathophysiology of COVID-19.  

 

Figure 3.1 Overview of BFR and the different methods of application. 
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3.5 Evaluation of Hypotheses 
3.5.1 Hypotheses 1: Mitigating Muscle and Strength Loss during 

Acute infection  
Muscle and strength loss are common during admittance to the intensive 

care unit (ICU) 128 and correlate with hospital length of stay 129,130 and physical 

function after discharge.131 After 10 days in the ICU, de Andrade-Junior and 

colleagues 63 reported that COVID-19 patients displayed a 30% reduction in 

rectus femoris muscle cross-sectional area and a 19% reduction in the thickness 

of the anterior compartment of the quadriceps muscles. These rates of muscle 

loss are greater than those reported in other critically ill patients during ICU 

admission.132 At hospital discharge, Paneroni and colleagues 61 reported that 

80% of COVID-19 patients presented with muscle weakness, displayed 

quadriceps and biceps brachii muscle strength that were 54 and 69% of 

predicted values. Furthermore, accumulating evidence indicates that COVID-19 

survivors are at an increased risk of developing acute sarcopenia 133 and have a 

20% risk of readmittance after initial hospital discharge.134 Efforts to reduce rates 

of muscle and strength loss during severe acute COVID-19 infection may 

improve patient outcomes and reduce the time needed to recover physical 

function to adequate levels following discharge. However, viable therapies to 

mitigate the effects of critical illness on skeletal muscle are limited as hospitalized 

patients typically experience prolonged immobility and have a reduced ability to 

perform voluntary muscle contractions. As described below, the application of 

BFR-P and BFR-NMES may help to slow the rate of muscle and strength loss in 

those individuals hospitalized with severe COVID-19 illness. These modalities 

may also help to counteract the underlying pathophysiology of COVID-19. 

3.5.1.1 BFR-P 

Emerging evidence 117,125 indicates that the intermittent application of BFR 

passively in the absence of muscle contraction mitigates losses in muscle and 

strength that occur during immobilization. Barbalho and colleagues 117 

demonstrated that the addition of BFR to passive mobilization reduced rates of 
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muscle wasting in elderly coma patients admitted to the ICU. Compared to a 

control limb receiving passive mobilization alone, the addition of a tourniquet cuff 

to the proximal thigh during once daily passive mobilization decreased the rate of 

quadriceps muscle loss by 6% over an 11-day period. Other reports, which have 

been previously reviewed,125 indicate that a BFR-P protocol consisting of 5 sets 

of 5 min restriction and 3 min reperfusion performed twice daily diminished 

disuse of the knee extensors by 11% following anterior crucial ligament 

reconstruction 135 and prevented strength losses during 2 weeks of simulated 

cast immobilization in healthy adults.136,137  

3.5.1.2 BFR-NMES 

Neuromuscular electrical stimulation (NMES) is a technique that consists 

of generating involuntary muscle contractions using low level electrical currents 

delivered through electrodes applied to the skin. The addition of NMES to 

standard care 138,139 in critically ill patients reduces the rate of muscle loss, 

improves muscle strength, shortens length of stay in the hospital, and improves 

ability to perform activities of daily living. Some evidence 48,123,126,127 indicates 

that low-intensity NMES combined with BFR promotes more robust effects on 

muscle size and strength than low-intensity NMES or BFR performed alone. For 

example, Gorgey and colleagues 123 reported that 6 weeks of BFR-NMES in 

individuals living with spinal cord injury increased wrist extensor muscle cross-

sectional area and improved electronically evoked wrist extensor torque. 

Changes in wrist extensor cross-sectional area were 17% greater in the 

treatment limb receiving BFR-NMES compared to a control limb receiving NMES 

alone. In another report,127 BFR-NMES performed twice daily (5 days/week) in 

the lower-body increased quadriceps muscle thickness and maximal knee 

extension strength after 2 weeks of training in young males. No changes were 

observed in a control limb performing NMES alone. Slysz and Burr 126 reported 

increased knee extensor strength when BFR-NMES was applied 4 times per 

week for 6 weeks in recreationally active adults. Strength increases with BFR-P 

and NMES alone did not differ from a control limb receiving no intervention. 
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Finally, during 14 days of simulated limb unloading, Slysz and colleagues 48 

reported that BFR-NMES prevented losses in whole thigh lean mass and 

increased vastus lateralis muscle thickness. Changes with BFR-P alone were 

similar to a control group receiving no intervention. 

3.5.1.3 Pathophysiology of COVID-19 
Endothelial dysfunction has been suggested to be a major pathogenic 

mechanism of COVID-19 140-142 and persists for months beyond acute 

infection.143 Endothelial dysfunction is associated with numerous chronic 

diseases 144 as well as risk of future cardiovascular events 145 and likely 

contributes to long-term symptoms in COVID-19 survivors.146 In a systematic 

review and meta-analysis including 292 participants, Gu and colleagues 147 

reported that BFR-P protocols, referred to as ischemic preconditioning, augment 

endothelial function via increased flow mediated dilation. Several authors 148-150 

have also reported enhanced microvascular function when implementing similar 

protocols. Like BFR-P protocols discussed previously, ischemic preconditioning 

involves the cyclical application of blood flow restriction and reperfusion. 

However, tourniquets are applied at higher pressures that result in arterial 

occlusion. A large body of evidence 151 demonstrates that ischemic 

preconditioning protects tissues from subsequent ischemia and reperfusion injury 

and that these effects also occur in remote tissues (i.e., remote ischemic 

conditioning) that are not directly subject to the localized ischemic 

preconditioning stimulus. Indeed, lung and cardiovascular injury 152 are common 

with severe COVID-19 illness and ischemic preconditioning may confer a 

systemic protective effect. The use of ischemic preconditioning in COVID-19 

patients has been previously suggested.109,153-155 Additionally, COVID-19 patients 

display impaired hemostasis 156 which is characterized by overactivation in the 

coagulation system with reduced fibrinolytic activity. Accordingly, thrombotic 

complications are common in COVID-19. Longstanding evidence indicates that 

vascular compression stimulates the fibrinolytic system without elevating the 

coagulation cascade 157-161 and has been shown to reduce incidence of deep 
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vein thrombosis.162-164 Accordingly, when applied in COVID-19 patients, various 

BFR-P approaches could potentially help to reduce risk for thrombotic 

complications. While there is extensive literature supporting the application of 

BFR-P and its effects on numerous organ systems, reports implementing BFR-

NMES are limited. To the best of our knowledge, only one report has investigated 

the effects of BFR-NMES on vascular function in which the authors 123 

demonstrated acute increases in brachial artery flow mediated dilation following 

BFR-NMES when compared BFR alone. These promising preliminary data 

suggest that there are vascular benefits with the addition of NMES, however, 

more work in needed to characterize the effects of this modality.  

Low aerobic capacity in COVID-19 survivors, as assessed through an 

incremental exercise test for determination of VO2peak, has been attributed to both 

central and peripheral factors.64 Thus, impairments throughout the oxygen 

transport pathway are likely present. In addition to potentially enhancing oxygen 

delivery via improved peripheral vascular function, BFR-P could attenuate 

reductions in aerobic capacity during critical COVID-19 illness by reducing 

cardiac deconditioning and improving oxygen kinetics in skeletal muscle. 

Nakajima and colleagues 165 reported similar hemodynamic responses to that of 

upright standing when BFR-P was applied to the proximal thighs of participants 

placed in a 6-degress head-down tilt position. These observations suggest that 

BFR-P can replicate the cardiac demands of standing and may attenuate cardiac 

deconditioning and orthostatic intolerance occurring during prolonged bedrest. 

Additionally, several authors 166-169 have reported that repeated ischemic 

preconditioning exposure improves local skeletal muscle oxygen dynamics 

during exercise. Data from Jefferies and colleagues 148 demonstrated that 7 

consecutive days of lower-body ischemic preconditioning increased local skeletal 

muscle oxidative capacity. Together, BFR-P protocols can help preserve skeletal 

muscle mass and strength during critical illness and offer a systemic therapeutic 

strategy that can provide benefits to numerous organ systems affected during 

COVID-19 infection (Figure 3.2; bottom left).  
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3.5.2 Hypotheses 2: Increasing Muscle Mass, Muscle Strength, 
and Aerobic Capacity During Convalescence  
Exercise training is a promising therapy in the rehabilitation of COVID-19 

as it: 1) promotes healthy function in multiple organ systems, 2) effectively treats 

a variety of diseases that share similar pathophysiological presentations to 

COVID-19, 3) increases muscle mass, muscle strength, and aerobic capacity, 

and 4) directly improves physical function. A recent systematic review 170 

including 233 COVID-19 survivors found that a combination of resistance and 

aerobic exercise training following hospital discharge increased muscle strength, 

physical function, and quality of life. It is important to note that several concerns 

have been raised about exercise after COVID-19 including the risk of cardiac 

injury, thromboembolic complications, and post-exertional symptom 

exacerbation.171-173 Given these concerns, along with frequently reported 

symptoms of fatigue, joint and muscle pain, and weakness, exercise prescription 

in COVID-19 survivors requires careful consideration. Importantly, higher 

exercise intensities needed to promote increases in muscle size, strength, and 

aerobic capacity may be challenging or contraindicated. Alternatively, exercise 

training with BFR could offer a unique approach for COVID-19 survivors to attain 

the benefits of higher intensity exercise. The main advantages of exercise with 

BFR compared to traditional exercise are: 1) increases in muscle size, strength, 

and aerobic capacity can be achieved with low exercise intensities,40,43,44,48 2) 

adaptations from BFR occur faster, and 3) muscle size and strength can be 

increased with both aerobic and resistance exercise.39 The following sections 

provide a brief review on the effects of BFR-AE and BFR-RE on muscle size, 

muscle strength, and aerobic capacity and highlight unique advantages of these 

exercise modalities over that of higher intensity exercise in managing the 

pathophysiology of COVID-19.  

3.5.2.1 BFR-AE 

The combination of aerobic exercise, such as walking or cycling, with BFR 

increases muscle size and strength in younger 39 and older adults.113 Importantly, 
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these adaptations are achieved at lower exercise intensities (45% heart rate 

reserve or 40% VO2max) and occur in as early as 3 weeks, sooner than that 

observed with more traditional higher intensity resistance training. In addition to 

increases in muscle size and strength, BFR-AE also facilitates increases in 

aerobic capacity in young adults 42,43 as well as well-trained athletes.124 Thus, 

BFR-AE provides an efficient exercise mode that improves both skeletal muscle 

size and strength as well as aerobic capacity simultaneously. Importantly, a 

systematic review by Clarkson and colleagues44 indicated that adaptations 

occurring with BFR-AE translate to improvements in objective measures of 

physical function, including the 30-second sit-to-stand, timed up and go, and 6-

minute walk test. This modality has been safely applied in individuals living with a 

variety of diseases including hypertension,174 end-stage kidney disease,175 

chronic heart failure,176 and obesity.177  

3.5.2.2 BFR-RE 

Increases in muscle size and strength with the performance of resistance 

exercise in combination with BFR have been reported in reviews of healthy 

young 38-41 and older populations,38,41,113 as well as those individuals with 

orthopedic limitations.77 Once again, adaptations from BFR-RE are achieved with 

lower exercise intensities (20-40% 1RM) and are significantly greater than those 

attained with lower intensity resistance exercise performed without BFR. While 

strength increases are lower with BFR-RE compared to higher intensity 

resistance exercise, increases in muscle size are comparable between modes.38 

Relative to BFR-AE, the magnitude of muscle size and strength improvements 

with BFR-RE are greater 39 and also translate to improvements in objective 

measures of physical function.44,178 Few studies have investigated the effects of 

BFR-RE on aerobic capacity, however, one report 71 noted significant increases 

in aerobic capacity when BFR-RE was performed for 3 months in individuals 

living with ischemic heart disease. Thus, BFR-RE may have the potential to 

promote cardiovascular adaptations in diseased and less trained populations. 

Lastly, in addition to improvements in skeletal muscle function, BFR-RE appears 
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to promote adaptations in bone and connective tissue, with reports indicating 

positive impacts on bone metabolism 179 and tendon properties.180,181 This 

modality has been applied in individuals living with hypertension,66,118-120 

diabetes,73,74 chronic kidney disease,75,76 and cardiovascular disease.67-72  

3.5.2.3 Pathophysiology of COVID-19 
Elevated levels of inflammation and oxidative stress have been suggested 

141 to play important roles contributing to organ dysfunction with COVID-19. 

Furthermore, evidence indicates that oxidative stress 182 and inflammation 183 

remain elevated beyond acute infection and likely contribute to long-term 

symptoms. It is important that interventions aimed at restoring muscle mass, 

muscle strength, and aerobic capacity in COVID-19 survivors do not exacerbate 

the underlying pathological mechanisms of the disease. Traditional higher 

intensity exercise can result in acute elevations in oxidative stress, muscle 

damage, and inflammation.184 These responses are greatest in individuals that 

are deconditioned and unaccustomed to exercise. Given the combination of 

prolonged immobilization, deconditioning, and pre-existing inflammatory and 

oxidant-antioxidant imbalances, the acute physiological perturbations associated 

with higher intensity exercise could be deleterious in those recovering from 

severe COVID-19. Additionally, meta-analyses 185-187 have reported elevated 

makers of skeletal muscle damage (i.e., creatine kinase, lactate dehydrogenase, 

myoglobin) associated with COVID-19 infection and several case studies 188-191 

have reported rhabdomyolysis in patients. Exercise resulting in further muscle 

damage and a subsequent inflammatory response could further deteriorate 

physical function, suppress the immune system, and worsen symptoms.  

Several reports 192-195 indicate that lower intensity exercise with BFR 

results in lower acute elevations in biomarkers of oxidative stress when 

compared to higher intensity exercise. Additionally, Petrick and colleagues 196 

reported that skeletal muscle mitochondrial reactive oxygen species emission 

rates were acutely decreased 2 hr following lower intensity BFR-RE but not after 
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the same exercise protocol performed without BFR. Available evidence 65,197-200 

suggests that BFR-RE in combination with lower loads results in minimal to no 

muscle damage based on the absence of prolonged decrements in muscle 

function, edema, range of motion, and elevation in blood markers of muscle 

damage. Moreover, significant muscle damage is not reported in studies 201,202 

directly investigating the integrity of muscle fibers following BFR-RE. Accordingly, 

exercise with BFR provides a novel method to increase muscle size, muscle 

strength, and aerobic capacity which elicits relatively small acute elevations in 

oxidative stress and damage to skeletal muscle compared to traditional higher 

intensity exercise. Thus, exercise with BFR provides an alternative way to restore 

physical function that may be less likely to exacerbate the underlying 

pathophysiological mechanisms of COVID-19. 

A potential mechanism by which COVID-19 promotes systemic pathology, 

particularly endothelial dysfunction, is interaction of SARS-CoV-2 with the renin 

angiotensin system (RAS). The principal target of SARS-CoV-2 binding is 

angiotensin-converting enzyme 2 (ACE2), a membrane bound protein found in 

numerous tissues throughout the body. The active form of ACE2 opposes the 

action of the RAS. Specifically, ACE2 degrades Angiotensin I (Ang I) and 

converts Angiotensin II (Ang II) into Ang (1,7), which exerts vasodilatory and anti-

inflammatory effects. With COVID-19 infection, the consumption and 

downregulation of ACE2 via SARS-CoV-2 binding leaves RAS unopposed, 

increasing the ratio of ANG II to ANG (1,7) and driving excessive 

vasoconstriction, inflammation, and oxidative stress. Joshi and colleagues 203 

reported that BFR-RE performed in the lower-body substantially increased ACE2 

activity and enhanced the ACE2-to-ACE ratio following exercise. Additionally, 

these authors reported increases in circulating hematopoietic stem/progenitor 

cells which were associated with three-fold increases in vascular endothelial 

growth factor receptors. Further, a recent meta-analysis 204 demonstrated that 

exercise with BFR facilitates greater expression of angiogenesis related factors 

than exercise performed without BFR. Collectively, this evidence suggests that 
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exercise with BFR may combat RAS dysregulation in COVID-19 and enhance 

the adaptive and regenerative capacity of the vascular system. Other data have 

reported direct benefits of exercise with BFR throughout the vascular tree. In a 

recent meta-analysis, Pereira-Neto and colleagues 205 reported that 4 or more 

weeks of BFR-RE improves endothelial function (i.e., flow mediated dilation, 

reactive hyperemia blood flow, and reactive hyperemia index) and some data 
206,207 report enhanced capillary growth.  

Among the benefits of exercise is its positive impact on hemostasis. 

Higher intensity resistance training acutely enhances fibrinolytic activity,208 

increasing tissue plasminogen activator (tPA) and decreasing plasminogen 

activator inhibitor-1 (PAI-1), without elevating activity in the coagulation system. 

Evidence indicates similar responses in the fibrinolytic system with the 

performance of lower intensity exercise with BFR. Nakajima and colleagues 209 

reported significant increases in tPA antigen and unchanged PAI-1 activity during 

lower intensity BFR-RE (30% 1RM) performed after 24 hours of bedrest. 

Similarly, Clark and colleagues 210 reported a 33% increase in tPA antigen 

immediately following acute bouts of BFR-RE with no alterations in markers of 

coagulation. Responses were similar to those observed with higher intensity 

resistance exercise without BFR. Furthermore, studies 211,212 implementing the 

chronic performance of BFR-RE have demonstrated decreases in von Willebrand 

factor (vWF) after 4 weeks. Taken together, these data demonstrate that 

exercise with BFR provides similar fibrinolytic effects as higher intensity exercise, 

albeit at lower exercise intensities, and could protect against short and long-term 

thrombotic complications associated with COVID-19. Collectively, exercise with 

BFR appears to promote a variety of positive adaptations in the vascular system 

and may confer several unique benefits to COVID-19 survivors that are not 

achieved with traditional high-intensity exercise (Figure 3.2; bottom right).  
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Figure 3.2 Potential therapeutic benefits of BFR in treating the pathophysiology 
of COVID-19. (Top) Infection with COVID-19 results in widespread organ 
dysfunction which may be the result of systemic viral infiltration, hyper-
inflammation, and oxidative stress. (Bottom left) Passive applications of BFR 
(BFR-P and BFR-NMES) promote positive effects in the vasculature, skeletal 
muscle, and vital organs which may serve to combat multiple organ dysfunction 
occurring with COVID-19. (Bottom right) Exercise applications of BFR (BFR-AE 
and BFR-RE) promote benefits to the vascular system through increased ACE2 
activity, stimulating the release of hematopoietic stem cells, and promoting the 
expression of factors related to vascular growth and regeneration. Additionally, 
compared to traditional high-intensity exercise, exercise with BFR results in lower 
levels of muscle damage, inflammation, and oxidative stress, which could 
exacerbate the pathophysiological mechanisms of COVD-19 and worsen 
symptoms.  
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3.6 Consequences of Hypotheses 
We have constructed a theoretical framework for which BFR could be 

applied to COVID-19 patients throughout the transition from acute illness to 

outpatient rehabilitation. Our framework (Figure 3.3) was adapted from Leonneke 

and colleagues 213 and consists of three phases of BFR application. Phase I 
consists of applying passive BFR applications (BFR-P and BFR-NMES) during 

severe acute COVID-19 illness to reduce muscle and strength loss while patients 

are immobilized. Importantly, these modalities can be implemented early in acute 

care and do not require active cooperation from the patient. Once capable of 

mobilization, patients can be progressed to Phase II, which consists of 

performing BFR-AE to regain muscle mass, muscle strength, and aerobic 

capacity. Before patients are capable of ambulating, BFR-AE could be performed 

during early active mobilization activities such as bed mobility, transfers (e.g., 

supine-to-sit, sit-to-stand), arm ergometry, or supine leg ergometry. Once 

physically capable, patients can be progressed to more traditional BFR-AE 

exercise modes including walking and cycling. As patients’ mobility and tolerance 

to exercise increases, they can be progressed to Phase III, which includes the 

addition of BFR-RE to provide a more robust method for increasing muscle mass 

and strength. Based on patient progress and physical ability, BFR-RE could be 

initiated in the post-acute rehabilitation setting or during outpatient rehabilitation. 

Given the substantial and prolonged decrements in aerobic capacity of COVID-

19 survivors, it would be advised to continue BFR-AE during this phase and/or 

begin integrating higher intensity aerobic exercise without BFR based on patient 

tolerance. While initial resistance exercise training protocols can focus on BFR-

RE exclusively, higher intensity resistance exercise without BFR should be slowly 

incorporated into the rehabilitation program as tolerated to stimulate additional 

improvements in muscle strength. Collectively, progression through each phase 

of BFR application can help to restore physical function and reduce the long-term 

consequences of severe COVID-19 infection.  
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Figure 3.3 Theoretical framework with which BFR could be applied to COVID-19 
survivors throughout acute care and outpatient rehabilitation. Phase I consists of 
using passive applications of BFR (BFR-P and BFR-NMES) to prevent losses in 
muscle mass and strength during acute care. Phase II consists of using various 
modes of BFR-AE to improve muscle mass, muscle strength, and aerobic 
capacity during post-acute care. Lastly, Phase III consists of using BFR-RE to 
provide robust increases in muscle mass and strength while transitioning COVID-
19 survivors to traditional high-intensity exercise without BFR.  

 

3.7 Considerations and Limitations of Hypotheses 
There are two important considerations and limitations to our hypotheses. 

First is the safety of implementing BFR.214 Several authors 215-217 have 

commented on the potential for adverse cardiovascular responses to exercise 

with BFR in populations with cardiovascular disease (i.e., hypertension, heart 

failure, peripheral artery disease) who possess altered exercise pressor reflex 

function. The pathophysiology of COVID-19 resembles that of cardiovascular and 

inflammatory disease and those individuals developing severe COVID-19 illness 

are commonly older in age and display multiple pre-existing comorbidities. 
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Furthermore, some evidence indicates heightened sympathetic nerve activity 218 

and an augmented exercise pressor responses 219 in COVID-19 survivors. 

Therefore, concerns surrounding acute cardiovascular responses to exercise 

with BFR should be extended to those individuals infected with or recovering 

from COVID-19. Perhaps the largest concern in this population is that of 

thrombotic complications given the high prevalence of hemostatic abnormalities. 

Nascimento and colleagues 214 suggested that the decision to implement 

exercise with BFR in COVID-19 patients should consider each patient’s unique 

profile, including their disease severity, inflammatory markers, coagulation 

indices, and pharmacological interventions. Importantly, several aspects related 

to BFR prescription such as cuff pressure,220-223 cuff width,224 continuous versus 

intermittent pressure application,221 and amount of exercising musculature 45 

impact the acute cardiovascular and perceptual responses to exercise with BFR. 

Thus, appropriate exercise prescription is critical for minimizing potential risks. 

Additional evidence supporting BFR prescriptions for populations at higher risk of 

adverse events is warranted.  

A second consideration is the capacity of medical professionals to 

implement BFR safely and effectively in clinical settings. Adequate understanding 

of BFR methodology and awareness of potential side effects and adverse 

outcomes is critical in making an informed decision about whether BFR is 

appropriate. Furthermore, access to proper technologies (i.e., cuffs and 

equipment for determining appropriate pressures) and knowledge of BFR 

exercise prescription plays a critical role in minimizing patient risk. Despite its 

growing use in rehabilitation, implementation of BFR does present some 

challenges for practitioners.83 Given the therapeutic potential of BFR to improve 

patient outcomes, efforts must be made to ensure that clinicians possess 

knowledge of current best practices, have access to appropriate technologies for 

implementing BFR, and are aware of potential contraindications and risks 

associated with engaging in exercise with BFR.  
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3.8 Summary 
We hypothesize that the use of BFR may be an effective strategy to 

rehabilitate physical function in COVID-19 survivors. The application of BFR-P 

and BFR-NMES during acute infection have the potential to mitigate muscle and 

strength loss occurring with severe COVID-19 illness and immobilization. During 

post-acute and outpatient rehabilitation, the combination of BFR with voluntary 

exercise (BFR-AE and BFR-RE) presents an alternative to traditional higher 

intensity exercise to restore muscle mass, muscle strength, and aerobic capacity. 

Additionally, the various applications of BFR may offer a systemic therapy to 

combat widespread organ dysfunction. Our progressive model of BFR application 

throughout the phases of acute infection and rehabilitation offers a viable 

approach to address the long-term consequences of COVID-19. We hope that 

our work encourages discussion and consideration among researchers and 

clinicians about the therapeutic potential of BFR to improve outcomes not only in 

COVID-19 survivors but in similar pathologies and cases of acute critical illness.  
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4 Development of a Prediction Equation to Estimate 
Lower-Limb Arterial Occlusion Pressure with a Thigh 
Sphygmomanometer  

 

4.1 Abstract 
During exercise with blood flow restriction (BFR), cuff pressures should be 

based on arterial occlusion pressure (AOP). Prediction equations using 

anthropometric, hemodynamic, and sociodemographic variables have been used 

to estimate AOP. Most of these equations have been designed for use with 

expensive cuff systems and implementation is limited to practitioners. The 

purpose of this study was to develop and validate an equation to predict AOP in 

the lower-limb when applying an 18cm wide thigh sphygmomanometer. Healthy 

adults (n=143) underwent measures of thigh circumference (TC), skinfold 

thickness (ST), estimated mid-thigh muscle cross-sectional area (CSA), and 

brachial and femoral systolic (SBP) and diastolic (DBP) blood pressure. Lower-

limb AOP was assessed in a seated position (via Doppler ultrasound) using an 

18cm wide thigh sphygmomanometer. For Part 1, theoretical models of 

hierarchical linear regression were used to determine predictors of AOP. For Part 

2, the best set of predictors were used to construct a prediction equation to 

estimate AOP. Performance of the equation was evaluated in the development 

sample and internally validated using bootstrap resampling. Theoretical models 

containing measures of either TC or thigh composition (muscle CSA and ST) 

paired with brachial blood pressures explained the most variability in AOP (54%) 

with brachial SBP accounting for the majority of explained variability. A prediction 

equation including TC, brachial SBP and DBP, age, and sex showed good 

predictability (R2=0.54, RMSE=7.14mmHg) and excellent calibration in the 

development data. The mean difference between observed and predicted values 

was 0.0mmHg, 95% CI [-1.54, 1.54] and Bland-Altman Limits of Agreement were 

±18.2mmHg, 95% CI [±15.6, ±20.9]. Internal validation revealed small differences 

between apparent and optimism adjusted performance measures, suggesting 
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good generalizability. In conclusion, our prediction equation provides a valid way 

to estimate lower-limb AOP and offers a low-cost approach to implementing 

exercise with BFR.  

 

4.2 Introduction 
Exercise with blood flow restriction (BFR) is an effective training option to 

improve muscular size and strength 38,77,225 and aerobic capacity.43,226 It is 

recommended that cuff pressures during BFR be selected based on arterial 

occlusion pressure (AOP) 65 which is the pressure required to occlude arterial 

blood flow to a limb. Currently, there are several methods for determining AOP 

which include the use of handheld Doppler,227 pulse oximetry,228,229 and 

specialized cuffs with built in pressure sensors.230 However, clinicians, coaches, 

and athletes may not have access to this equipment. To estimate AOP without 

the need for direct measurement, several authors 227,231-234 have utilized 

anthropometric, hemodynamic, and sociodemographic variables to develop 

prediction equations.  

These prediction equations provide a practical way to implement exercise 

with BFR, however, there are some important considerations. First, reporting of 

performance measures (i.e., calibration, agreement between predicted and 

measured values) are limited thus making it difficult to determine the ability of 

equations to provide accurate estimates of AOP. Second, equations have not 

been validated which is considered an essential step to developing useful 

prediction equations.235,236 Third, equations have been developed to predict AOP 

in a supine position. Several reports 233,237,238 indicate that body position 

influences AOP and therefore estimates derived from these equations may not 

translate to exercising body positions. Lastly, most existing prediction equations 

were developed for use with expensive research grade pneumatic cuff systems 

(i.e., Hokanson System, KAASTU Master Cuff inflator). Thus, implementation of 

these prediction equations is not without limitations for practitioners. 
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In a ground breaking study, Cirilo-Sousa and colleagues 231 developed a 

prediction equation for use with a 18 cm wide thigh sphygmomanometer which 

represents a relatively inexpensive cuff (~$30 USD) that can be used for 

performing BFR in the lower-body.239,240 These authors included the predictor 

variables of thigh circumference, brachial systolic blood pressure, age, and sex 

which were identified as significant predictors that collectively explained 40% of 

the variability in AOP. Consistent with other reports,227,232,233,241 thigh 

circumference was identified as the main predictor explaining the largest amount 

of variability (26%). To date, this is the only study investigating predictors of AOP 

with an 18 cm wide cuff. In related work, Loenneke and colleagues 227 reported 

that thigh composition (i.e., muscle and fat cross-sectional area) and ankle blood 

pressure were also predictors of lower-limb AOP when using 5 and 13.5 cm wide 

cuffs. Furthermore, ankle blood pressure appeared to be a better predictor than 

brachial blood pressure, indicating that localized blood pressures closer to the 

site of cuff application may have a greater influence on AOP. Evidence 241 

indicates that predictors of AOP depend on cuff width. It is unknown whether 

thigh composition and lower-limb blood pressures also predict AOP with wider 

cuffs. Determining the extent to which these variables predict AOP with an 18 cm 

wide cuff could help to further identify the best variables for prediction equation 

development.  

 The purpose of this study was to develop and validate an equation to 

predict AOP in the lower-limb when applying an 18 cm wide thigh 

sphygmomanometer in the seated position. For Part 1 of this study, we identified 

which hemodynamic (brachial or femoral blood pressures), anthropometric (thigh 

circumference or thigh composition), and sociodemographic (age and sex) 

variables predict AOP. Based on previous reports,227,231 we hypothesized that 

thigh circumference and femoral systolic blood pressure would be the strongest 

predictors of AOP. For Part 2 of this study, we selected the best set of predictors 

from Part 1, developed a prediction equation, and internally validated the model 

to assess its generalizability.  
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4.3 Methods 
4.3.1 Participants 

Healthy adults between the ages of 18 and 39 years were recruited to 

participate in this study. Sex differences are an important biological variable to 

consider for research designs and physiological investigations.242 Efforts were 

made to recruit equal numbers of males and females. It is important to point out 

that data collection occurred during the COVID-19 pandemic and in-between 

case surges. To include a larger number of females, menstrual cycle was not 

controlled for. Participants were excluded from the study if they had a BMI > 35, 

SBP > 140mmHg, DBP > 90mmHg, used nicotine products, had any known 

cardiometabolic, dermatological, or neurological disorders, a recent lower-body 

injury or surgery, or any implanted devices. Participants were informed of the 

purpose of the study, the risks involved, and gave informed written consent. This 

study was approved by the Institutional Review Board at Michigan Technological 

University.  

4.3.2 Study Design and Overview 
Participants visited the laboratory for one testing session. They were 

asked to avoid caffeine consumption and strenuous exercise for at least 8 hours 

prior to the visit and to refrain from eating at least 2 hours prior. Upon arrival, 

height and body mass were measured. Next, anthropometric measures including 

thigh circumference (TC) and skinfold thickness (ST) of the anterior thigh were 

assessed and used to estimate mid-thigh muscle cross-sectional area (CSA). 

Following 10 min of seated rest, brachial and femoral systolic blood pressure 

(SBP) and diastolic blood pressure (DBP) were be measured. Finally, lower-limb 

AOP was determined in the seated position using an 18 cm wide thigh 

sphygmomanometer. For Part 1, hierarchical linear regression was used to 

determine variables that constitute predictors of AOP in the lower limb. 

Theoretical models were constructed using the predictor variables of TC, brachial 

SBP and DBP, femoral SBP and DBP, muscle CSA, ST, age, and sex. The best 

model determined in Part 1 was selected and used in Part 2 to develop and 
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internally validate a prediction equation to estimate AOP. An overview of the 

study design is displayed in Figure 4.1.  

 

Figure 4.1 Overview of study design. 
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4.3.3 Anthropometric Measures 
All anthropometric measures were obtained on the right leg of each 

participant. Thigh circumference was measured at 33% of the distance from the 

inguinal crease to the proximal patella using a standard tape measure. This 

measurement location was selected to represent the site at which the cuff was 

placed during AOP measurement. Measures were taken in duplicate, and the 

average value was used for analysis. Skinfold thickness of the anterior thigh was 

assessed using a spring-loaded caliper (Lange Skinfold Caliper, Beta 

Technologies, Santa Cruz, CA, USA) according to Internal Society for the 

Advancement of Kinanthropometry guidelines.243 Lastly, muscle CSA was 

estimated at the mid-thigh using the procedures and formula developed by 

Housh and colleagues.244 Based on preliminary data, reliability of circumference 

(ICC = 0.97) and skinfold measures (ICC = 0.99) were excellent, which is 

consistent with previously reported data.245,246  

4.3.4 Blood Pressure 
After resting quietly in a seated position for 10 min, brachial and femoral 

SBP and DBP were obtained in the right arm and leg using an appropriately 

sized automatic blood pressure cuff (Welch-Allyn, Model 4200B-E1, Skaneateles 

Falls, NY, USA). All blood pressure measures were obtained with the participant 

in a seated position. Brachial blood pressures were assessed first, followed by 

femoral blood pressures. Femoral blood pressures were measured by placing a 

thigh blood pressure cuff (Welch-Allyn, Thigh 13, Skaneateles Falls, NY, USA) at 

the most proximal portion of the thigh. A minimum of two measurements were 

taken at each site with a 1 min rest between measures. If SBP or DBP varied by 

more than 5 mmHg, measurements were repeated until values were within 5 

mmHg of each other. The two sequential values within 5 mmHg were averaged 

and used for analysis.  
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4.3.5 Arterial Occlusion Pressure 
An 18 cm wide thigh sphygmomanometer (Thigh Size Aneroid 

Sphygmomanometer, Elite Medical Instruments, Fullerton, CA, USA) was placed 

on the proximal portion of the thigh with the center of the bladder positioned at 

33% of the distance from the inguinal crease to the proximal patella. The 

participant was placed in a seated position with the knee flexed to 90 degrees 

and pulse was detected at the posterior tibial artery using Doppler ultrasound 

(GE Logiq e BT12, GE Health Care, Chicago, IL, USA). To determine AOP, the 

sphygmomanometer was first inflated to 75 mmHg and the pressure was slowly 

increased until blood velocity in the posterior tibial artery reached zero based on 

the absence of the Doppler spectrum. The minimum pressure required to 

eliminate Doppler spectrum was recorded as the AOP. A minimum of two 

measures were obtained with a 2 min break between measures. If values varied 

by more than 5 mmHg, measurements were repeated until values were within 5 

mmHg. The two consecutive values within 5 mmHg were averaged and used for 

analysis. Based on preliminary data, measurement of AOP using this method 

was reliable (ICC = 0.95) and is consistent with previous reliability data reported 

from our laboratory.239,240,247 

4.3.6 Statistical Analysis 
4.3.6.1 Part 1: Determining Predictors of AOP 

Data from all participants was used to construct models of hierarchical 

linear regression to determine variables that constitute predictors of AOP in the 

lower limb. Given a power of 0.8 (ß = 0.20) and a two-tailed significance level (α) 

of 0.05, we determined that 90 participants would provide an adequate sample to 

detect a medium effect size (f2) of 0.15 with six predictor variables. Theoretical 

models were constructed using various combinations of the predictor variables 

TC, brachial SBP and DBP, femoral SBP and DBP, muscle CSA, ST, age, and 

sex.  
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Pearson’s correlation (r) was used to test the bivariate relationship 

between AOP and each of the continuous predictor variables. Four theoretical 

models were constructed. Separate models were constructed and analyzed to 

avoid collinearity between variables capturing similar physiological constructs. 

Model 1 was based on measures of TC and brachial blood pressures and 

included the predictors TC, brachial SBP, brachial DBP, age, and sex. Model 2 

was based on measures of TC and femoral blood pressures, including the 

predictors TC, femoral SBP, femoral DBP, age, and sex. Model 3 was based on 

measures of thigh composition and brachial blood pressures, including the 

predictors muscle CSA, ST, brachial SBP, brachial DBP, age, and sex. Model 4 

was based on measures of thigh composition and femoral blood pressures, 

including the predictors muscle CSA, ST, femoral SBP, femoral DBP, age, and 

sex. Predictor variables were entered into each respective hierarchical 

regression model in blocks consisting of one variable at a time. Variables were 

added in order from strongest to weakest bivariate correlation with AOP. 

Pearson’s correlations (r), coefficient of determination (R2), standard error of the 

estimate (SEE), mean squared error (MSE), and the change in F value were 

determined for each block as variables were added into the model. Assumptions 

of linear models were checked with a visual inspection of normality and residual 

plots. Multi-collinearity between predictor variables was assessed using variance 

inflation factor (VIF) and Pearson’s correlations. Multi-collinearity was defined as 

a VIF ≥ 5 and/or Pearson’s correlations of 0.80 or greater.248  

4.3.6.2 Part 2: Developing and Validating Prediction Equation 

Data from all participants were used to develop an equation to predict 

AOP. The minimum sample size for developing the prediction equation was 

determined using criteria described by Riley and colleagues 249 for prediction 

models with continuous outcome variables. Based on preliminary data (n = 88) 

utilizing a model with five predictor variables, an adjusted R2 of 0.40, and a mean 

AOP of 154 mmHg and standard deviation of 13 mmHg, a sample of 150 
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participants was determined to minimize model optimism and provide precise 

estimates of model parameters.  

We followed the transparent reporting of a multivariable model for 

individual prognosis or diagnosis (TRIPOD) guidance for development and 

reporting of multivariable prediction models.236 The prediction equation was 

developed using candidate predictors from the best model resulting from Part 1 

of the study. The best model was determined based on two criteria: 1) Bayesian 

Information Criterion (BIC) 250 and 2) the practicality of assessing the including 

predictor variables in the field (i.e., rehabilitation and sport training settings). 

Least absolute shrinkage and selection operator (LASSO) regression was carried 

out including each of the significant predictor variables identified from the best 

model selected from Part 1. LASSO is a penalization method for regression 

models that performs coefficient shrinkage and variable selection.251 This 

approach was selected for its ability to reduce model overfitting. The optimal 

penalization parameter (λ) was selected using automated 30-fold cross-validation 

to determine the λ that minimizes mean-squared error in the model. Variables 

with coefficients that were reduced to zero after regularization were removed 

from the model. Performance of the resulting model was evaluated in the 

development dataset by assessing model R2 (the proportion of variance in AOP 

explained by the model), model root-mean squared error (RMSE, the average 

difference between the predicted and observed values), calibration slope (slope 

from a model regressing observed on predicted AOP values; ideal value is 1), 

and calibration-in-the large (CITL, the intercept term from a model regressing 

observed on predicted AOP values; ideal value is 0). The degree of agreement 

between observed and predicted AOP values was assessed using techniques 

described by Bland and Altman.252 The 95% limits of agreement were determined 

by calculating two standard deviations of the mean difference between observed 

and predicted values and 95% confidence intervals (CI) were constructed around 

the limits of agreement.253 To statistically test the equivalence of mean observed 

and predicted AOP values we utilized a two one-sided paired t-test (90% 
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confidence interval, or 5% for each lower and upper limit) described by 

Lakens.254 The equivalence region was selected as ± 10% of the mean AOP 

determined via Doppler ultrasound. This equivalence region was selected 

arbitrarily as a 10% error in AOP likely has little practical importance. The test 

was carried out using the TOST package available on R from the CRAN 

repository.255 

Finally, internal validation was completed using bootstrap resampling 

methods in which 1,000 samples (n = 30) were randomly selected from the 

development dataset with replacement. The prediction equation developed from 

the full dataset was applied to each of the random samples and used to predict 

AOP. The variable selection process was not included in internal validation as 

this was performed via LASSO regression. The performance of the model across 

validation samples was assessed by evaluating model R2, RMSE, calibration 

slope, and CITL. All data analysis was completed using R (R: A Language and 

Environment for Statistical Computing, 2020, R Foundation for Statistical 

Computing, Vienna, Austria). 

 

4.4 Results 
4.4.1 Part 1: Determining Predictors of AOP 

One hundred and forty-three adults participated in this investigation. 

Demographic, anthropometric, and hemodynamic characteristics are presented 

in Table 4.1. Each of the continuous predictor variables except for ST and age 

were positively correlated with AOP (all p < 0.001). Pearson’s correlations for 

each predictor variable with AOP are reported in Table 4.2. Model 1, which was 

based on TC and brachial blood pressures, consisted of five blocks whereby the 

predictor variables of brachial SBP, thigh circumference, brachial DBP, age, and 

sex were added in blocks 1-5, respectfully (Figure 4.2; A). Results of the 

hierarchical regression analysis for Model 1 are presented in Table 4.3. Block 4 
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explained the most variability in AOP (54%), with brachial SBP (ß = 0.449, Part = 

0.671), TC (ß = 0.389, Part = 1.080), and age (ß = 0.134, Part = 0.416) 

constituting significant predictors. Standardized b coefficients indicated that 

brachial SBP explained the most variance in each block. Model 2, which was 

based on TC and femoral blood pressures, consisted of five blocks whereby the 

predictor variables of femoral SBP, thigh circumference, femoral DBP, age, and 

sex were added in blocks 1-5, respectfully (Figure 4.2; B). Results of the 

regression analysis for Model 2 are reported in Table 4.4. Block 2 explained the 

most variability in AOP (51%), with femoral SBP (ß = 0.465, Part = 0.658) and 

TC (ß = 0.416, Part = 1.158) constituting significant predictors. Model 3, based 

on thigh composition and brachial blood pressures, consisted of six blocks and 

variables were added to blocks 1-6 in the order of brachial SBP, brachial DBP, 

muscle CSA, age, ST, and sex (Figure 4.3; C). Results for Model 3 are reported 

in Table 4.5. Block 5 explained the most variability in AOP (54%), with brachial 

SBP (ß = 0.390, Part = 0.582), brachial DBP (ß = 0.137, Part = 0.273), muscle 

CSA (ß = 0.584, Part = 0.235), age (ß = 0.132, Part = 0.407), and ST (ß = 0.450, 

Part = 0.448) constituting significant predictors. Lastly, model 4, based on thigh 

composition and femoral blood pressures, consisted of six blocks and variables 

were added to blocks 1-6 in the order of brachial SBP, brachial DBP, muscle 

CSA, age, ST, and sex (Figure 4.2; D). The results for Model 4 are presented in 

Table 4.6. Block 5 explained the most variability in AOP (51%), with femoral SBP 

(ß = 0.359, Part = 0.508), muscle CSA (ß = 0.658, Part = 0.265), and ST (ß = 

0.465, Part = 0.463) constituting significant predictors. 
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Table 4.1 Participant characteristics (Male: n=84, Female: n=59). 

Variable Mean ± SD Minimum Maximum 

Age (years) 23 ± 4 18 39 

Height (m) 1.7 ± 0.1 1.5 2.0 

Body mass (kg) 75.0 ± 12.6 48.0 114.0 

BMI (kg/m2) 24.7 ± 3.2 17.9 34.4 

TC (cm) 60.7 ± 5.0 50.0 78.8 

Muscle CSA (cm2) 148.4 ± 34.3 59.8 228.5 

ST (mm) 24.8 ± 13.8 4.0 64.5 

Brachial SBP (mmHg) 121 ± 9 97 139 

Brachial DBP (mmHg) 74 ± 7 57 89 

Femoral SBP (mmHg) 140 ± 10 112 165 

Femoral DBP (mmHg) 83 ± 7 60 103 

AOP (mmHg) 151 ± 14 111 190 
AOP= Arterial Occlusion Pressure, DBP = Diastolic Blood pressure, Muscle CSA = Muscle 
Cross-Sectional Area, SBP = Systolic Blood Pressure, ST = Skinfold Thickness, TC= Thigh 
Circumference 
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Table 4.2 Pearson’s correlation coefficients between predictor variables 
and AOP. 

Predictor Variable r p-value 

Brachial SBP 0.62 < 0.001 

Femoral SBP 0.59 < 0.001 

TC 0.56 < 0.001 

Brachial DBP 0.44 < 0.001 

Femoral DBP 0.38 < 0.001 

Muscle CSA 0.36 < 0.001 

Age 0.15 0.08 

ST 0.01 0.89 
DBP = Diastolic Blood pressure, Muscle CSA = Muscle Cross-Sectional Area, SBP = 
Systolic Blood Pressure, ST = Skinfold Thickness, TC= Thigh Circumference 

 

Figure 4.2 Theoretical hierarchical linear regression models based on; A. Thigh 
circumference and brachial blood pressures, B. Thigh circumference and femoral 
blood pressures, C. Thigh composition and brachial blood pressures, and D. 
Thigh composition and femoral blood pressures. SBP = Systolic blood pressure, 
DBP = Diastolic blood pressure, TC = Thigh circumference, Muscle CSA = 
Muscle Cross-sectional Area, ST = Skinfold thickness, AOP = Arterial Occlusion 
Pressure 
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Table 4.3 Results of hierarchical regression model based on TC and brachial 
blood pressures. 

Model 1: Block 1      

 Stand. ß p value Part   

Brachial SBP 0.615 < 0.001 0.919   

 R R2 MSE SEE Sig. F 
Change 

 0.615 0.379 117.28 10.91 < 0.001 

Model 1: Block 2      

 Stand. ß  p value Part   

Brachial SBP 0.481 < 0.001 0.718   
TC 0.398 < 0.001 1.108   

 R R2 MSE SEE Sig. F 
Change 

 0.721 0.519 90.77 9.63 < 0.001 

Model 1: Block 3      

 Stand. ß p value Part   

Brachial SBP 0.434 < 0.001 0.648   
TC 0.393 < 0.001 1.093   
Brachial DBP 0.083 0.257 0.165   

 R R2 MSE SEE Sig. F 
Change 

 0.724 0.524 89.93 9.62 0.257 

Model 1: Block 4      

 Stand. ß p value Part   

Brachial SBP 0.449 < 0.001 0.671   
TC 0.389 < 0.001 1.080   
Brachial DBP 0.062 0.395 0.122   
Age 0.134 0.022 0.416   

 R R2 MSE SEE Sig. F 
Change 

 0.736 0.541 86.58 9.47 0.022 

Model 1: Block 5      

 Stand. ß p value Part   

Brachial SBP 0.409 < 0.001 0.611   
TC 0.388 < 0.001 1.080   
Brachial DBP 0.097 0.231 0.193   
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Age 0.126 0.034 0.391   
Sex 0.066 0.331 1.843   

 R R2 MSE SEE Sig. F 
Change 

 0.738 0.545 88.81 9.47 0.331 

 

Table 4.4 Results of hierarchical regression model based on TC and femoral 
blood pressures 

Model 2: Block 1      

 Stand. ß p value Part   

Femoral SBP 0.594 < 0.001 0.841   

 R R2 MSE SEE Sig. F 
Change 

 0.594 0.353 122.12 11.13 < 0.001 

Model 2: Block 2      

 Stand. ß p value Part   

Femoral SBP 0.465 < 0.001 0.658   
TC 0.416 < 0.001 1.158   

 R R2 MSE SEE Sig. F 
Change 

 0.714 0.510 92.56 9.72 < 0.001 

Model 2: Block 3      

 Stand. ß p value Part   

Femoral SBP 0.452 < 0.001 0.640   
TC 0.418 < 0.001 1.162   
Femoral DBP 0.019 0.817 0.036   

 R R2 MSE SEE Sig. F 
Change 

 0.714 0.510 92.53 9.76 0.817 

Model 2: Block 4      

 Stand. ß p value Part   

Femoral SBP 0.449 < 0.001 0.636   
TC 0.418 < 0.001 1.164   
Femoral DBP 0.014 0.869 0.026   
Age 0.025 0.687 0.078   

 R R2 MSE SEE Sig. F 
Change 
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 0.714 0.510 92.42 9.79 0.687 

Model 2: Block 5      

 Stand. ß p value Part   

Femoral SBP 0.407 < 0.001 0.576   
TC 0.419 < 0.001 1.167   
Femoral DBP 0.050 0.554 0.096   
Age 0.019 0.763 0.058   
Sex 0.100 0.117 2.76   

 R R2 MSE SEE Sig. F 
Change 

 0.721 0.519 90.78 9.73 0.117 

 

Table 4.5 Results of hierarchical regression model based on thigh composition 
and brachial blood pressures. 

Model 3: Block 1      

 Stand. ß p value Part   

Brachial SBP 0.615 < 0.001 0.919   

 R R2 MSE SEE Sig. F 
Change 

 0.615 0.379 117.28 10.91 < 0.001 

Model 3: Block 2      

 Stand. ß p value Part   

Brachial SBP 0.547 < 0.001 0.816   
Brachial DBP 0.117 0.155 0.233   

 R R2 MSE SEE Sig. F 
Change 

 0.623 0.388 115.59 10.87 0.155 

Model 3: Block 3      

 Stand. ß p value Part   

Brachial SBP 0.361 < 0.001 0.539   
Brachial DBP 0.269 < 0.01 0.536   
Muscle CSA 0.279 < 0.001 0.112   

 R R2 MSE SEE Sig. F 
Change 

 0.664 0.441 105.46 10.42 < 0.001 
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Model 3: Block 4      

 Stand. ß p value Part   

Brachial SBP 0.383 < 0.001 0.572   
Brachial DBP 0.242 < 0.01 0.481   
Muscle CSA 0.267 < 0.001 0.107   
Age 0.128 0.046 0.396   

 R R2 MSE SEE Sig. F 
Change 

 0.676 0.457 102.44 10.30 0.046 

Model 3: Block 5      

 Stand. ß p value Part   

Brachial SBP 0.390 < 0.001 0.582   
Brachial DBP 0.137 0.109 0.273   
Muscle CSA 0.584 < 0.001 0.235   
Age 0.132 0.027 0.407   
ST 0.450 < 0.001 0.448   

 R R2 MSE SEE Sig. F 
Change 

 0.733 0.537 87.45 9.55 < 0.001 

Model 3: Block 6      

 Stand. ß p value Part   

Brachial SBP 0.399 < 0.001 0.596   
Brachial DBP 0.133 0.125 0.264   
Muscle CSA 0.612 < 0.001 0.246   
Age 0.136 0.023 0.421   
ST 0.431 < 0.001 0.429   
Sex -0.060 0.536 -1.678   

 R R2 MSE SEE Sig. F 
Change 

 0.734 0.538 87.20 9.58 0.536 

 

Table 4.6 Results of hierarchical regression model based on thigh composition 
and femoral blood pressures. 

Model 4: Block 1      

 Stand. ß p value Part   

Femoral SBP 0.594 < 0.001 0.841   
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 R R2 MSE SEE Sig. F 
Change 

 0.594 0.353 122.12 11.13 < 0.001 

Model 4: Block 2      

 Stand. ß p value Part   

Femoral SBP 0.617 < 0.001 0.874   
Femoral DBP -0.034 0.714 -0.064   

 R R2 MSE SEE Sig. F 
Change 

 0.595 0.354 122.01 11.16 0.714 

Model 4: Block 3      

 Stand. ß p value Part   

Femoral SBP 0.431 < 0.001 0.611   
Femoral DBP 0.148 0.134 0.281   
Muscle CSA 0.299 < 0.001 0.120   

 R R2 MSE SEE Sig. F 
Change 

 0.649 0.421 109.27 10.60 < 0.001 

Model 4: Block 4      

 Stand. ß p value Part   

Femoral SBP 0.431 < 0.001 0.610   
Femoral DBP 0.147 0.144 0.279   
Muscle CSA 0.299 < 0.001 0.120   
Age 0.006 0.934 0.017   

 R R2 MSE SEE Sig. F 
Change 

 0.649 0.421 112.70 10.79 0.934 

Model 4: Block 5      

 Stand. ß p value Part   

Femoral SBP 0.359 < 0.001 0.508   
Femoral DBP 0.131 0.159 0.248   
Muscle CSA 0.658 < 0.001 0.265   
Age 0.020 0.750 0.062   
ST 0.465 < 0.001 0.463   

 R R2 MSE SEE Sig. F 
Change 

 0.714 0.510 92.53 9.83 < 0.001 

Model 4: Block 6      
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 Stand. ß p value Part   

Femoral SBP 0.358 < 0.001 0.506   
Femoral DBP 0.142 0.131 0.269   
Muscle CSA 0.703 < 0.001 0.283   
Age 0.022 0.721 0.069   
ST 0.436 < 0.001 0.434   
Sex -0.084 0.402 -2.345   

 R R2 MSE SEE Sig. F 
Change 

 0.716 0.512 92.05 9.84 0.402 

 

4.4.2 Part 2: Developing and Validating Prediction Equation 
4.4.2.1 Prediction Equation Development 

The best model from Part 1 was determined to be Model 1 based on TC 

and brachial blood pressures which included TC, brachial SBP, and age as 

significant predictors of AOP. This model yielded the lowest BIC (Model 1 = 

1,077, Model 2 = 1,085, Model 3 = 1,084, Model 4 = 1,092) and contained 

predictor variables that could be most easily assessed in rehabilitation and sports 

training settings. Accordingly, significant predictors from this model were selected 

as candidates for prediction equation development and were included in LASSO 

regression. The optimal value to use for λ was determined to be 0.042 (Figure 

4.3). The coefficients for each predictor variable remained non-zero after 

regularization and thus all predictor variables were retained in the final model. 

The representative formula for the resulting equation was: 

AOP (mmHg) = -12.179 + 1.084 (Thigh Circumference) + 0.720 (SBP)  

+ 0.426 (age)  
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Figure 4.3 Model mean squared error (MSE) versus the log(λ) of 30-fold cross-
validation. Left dotted line indicates the log(λ) with minimum cross-validation error. 
Right dotted line indicates the log(λ) with minimum cross-validation error plus one 
standard error. Numbers on the top of plot correspond to the number of non-zero 
regression coefficients included in the model. 

 

4.4.2.2 Apparent Performance in Development Data 

The equation explained 54% of the variability in AOP with an RMSE of 

7.18 mmHg. The CITL and calibration slope were -0.88 and 1.01, respectfully 

(Figure 4.4). A Bland-Altman plot displaying the limits of agreement between 

measured and predicted AOP values is presented in Figure 4.5. The estimated 

mean difference between values was 0.0 mmHg, 95% CI [-1.41, 1.41]. The upper 

and lower 95% limits of agreement were 16.66 mmHg, 95% CI [15.07, 18.25] and 

-16.66 mmHg, 95% CI [-21.03, -18.25]. The model displayed proportional bias as 

the slope of the regression of the differences of observed and predicted values 

by the mean of values was different from 0 (0.36, 95% CI [0.23, 0.49], p < 0.001). 

Observed and predicted AOP values were equivalent, t(152) = -11.132, p < 

0.001, given an equivalence region -8.51 to +8.51 mmHg. The 90% confidence 
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interval for the mean difference between observed and predicted AOP values 

was -1.27 and +1.27 mmHg, which was well within the selected equivalence 

region.  

 

 

Figure 4.4 Calibration plot of observed versus predicted AOP values in the 
development dataset. Black dashed line represents the ideal trendline (b = 0, 
slope = 1). Red solid line represents the line of best fit between observed and 
predicted values and grey shaded region is the 95% CI. 
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Figure 4.5 Regression based Bland-Altman plot displaying the bias and limits of 
agreement between observed and predicted AOP values in the development 
dataset. Middle black lines is a regression fit of the difference of values on the 
mean. Top and bottom black line represent the upper and lower limits of 
agreement (95% interval) across values. Shaded region represents 95% CIs 
around the bias. Black dashed lines represent 95% CIs around the limits of 
agreement.  

 

4.4.2.3 Internal Validation 

Distributions for each of the performance measures across internal 

validation samples are shown in Figure 4.5 (A-D). The mean model R2 was 0.53 

± 0.13, 95% CI [0.52, 0.53], RMSE was 7.01 ± 5.86 mmHg, 95% CI [6.64, 7.37], 

CITL was 0.11 ± 25.81, 95% CI [-1.49, 1.72], and calibration slope was 0.99 ± 

0.16, 95% CI [0.98, 1.00]. Accordingly, there were small differences between the 

apparent and optimism adjusted performance measures (R2 = -0.01, RMSE = 

0.17mmHg, CITL = -0.99, calibration slope = -0.02) indicating minimal overfitting.  
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Figure 4.6 Distribution of performance measures across internal validation 
samples. A. Model R2, B. Root mean squared error (RMSE), C. Calibration-in-the 
large (CITL), D. Calibration slope. Note that black dashed lines represent 
distribution means and red shaded regions represent 95% CIs. 

 

4.5 Discussion 
The purpose of this study was to develop and internally validate an 

equation to predict AOP in the lower-limb when using an 18 cm wide thigh 

sphygmomanometer in a seated position. Our main findings include: 1) models 

based on thigh circumference or thigh composition combined with brachial blood 

pressures explained the most variability in AOP, 2) brachial SBP represented the 

single strongest predictor of AOP, and 3) a prediction equation including TC, 

brachial SBP, and age provides a cost-effective approach to implementing lower-

body BFR exercise without specialized equipment.  
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4.5.1 Part 1: Predictors of AOP 
When considering different combinations of hemodynamic, 

anthropometric, and sociodemographic variables, our models explained 51-54% 

of the variability in AOP which are within the range of values (30-70%) previously 

reported 227,231-233 when utilizing similar sets of predictors. Our results indicated 

that thigh circumference predicts AOP equally as well as measures of thigh 

composition which is consistent with data reported by Loenneke and 

colleagues.227 It is important to point out that these authors utilized narrower cuffs 

(5 and 13.5 cm wide) and thigh composition was assessed using computed 

tomography. Accordingly, our results suggest that more practical field-based 

measures of thigh composition including skinfold thickness and muscle CSA 

estimation are also associated with lower-limb AOP and are equally good 

predictors as thigh circumference when using a wider cuff.  

Our results indicated that models including brachial blood pressures 

explained slightly more variability (3-4%) than models including femoral blood 

pressures which was unanticipated. For both femoral and brachial blood 

pressures, SBP but not DBP was associated with AOP. Furthermore, our data 

indicated that brachial SBP was the strongest predictor of AOP. Brachial SBP 

alone explained 38% of the variability in AOP when entered first into regression 

models and possessed the highest standardized b coefficients among other 

variables. These results differ from previous data 227,231-233 that have largely 

identified TC as the main predictor of lower body AOP. Note that, most studies 

investigating predictors of AOP have utilized narrow cuffs (5 and 13.5 cm wide) 

compared to the 18 cm wide cuff that was applied in our study. Earlier work from 

Crenshaw and colleagues 241 indicated that the influence of TC on lower-limb 

AOP decreases as cuff width increases. Specifically, these authors reported that 

Pearson correlations between thigh circumference and AOP for 4.5, 8, 12, and 

18 cm wide cuffs were 0.89, 0.82, 0.77, and 0.44, respectfully. In our study we 

observed a similar bivariate correlation (r = 0.56) between thigh circumference 

and AOP when applying an 18 cm wide cuff. Wider cuffs transmit pressures more 
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efficiently into underlying soft tissues 241 which likely explains the reduced 

influence of TC on AOP when using wider cuffs. As the influence of TC 

deceases, it is possible that greater influence is shifted to hemodynamic 

variables in determining the amount of external pressure that is required to 

occlude arterial blood flow. Accordingly, this may in part explain why TC 

presented as a relatively weak predictor of lower-limb AOP in our data compared 

to previous reports 227,232,233,241 with narrower cuffs.  

To the best of our knowledge only one study has investigated predictors of 

lower-limb AOP when utilizing an 18 cm wide cuff. Cirilo-Sousa and colleagues 
231 identified TC, brachial SBP, age, and sex as significant predictors that 

explained 40% of the variability in AOP when using an 18 cm wide thigh 

sphygmomanometer. The greatest predictor was TC which alone explained 25% 

of the variability in AOP.  In our analysis, a similar model including TC, brachial 

SBP and DBP, age, and sex, explained greater amounts of variability (55%) and 

only TC, brachial SBP, and age constituted significant predictors. Differences 

between studies may be due to the body position in which AOP was assessed. In 

our study we assessed AOP in a seated position whereas Cirilo-Sousa and 

colleagues assessed AOP in a supine position. Evidence 233 indicates that lower-

limb AOP increases by ~20% when going from a supine to seated position, which 

is likely due to increases in localized blood pressure at the site of cuff application. 

Malhotra and colleagues 256 reported that measures of lower-limb SBP and DBP 

were 65 and 62 mmHg higher in a standing position when compared to a supine 

position. Thus, when assessing AOP in a seated position, blood pressure likely 

has a greater influence on the amount of external cuff pressure that is required to 

occlude arterial blood flow through the limb. These effects may become most 

apparent when using wider cuffs as the influence of TC is simultaneously 

reduced. Collectively, the combination of assessing AOP in a seated position 

along with the use of a wide cuff likely explain our findings that SBP and not TC 

was the greatest predictor of AOP. These results suggest that the influence of 
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anthropometric and hemodynamic variables on AOP may be dependent upon the 

body position that AOP is measured in as well as the width of cuff used.  

We also examined the relationship between AOP and sociodemographic 

variables in which age but not sex served as a significant predictor. Although age 

statistically improved model performance when included, it was a relatively weak 

predictor that only helped to explain an additional ~2% of variability after first 

including anthropometric and blood pressure measures. Sex was entered last 

into each of our theoretical models and did not explain any additional variability. 

These findings differ from previous reports that have identified sex as a predictor 

of AOP in the lower- 231 and upper-body.234 Our results suggest that 

sociodemographic variables have little influence on AOP after first accounting for 

limb size, limb composition, and blood pressure. It is important to note that our 

models, and other models 227,231-233 including similar anthropometric, 

hemodynamic, and sociodemographic variables, only account for 30-70% of the 

variability in AOP, leaving a large portion of variability unexplained. It is currently 

unknown what additional factors influence AOP. We speculate that anatomical 

characteristics of the conduit arteries at the site of cuff application have a large 

effect. For example, an artery’s position within the limb relative to external 

pressure (i.e., artery depth and/or relation to bones and muscles) and intrinsic 

properties of the artery itself (i.e., artery diameter and/or structural composition) 

will likely influence the pressure within a given cuff that is required to 

mechanically compress and occlude the artery. The potential influence of age 

and sex on AOP may be mediated through their relationship with these factors. 

However, directly assessing the influence of such variables on AOP offers little 

practical utility for the purposes of implementing exercise with BFR. Therefore, 

practical approaches to estimating AOP and setting cuff pressures that use 

anthropometric, hemodynamic, and sociodemographic variables may have 

inherent limits. 
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4.5.2 Part 2: Development and Validation of Prediction Equation 
In the development dataset an equation including TC, brachial SBP and 

age showed good predictability (R2 = 0.54, RMSE = 7.18mmHg) and was well 

calibrated (CITL = -0.88, slope = 1.0). We analyzed group and individual level 

agreement between predicted and measured AOP values using Limits of 

Agreement proposed by Bland and Altman.252 This method has been widely 

utilized 257 and provides a robust examination of agreement between two 

continuous measures. At the group level, agreement between predicted and 

measured AOP values was excellent. The mean difference between values was 

0 mmHg indicating no systematic bias of under or overprediction. On the 

individual level, Limits of Agreement indicated that estimates of AOP were within 

± 16.7 mmHg of direct measurements. Presence of proportional bias indicated 

under estimation of high AOP measures and over estimation of low AOP 

measures. Lastly, internal validation of the model was performed using bootstrap 

resampling, which is a preferred approach for validation of prediction models.258 

Results demonstrated minimal model overfitting, excellent calibration, and 

provided evidence of good generalizability.   

Our prediction equation is intended to provide estimates of AOP that can 

be used to select appropriate pressures to utilize during exercise with BFR. 

Evidence indicates that pressures between 40 and 80% of AOP are effective in 

promoting muscular adaptations.65 This represents a wide range of pressures 

that can be utilized. However, some acute and chronic responses to exercise 

with BFR are pressure dependent and may require more precise selection of 

pressure within this range. For example, higher pressures appear to promote 

greater vascular adaptations 259 whereas lower pressures attenuate acute 

cardiovascular and perceptual 220,223,260 responses such as blood pressure, pain, 

and discomfort during BFR exercise. Thus, the ability of our prediction equation 

to provide precise selection of pressure could provide distinct advantages. 

Setting pressure to 40% of AOP estimates derived from the prediction equation 

resulted in pressures that were equivalent to 40 (SD 3%) of actual AOP 
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measurements with 95% of pressures falling between 35% (-1.96 SD) and 45% 

(+1.96 SD). Likewise, setting pressure to 80% of AOP estimates resulted in 

pressures equivalent to 80 (SD 5%) of actual AOP measures with 95% of 

pressures falling between 70% (-1.96 SD) and 90% (+1.96 SD). Accordingly, 

potential error in AOP estimates derived from the prediction equation may result 

in exercising pressures outside of the effective range when selected at the upper 

and lower limits of recommendations. Although potential deviations outside of the 

effective range are small, a conservative approach to utilizing the prediction 

equation would be to select pressures between 45 and 70% of the estimated 

AOP. This accommodates for potential error in AOP estimation and ensures that 

selected exercising pressures fall within 40 and 80% of true AOP measures.  

We are the first group to demonstrate that our equation to predict AOP is 

well calibrated and provides estimates that have an acceptable level of 

agreement with values measured via the gold standard method using Doppler 

ultrasound. Furthermore, AOP estimates derived from the prediction equation are 

more closely related to exercising body positions and can be used to select 

precise cuff pressures to utilize during exercise with BFR. Importantly, our 

prediction equation is the first internally validated method of estimating AOP. We 

have demonstrated that our equation displays a small amount of optimism and 

performance appears to be generalizable to new data. Several reviews 261-263 

evaluating published clinical prediction models have indicated poor methodology 

and insufficient reporting. Accordingly, there have been several initiatives to 

improve prediction modeling research.235,236,264 We hope that our work serves as 

an example to improve the methodological quality and reporting of predictive 

models in sport and exercise.  

4.6 Limitations 
There are some noteworthy limitations in our study. First, the prediction 

equation is specific to an 18 cm wide thigh sphygmomanometer. This represents 

a commonly utilized cuff for performing exercise with BFR, however, the equation 
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is not generalizable to other cuff widths. Second, measurement of AOP and 

predictor variables were not blinded to investigators. Third, in order to include 

more females in this analysis, menstrual cycle was not controlled for and may 

influence the relationship of variables to AOP. Fourth, we did not perform 

external validation of our developed prediction equation. Establishing true 

generalizability of our model requires application in independent data. Finally, the 

prediction equation was developed using a sample of young healthy adults. 

Additional work is needed to determine how the equation will perform when 

applied to different populations.   

4.7 Conclusion 
We conclude that our prediction equation utilizing TC, brachial SBP and 

DBP, age, and sex provides a valid way to estimate lower-body AOP when 

utilizing an 18 cm wide thigh sphygmomanometer in a seated position. 

Importantly, this equation provides a low-cost approach to implementing exercise 

with BFR which will help to make this training modality more accessible to 

clinicians, coaches, and athletes.  

 

 

 

 



72 

5 Development and Usability Testing of a Web-Based 
Application for the Clinical Implementation of Blood 
Flow Restriction 

 

5.1 Abstract 
Exercise with blood flow restriction (BFR) is emerging as effective 

alternative to traditional exercise for a variety of clinical populations and is 

currently used in rehabilitation settings. However, a lack of standardized methods 

for implementing exercise with BFR present a major barrier to its use by 

practitioners. The primary purpose of this study was to describe the development 

of a web-based application designed to serve as a decision support tool for 

practitioners to implement exercise with BFR. A secondary purpose was to 

perform preliminary usability testing of the web-based application in physical 

therapists. A web-based application was developed to guide practitioners through 

the steps of medically screening potential BFR candidates, selecting appropriate 

equipment for performing BFR, and determining safe and effective exercising cuff 

pressures. Usability of the application was evaluated in five licensed physical 

therapists using a mixed methods approach. User-based evaluations were 

conducted in which participants used the web-based application to implement 

exercise with BFR in several hypothetical patients. Afterwards, perceived 

usability of the application was evaluated using the System Usability Scale (SUS) 

and semi-structured interviews were conducted and responses analyzed using 

thematic analysis. All task scenarios resulted in successful implementation of 

exercise with BFR and the time to completion was 2.3±1.2 min. There was a total 

of 11 incidents during the completion of task scenarios which consisted of minor 

navigation problems (4), data input problems (2), and difficulty interpreting 

recommendations (5). Composite SUS scores were 94±5 and ranked highly 

compared to industry standards. During interview responses, participants 

reported that the web-based application was efficient to use, improved their 

confidence when implementing exercise with BFR, and would make practitioners 
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more likely to utilize exercise with BFR in clinical practice. These results suggest 

that our web-based application provides an effective and efficient tool for 

addressing barriers faced by physical therapists to the use of exercise with BFR. 

Accordingly, this tool will help to increase the accessibility of this modality in 

clinical settings and improve the safety and effectiveness its implementation. 

Several areas for improving the usability of the application were identified and will 

be addressed in the ongoing design process.  

 

5.2 Introduction  
Exercise with blood flow restriction (BFR) offers an effective approach for 

increasing muscle size and strength,38-41 aerobic capacity,42,43 and physical 

function 44 in healthy adults. Emerging evidence indicates that this modality may be 

an effective exercise option in a broad range of clinical populations including those 

living with hypertension,66 cardiovascular disease,67-72 diabetes,73,74 renal 

dysfunction,75,76 and most notably in those with musculoskeletal conditions.77-80 

Accordingly, exercise with BFR is now endorsed by the American Physical 

Therapy Association 81 and used in rehabilitation.82 Despite its growing use, 

implementation of exercise with BFR remains challenging for practitioners 83 for 

several reasons. First, most interventions have been focused on healthy 

individuals and applied in controlled laboratory settings. Second, methods used to 

implement exercise with BFR vary widely 84 and include the use of different types 

of equipment (i.e., pneumatic cuffs, elastic wraps), a wide range of applied cuff 

pressures (e.g., 100-240 mmHg), and a variety of procedures for determining cuff 

pressure (i.e., arbitrarily selected, based on systolic blood pressure, based on limb 

circumference, perceived tightness). Finally, evidence 82 suggests that BFR use in 

clinical settings may be lagging behind current evidence-based recommendations. 

Thus, the current gap between research and clinical practice poses a major 

obstacle to implementation of BFR in real world settings.  

Recently, Rolnick and colleagues 265 identified several perceived barriers 
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that practitioners face when implementing exercise with BFR. These barriers 

include conducting systematic medical screening of potential candidates to stratify 

risk of adverse events, the selection of appropriate training equipment for 

performing BFR, and determining cuff pressures to utilize during exercise. 

Importantly, these barriers were identified by individuals with prior experience 

implementing exercise with BFR and it is unclear what additional challenges that 

practitioners with minimal to no training or experience may face. Identifying and 

overcoming barriers faced by practitioners is important to enhancing access to 

BFR and ensuring that safe and effective practices are utilized. Recommendations 

for performing BFR have been previously described.266,267 However, to the best of 

our knowledge there are no standardized methods published and no 

comprehensive guides available for practitioners to follow. An evidence-based 

decision support tool that walks practitioners through the process of medically 

screening candidates for BFR inclusion, selecting appropriate training equipment, 

and setting proper restriction pressures could help to enhance evidence-based 

practice, safety, and accessibility of exercise with BFR in clinical settings.  

With the emerging use of smart devices such as mobile phones, tablets, 

and laptop computers in health care, there has been increasing development and 

use of medical software applications.268,269 Some evidence 270 indicates that mobile 

and web-based applications increase productivity, enhance access to point-of-care 

tools, and improve clinical decision making and patient outcomes. Several mobile 

and web-based applications 271-273 have been developed to assist physical 

therapists in clinical decision making. Furthermore, Alsobhi and colleagues 274 

reported that physical therapists’ attitudes regarding the use of applications in 

clinical practice are positive, with the majority agreeing that they can be used as an 

assistive technology, used to enhance education, and can facilitate patient care. 

Accordingly, a web-based application presents a viable way to provide 

rehabilitation professionals with a decision support tool to aid in the implementation 

of exercise with BFR.  
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The primary purpose of this study was to describe the development of a 

web-based application to aid in the implementation of exercise with BFR. A 

secondary purpose was to conduct preliminary usability testing of the web-based 

application in physical therapists with no prior experience using exercise with BFR. 

Usability refers to the effectiveness, efficiency, and satisfaction with which a 

system can be utilized to complete a task in an intended group of users.275 

Evaluating usability is an important step in the user centered design process of 

interactive technological systems.276 Importantly, an iterative process of usability 

testing performed early and frequently can provide continuous feedback 

throughout the design process.277 Accordingly, our goal was to perform a 

preliminary phase of usability testing to identify major issues in the initial design of 

our web-based application. 

5.3 Methods 
5.3.1  Study Overview 

A web-based application was developed to aid in evidence-based 

implementation of exercise with BFR. We utilized a mixed methods approach to 

evaluate the usability of the developed web-based application in physical 

therapists. Participants attended one virtual meeting held on the Zoom platform 

(Zoom Cloud Meetings, version 5.12.9, San Jose, CA, USA). First, they were 

introduced to the web-based application and given a brief description of its 

purpose. Next, a user-based evaluation was conducted in which participants were 

given several scenarios and were asked to use the web-based application to 

complete a series of tasks. Following the user-based evaluation, participants 

ratings of perceived usability of the web-based application were evaluated using 

the System Usability Scale. Lastly, semi-structured interviews were conducted 

consisting of a series of open-ended questions to elicit additional feedback. 

Interviews were qualitatively analyzed to identify themes across participant 

responses to each question.  
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5.3.2 Application Development 
A web-based application was created using a commercially available 

website builder (Squarespace, New York City, New York, USA). Several 

interactive web applications were constructed using Shiny (Shiny: Web 

Application Framework for R, R package version 1.7.4.9002). These applications 

were published to the internet using shinyapps.io (Posit Software) and were 

embedded into pages of the website. Collectively, the web-based application was 

developed to guide practitioners through three primary steps of implementing 

exercise with BFR that have been previously identified as barriers. Specifically, 

steps included Step 1: Medical Screening, Step 2: Selecting Equipment, and Step 

3: Determining Cuff Pressure. Below is an overview of the purpose and evidence-

based rationale used to develop the functions and procedures included in each 

step.  

Step 1: Medical Screening. The relative safety of performing exercise with 

BFR is an important concern.216,278-280 Several potential contraindications and risk 

factors have been identified that may increase risk for adverse events. 

Accordingly, reviewing a candidate’s lifestyle and medical history is important in 

stratifying risk and excluding those individuals in which risk may be heightened. 

The purpose of this step was to help practitioners conduct medical screening of 

potential candidates and stratify the risk of adverse events. Several authors 
214,265,280,281 have developed tools to stratify risk and screen individuals for BFR 

inclusion. Existing screening tools were collected and used to develop an 

interactive medical screening application using Shiny.  

Step 2: Selecting Equipment. Three main types of equipment have been 

used to implement exercise with BFR. These include automated pneumatic cuff 

systems,230,282 manual pneumatic cuffs,227 and elastic wraps.283 The type of 

equipment utilized can impact the physiological and perceptual responses to 

exercise with BFR and may play a role in modulating risk of adverse events. 

Specifically, pneumatic cuff systems (i.e., automated and manual) allow for more 
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precise and standardized selection of external pressure applied to limbs 

compared to elastic wraps.284 Furthermore, some automated pneumatic cuff 

systems supply constant applied pressures (i.e., autoregulated) during exercise 

which attenuates perceptual and hemodynamic responses 285 and reduces 

incidence of adverse events.282 Accordingly, the purpose of this step was to 

recommend appropriate equipment for implementing exercise with BFR based on 

results of the medical screening conducted in Step 1. The user would then be free 

to select from recommended equipment types based on accessibility. Given that 

practitioners may not have knowledge of different BFR equipment types, we 

aimed to provide resources that would help to describe the equipment and direct 

practitioners to commercially available products.  

Step 3: Determining Cuff Pressure. The amount of external pressure 

applied to the limb during exercise with BFR is an important methodological 

consideration for safety and effectiveness. When utilizing pneumatic cuff systems, 

it is recommended 65,286 that pressures during exercise with BFR be selected 

based on arterial occlusion pressure (AOP) which is the minimum amount of 

pressure required to occlude arterial blood flow to the limb. Thus, for use of 

pneumatic cuff systems, the web-based application was designed to 1) help users 

determine AOP, and 2) recommend exercising pressures based on that value.  

Several methods for determining AOP are available. Automated pneumatic 

cuff systems have built in sensors for determining AOP,230 whereas manual 

pneumatic cuffs require direct measurement of AOP using pulse oximetry,228,229 

handheld, or ultrasound Doppler.227 For practitioners that may not have access to 

this equipment, an alternative approach is estimating AOP based on 

anthropometric, hemodynamic, and sociodemographic variables. Our laboratory 

and several authors 227,231-234 have developed prediction equations to estimate 

AOP for a variety of manual pneumatic cuffs of different width. The web-based 

application was designed to guide users through each of the different methods of 

determining and/or estimating AOP based on equipment availability. To aid in 
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AOP estimation, we developed an interactive application using Shiny that 

integrates prediction equations for 5, 11, 13, and 18 cm wide cuffs. Equations 

from Loenneke and colleagues 232 were used for estimating upper and lower-body 

AOP with a 5cm wide cuff. Unpublished prediction equations developed by our 

laboratory were used for estimating lower-body AOP for 11, 13, and 18 cm wide 

cuffs. 

Evidence 65 indicates that pressures between 40 and 80% of AOP are 

effective in promoting muscular adaptations during exercise with BFR. However, 

lower pressures within this range attenuate acute cardiovascular and perceptual 

responses 220,223,260 such as blood pressure, pain, and discomfort during exercise 

with BFR and represent safer options for those with increased risk of adverse 

events. Thus, the web-based application was designed to provide specific 

pressure recommendations relative to AOP that are based on the results of 

medical screening obtained in Step 1. We developed an interactive application 

using Shiny that provides exercising cuff pressure recommendations based on 

AOP values input by the user.  

Determining exercising pressure relative to AOP is not possible when 

utilizing elastic wraps. Several approaches 287 have been suggested for applying 

an appropriate amount of external pressure when utilizing this type of equipment 

to implement exercise with BFR. Limb circumference has been identified as the 

primary determinant of AOP when utilizing pneumatic cuffs.227,231,232 Therefore, 

authors 287 have suggested that when utilizing elastic wraps for BFR, approaches 

to quantifying tightness of the wraps that are based on the circumference of the 

limb offer the most standardized method. Accordingly, the web-based application 

aimed to provide instructions on how to utilize these approaches for users 

choosing to implement exercise with BFR using elastic wraps.  

5.3.3 Participants 
Five licensed Physical Therapists (30±4 years, male = 2, female = 3) were 

recruited to participate in the study. A list of known physical therapists was 
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created and participants from this list were recruited through email and/or phone 

calls. Participants had 5±5 years of experience working in outpatient rehabilitation 

settings. Four participants were Doctors of Physical Therapy (DPT) currently 

working at facilities located in the Upper Peninsula of Michigan and one 

participant was a physiotherapist with a Masters in Sports Physiotherapy 

practicing in Europe. Participants had heard of BFR previously, however, none 

had any prior experience implementing exercise with BFR in clinical practice. 

Usability trials 288-290 have demonstrated that a sample of five participants can 

identify 80% of usability issues and that further participants become less likely to 

identify new issues. Accordingly, we utilized a convenience sample of five 

participants for our initial round of usability testing. Participants were informed of 

the purpose of the study and gave verbal consent. This study was approved by 

the Institutional Review Board at Michigan Technological University.  

5.3.4 Usability Testing 
User-based Evaluation. Participants were given three scenarios, each 

consisting of a hypothetical patient, a reason for physical therapy treatment, and a 

specific goal for using BFR (Table 5.1). For each scenario participants were asked 

to use the web-based application to complete three tasks; 1) determine whether it 

was safe for the patient to engage in exercise with BFR, 2) select equipment for 

performing BFR based on what they were most likely to have access to, and 3) 

determine how much pressure to apply with the selected equipment during 

exercise. Patient scenarios were given to participants in a randomized order. Prior 

to beginning the task scenarios, participants were asked to share their computer 

screen and display the application webpage. While working through the assigned 

tasks, participants were instructed to use the “think aloud” 291 method by verbally 

walking through their thought process. The time taken to complete all three tasks, 

the number of incidents encountered, and type of incidents were recorded during 

each scenario. To explore which types of equipment participants had access to for 

implementing BFR, the type of equipment selected during task 2 and the method 

of determining cuff pressure during task 3 were recorded for each scenario. Each 



80 

scenario was categorized as “Successful” or “Unsuccessful” based on whether an 

appropriate pressure was selected for the hypothetical patient in task 3.  

Table 5.1 Scenarios given to each participant during user-based evaluation. 

 Scenario 1 Scenario 2 Scenario 3 

Patient 62-year old 
Female 

30-year old  
Male 

50-year old 
Male 

Cause for Treatment Osteoarthritis Patellofemoral pain Post ACL 
reconstruction 

Goal of BFR Increase lower-body 
strength 

Maintain strength 
lower-body strength 

Regain lower-body 
strength 

Characteristics BMI: 31 
BP: 135/90 mmHg 

BMI: 24 
BP: 125/82 mmHg 
TC: 60 cm 

BMI: 20 
BP: 118/78 mmHg 
TC: 52 cm 

Health History  Diabetes 
Varicose veins in legs NA Surgery in last 4-

weeks 

 

System Usability Scale. Perceived usability of the application was 

evaluated using the System Usability Scale (SUS).292 An SUS questionnaire was 

administered to participants using Google Forms. The SUS is a 10-item scale that 

examines the perceived usability of a technological tool. Responses are assessed 

on a Likert scale ranging from 1 (Strongly Disagree) to 5 (Strongly Agree). 

Responses on each item can be evaluated individually to determine specific 

usability issues and/or used to generate a composite SUS score between 0 and 

100, with higher scores indicating higher perceptions of usability.293 The SUS has 

been widely utilized which allows for relative comparison of SUS scores based on 

normative data. Importantly, the SUS is a valid 294-296 tool when assessing the 

usability of mobile applications and websites.  
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Semi-Structured Interviews. Participants were asked to respond to a set of 

5 open-ended questions (Table 5.2). Questions were designed to collect feedback 

pertaining to the usability of the web-based application. Interviews lasted between 

10 and 30 min (17±6 min). Audio recordings of interviews were transcribed for 

analysis.  

Table 5.2 Semi-structured interview questions. 

Questions 

1. Is a there a specific reason why you have not utilized exercise with blood 
flow restriction in your clinical practice? 

2. What are some perceived barriers to implementing exercise with blood 
flow restriction in your clinical practice? 

3. What aspects of this web-based application did you find helpful in 
implementing exercise with blood flow restriction? 

4. How could this web-based application be improved to help you 
implement BFR more confidently? 

5. If this application was available, how do you think that it would change 
the use of blood flow restriction in clinical practice? 

 

5.3.5 Data Analysis 
Descriptive statistics were used to analyze time to task completion and the 

number of incidents while completing each task scenario. The type of incidents 

was qualitatively analyzed across all participants and placed into categories. For 

SUS responses, composite scores between 0 and 100 were calculated according 

to procedures described by Brooke.292 Means and standard deviations were 

calculated for composite scores and for each individual response item. Composite 

SUS scores were interpreted relative to industry percentiles using a curved 

graded scale formulated by Lewis and Sauro.293 Individual item responses were 
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interpreted by comparison to item benchmarks 293 established for SUS scores of 

68 and 80. These item benchmarks represent mean Likert scale responses for 

each individual item that correspond to SUS composite scores at the 50th (SUS 

score 68) and 90th (SUS score 80) percentile of industry standards. Transcripts of 

semi-structured interviews were qualitatively analyzed using inductive thematic 

analysis as described by Braun and Clarke.297 Six phases of analysis were utilized 

including: 1) familiarization with the data, 2) generating initial codes, 3) searching 

for themes, 4) reviewing themes, and 5) defining and naming themes, and 6) 

generating a report. Initial familiarization with the data was performed by IJW and 

consisted of re-reading interview transcripts while extracting meaning and 

patterns. Initial codes were developed by IJW using an inductive approach. Lastly, 

themes and subthemes were developed by establishing possible relationships 

between codes. Saturation in thematic analysis was reached within our sample 

and was defined as the point when no new codes were identified in two 

consecutive interviews. Importantly, it is not rare to achieve saturation with a small 

sample size when samples are highly homogenous.298  

5.4 Results 
5.4.1 Application Development 

A detailed overview of the application workflow is displayed in Figure 5.1. 

Below is a description of features and evidence-based recommendations provided 

within each step of the application.  
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Figure 5.1 Workflow of web-based application.  
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Step1: Medical Screening. We utilized screening tools previously 

suggested by Kacin and colleagues 280 and Nakajima and colleagues 281 to 

develop a modified risk stratification tool. Although not comprehensive, these 

screening tools were selected for their simplicity and ease of completion. Kacin 

and colleagues 280 separated risk factors into ‘absolute’ and ‘relative’, in which 

those with absolute risk factors are automatically excluded from exercise with 

BFR and those with relative risk factors are prompted to seek medical advice. 

Nakajima and colleagues 281 proposed a point-based risk scoring system 

previously utilized by surgeons to assess risk of pulmonary embolism and deep-

vein thrombosis. Risk factors are assigned points based on the level of relative 

risk that they incur, and points associated with each risk factor are additive. Those 

individuals accumulating 5 or more risk points are excluded from performing 

exercise with BFR. We integrated the two screening tools together by using the 

risk point system described by Nakajima and colleagues 281 while including 

additional absolute and relative risks described by Kacin and colleagues.280 

Absolute risks were assigned 5 points and relative risks were assigned 4 points. 

The modified medical screening tool was integrating into an interactive Shiny 

application and embedded on a medical screening page within the web-based 

application (Figure 5.2). The user enters a patient’s medical history and lifestyle 

information into the input field of the application and is provided with a risk 

classification. The accumulation of ³5 points classify individuals as “High Risk” 

and the application suggests that individuals be excluded from BFR. An 

accumulation of 4 risk points is classified as “Moderate Risk” and users are 

prompted to seek medical clearance from a primary care provider before 

engaging in exercise with BFR. An accumulation of £3 risk points (3 = “Low”, £2 = 

“Very Low”) suggests that exercise with BFR is not an absolute contraindication 

and it that can be performed. Therefore, users selecting a risk classification of 

“Low” or “Very Low” are prompted to move on to Step 2.   



85 

 

Figure 5.2 Screenshot of Shiny application for performing medical screening. 

Step 2: Selecting Technologies. Recommended equipment for performing 

exercise with BFR was provided to users based on the risk stratification resulting 

in Step 1. For patients with a “Moderate Risk”, the application provides users with 

the option to utilize automated cuff systems only. For patients with “Low Risk” the 

option of choosing either an automated cuff system or a manual pneumatic cuff 

was provided. Lastly, for patients with a “Very Low Risk”, users were given the 

option to choose from an automated cuff system, a manual cuff system, or elastic 
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wraps. Selection of an automated cuff system or elastic wraps brought the user to 

the next step (Step 3). Selection of manual pneumatic cuffs prompted the user to 

select whether BFR will be performed in the lower- or upper-body. The user is 

then given the option to select from manual cuff widths commonly used for 

performing exercise with BFR in the selected limb (Upper-body: 5cm wide, Lower-

body: 5cm, 11cm, 13cm, or 18cm). After selecting a specific cuff width, the user is 

brought to the Step 3. Screen shots of Step 2 are provided in Figure 5.3. For each 

type of equipment recommended to users, a description of the equipment and 

links to commercially available products were provided.  
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Figure 5.3 Screenshots from web-based application of Step 2: Selecting 
Equipment for performing exercise with BFR. Example shows the selection of a 
manual pneumatic cuff. A. User selects from recommended equipment types, B. 
User selects the limbs where BFR exercise will be performed, C. User selects the 
cuff width that will be used. 

 



88 

Step 3: Selecting Restriction Pressure. Users that selected to utilize 

pneumatic cuff systems (i.e., automated and manual) were prompted to determine 

AOP. When manual cuff systems are selected, the user is asked if they have 

access to equipment for assessing AOP directly (i.e., handheld or ultrasound 

Doppler). If they select “Yes”, they are brought to a page with instructions on how 

to measure AOP and provided links to video demonstrations for measuring AOP 

in both the upper- and lower-body. If they select “No”, they are brought to a 

webpage that helps them to estimate AOP using the Shiny application with 

integrated prediction equations (Figure 5.4). Within the application, the user 

selects the width of the manual cuff to be utilized and is provided with fields to 

input relevant predictor variables required (i.e., age, sex, limb circumference, 

systolic and diastolic blood pressure) for each respective prediction equation. 

Output from the application includes an estimated AOP for the selected cuff width.  

 
Figure 5.4 Screenshot of Shiny application for estimating AOP. User selects the 
width of cuff (top), enters relevant predictor variables (left), and is provided with 
cuff pressure recommendations based on the estimated AOP (right). 
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After AOP is either measured directly or estimated, pressures to utilize 

during exercise are provided relative to that value. Specific exercising pressure 

recommendations were given based on a patient’s risk stratification obtained in 

Step 1. Pressures equivalent to 40% AOP are recommended for those with 

“Moderate Risk”, 40-60% AOP for those with “Low Risk”, and 40-80% AOP for 

those with “Very Low Risk”. For those using automated cuffs or measuring AOP 

directly, users are prompted to use a Shiny application to enter the AOP value. 

The application then provides output of specific pressure recommendations based 

on the risk stratification levels stated above (Figure 5.5). For those choosing to 

estimate AOP, pressure recommendations are provided within the Shiny 

application based on the estimated AOP value. 

 
Figure 5.5 Screenshot of Shiny application that provides recommended 
exercising cuff pressures during BFR based on AOP. The user provides an AOP 
value (left) and is provided with recommended pressures to utilize based on the 
risk stratification level obtained during medical screening (right). 

 

The option to utilize elastic wraps for performing exercise with BFR is only 

provided to those individuals with a “Very Low” risk classification obtained during 

medical screening. As the amount of pressure (i.e., mmHg) cannot be quantified 

for this type of equipment, the selection of elastic wraps provides the user with 

instructions on how tightly to apply the wraps during exercise. Specifically, users 

are provided with step-by-step directions for applying wraps based on the amount 

of overlap in the wrap relative to limb circumference as described by Aniceto and 

colleagues 287 and Abe and colleagues.299 Instructions are provided for applying 
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the specific type of elastic wrap utilized by these authors (Harbinger Red-Line, 

Fairfield, CA, USA; 7.6 cm width). For the upper limbs, users are instructed to 

measure the circumference of the upper arm and to apply the wrap so that it is 

stretched to a length corresponding to 10% of the resting arm circumference 

during each revolution around the limb. For the lower limbs, users are instructed 

to measure the circumference of the thigh and apply the wrap so that is it is 

stretched to a length corresponding to 30% of the resting thigh circumference 

during each revolution around the limb. 

5.4.2 Usability Testing 
User-based Evaluation. The time to completion for task scenarios was 

2.3±1.2 min and the number of incidents was 1±1. In the order that scenarios 

were given to participants, time to task completion was 3.3±1.4 min for the first 

scenario, 1.8±1.2 min for the second scenario, and 1.8±0.6 min for the third 

scenario. There was a total of 11 incidents among all participants during the 

completion of task scenarios. Incidents were categorized as navigation problems 

(4), data input problems (2), and difficulty interpreting recommendations (5). A 

summary of the type of incidents occurring during each task are presented in 

Table 5.3. When prompted to select equipment for implementing BFR, 

participants selected a manual thigh blood pressure cuff 80% of the time, knee 

wraps/elastic bands 10% of the time, and automated cuff systems 10% of the 

time. All participants selecting to use a manual thigh blood pressure cuff 

indicated that they did not have access to equipment for measuring AOP and 

utilized the application to estimate AOP. All task scenarios were completed 

“Successfully” and resulted in participants properly screening and determining an 

appropriate cuff pressure to utilize during exercise with BFR with all patient 

scenarios.  
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Table 5.3 Type and frequency of incidents occurring during user-based 
evaluations. 

 Navigation  Data Input Interpreting 
Recommendation 

Step 1: Medical 
Screening 

• Difficulty locating 
output from 
medical screening 
(2) 

• Unsure how to 
proceed to next 
step (2) 

• Forgot to hit 
“Submit” button 

NA 

Step 2: Selecting 
Equipment 

NA NA • Thought that width 
of cuff referred to 
limb circumference 

Step 3: Determining 
Cuff Pressure 

NA • Entered units 
within input field 
and was given 
“error” 

• Confusion about 
AOP value in output 
(2) 

• Difficulty 
remembering 
stratification level 
from medical 
screening 

• Problems 
interpreting elastic 
wrap directions 

 

 Perceived Usability. Composite SUS scores were 94±5, which 

corresponded to an “A+” on the curved graded scale and ranked within the 96-

100th percentile range of industry SUS standards. Composite and individual item 

SUS responses are presented in Table 5.4. All individual item responses were 

above benchmarks for an SUS composite score of 80.  
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Semi-Structured Interviews. Several themes and subthemes emerged 

from qualitative analysis of participants semi-structured interview responses. 

Below are themes and subthemes from participants responses to each question. 

Question 1: Is there a specific reason why you have not utilized blood flow 
restriction in your clinical practice? 

Two themes emerged as to why participants had not utilized exercise with 

BFR in their clinical practice including 1) Lack of consideration, and 2) Limited 

knowledge. Three out of five participants indicated that exercise with BFR was 

simply not a method that they often considered when treating patients. 

Furthermore, whether they had considered BFR or not, all participants reported 

that a lack of knowledge about BFR was a reason why they hadn’t utilized it. 

Additionally, four participants commented that their lack of consideration and/or 

knowledge was due to limited exposure to exercise with BFR. Two participants 

stated that they hadn’t seen BFR used in the clinic by colleagues, one participant 

commented on limited exposure during their schooling, and another commented 

on limited exposure in the media.  

Theme 1: Lack of Consideration 

“I haven't seen blood flow restriction used in the clinic so it’s not something 
that just comes to mind as a treatment” 

“I think the biggest barrier to blood flow restriction, and I mean this 
tactfully, but I think its ignorance. Most physical therapists don't know 
about it, or they've heard about it, but they're not too familiar with it” 

“I don't feel like it has caught on. You don't see it on social media. You 
don't see it in your feeds. So to me, it's more of a ‘I'm not seeing it’ and if it 
is literally not in front of me, I forget about it” 

Theme 2: Limited Knowledge 

“For me, knowledge is definitely the reason why I haven’t used it. It's 
something that's on my radar. But I haven't really delved into trying to 
implement it or looked more into it” 

“It was only one seminar put on for students during school and I am not 
comfortable in it yet” 
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“You don't have other clinicians utilizing it. So it's hard as an experienced 
therapist to be like, ‘Yeah, let me just go and grab this thing and reference 
someone else’” 

“It's probably my lack of knowledge and really diving into BFR that is the 
main barrier to me using it with patients” 

“I would have to look a lot into how I would use it correctly, not only ‘when’ 
and ‘why’, but ‘how’ to do correctly. ‘How’ would be a big question for me”  

 

Question 2: What are some perceived barriers to implementing exercise 
with blood flow restriction in your clinical practice? 

 Three themes emerged as barriers to using exercise with BFR and 

included 1) Limited knowledge, 2) Limited access to resources, and 3) Patient 

and professional concerns. All participants reported that a lack of knowledge 

pertaining to the implementation of BFR presented a barrier to using it. 

Furthermore, several subthemes were identified related to specific areas of 

limited knowledge. These included uncertainty surrounding contraindications and 

safety of performing BFR (5/5 participants), what equipment to utilize for 

performing BFR (4/5 participants), and determining pressures to apply during 

exercise (5/5 participants). All participants also reported that limited access to 

resources posed a barrier. Four out of five participants mentioned having limited 

access to equipment for performing BFR and two out five commented on having 

limited time to implement BFR. Lastly, four out of five participants mentioned that 

the risk of BFR causing adverse events in patients and/or threatening their 

professional status were barriers to its use.  

Theme 1: Limited Knowledge 

Subtheme: Contraindications and safety 

"I have not used blood flow restriction in my clinical practice mainly 
because I don't know all of the precautions and contraindications”  

“I would have to look into when it's not safe to use when it's safe to use. 
And what type of things that I need to know about the patient before I can 
really evaluate whether this is a good thing to use or not”  
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"I’m not so sure about the evidence around its use in more at risk 
populations that we would typically see in a standard orthopedic outpatient 
setting” 

“It doesn’t seem clear as to what the risks are. What are the well-known 
risks?” 

Subtheme: Selecting Equipment 

"I’m not aware of the equipment that should be used. I need to know how 
or what would be the best equipment to get” 

“I'm not very familiar with more easily accessible and cheaper kinds of 
options that you would find in a standard clinic. And just in general what is 
out there” 

Subtheme: Determining Pressures 

"I have a mental image of how I would apply it on the body, but I don’t 
know how I would quantify the pressure” 

“Given my lack of knowledge in the area I just straight up wouldn’t know 
the pressure to work with. Yeah, I don't think I would have too much 
without that. I wouldn't be able to use it” 

Theme 2: Access to Resources  

“I’m not sure if I’d have the time to be able to figure it out in the clinic” 

“I'm not sure how much time it would take me to apply BFR if we have 
restricted time during a session. How much time would this take, you 
know, compared to having them do regular exercise?” 

“Most of this equipment we don’t have at the clinic. Except for the blood 
pressure cuff and some elastic bands” 

“I have not used it. And the reason why, I guess is because I didn't have 
access to any equipment.” 

Theme 3: Patient and Professional Concerns  

“The biggest barrier to using exercise with blood flow restriction to me is 
not knowing precautions and contraindications and fear of having 
something go wrong medically with a patient” 

“You just have the fear of not knowing how someone's going to react to it” 
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“Other clinicians may perceive that there's a significant risk. The fact that 
safety isn’t clear last I read is concerning and you never want to find out in 
the clinic or even be associated with that” 

“Safety is always a consideration. You know, I worked hard to get my 
license. I don't want to lose it just yet.” 

 

Question 3: What aspects of this application did you find helpful in 
implementing exercise with blood flow restriction?  

 Two themes were identified pertaining aspects of the application that 

participants found helpful including 1) Ease of use/efficiency and 2) Content and 

features. All participants agreed that the web-based application was easy to use 

and time efficient. Participants also agreed that the content and features included 

within each step of the application addressed gaps in knowledge and were useful 

for implementing exercise with BFR. All participants specifically mentioned Step 

1: Medical screening and Step 2: Determining Restriction Pressure being 

particularly helpful.  

Theme 1: Ease of use/efficiency 

“It's just super intuitive to use” 

“Once you get a round or two of using it, it's very user friendly” 

“It was fast and easy to complete the medical screening. All the 
contraindications or precautions are easily listed, so I could just quickly go 
through my past medical history screening with them. All the instructions 
are easily listed on there. It was just overall pretty easy to use and efficient 
time wise” 

“It was really easy to utilize and gives you the knowledge and the 
appropriate measures as to what to utilize” 

Theme 2: Content and Features 

“I think the application addressed many of the concerns that I have with 
implementing blood flow restriction, especially the precautions and 
contradictions and selecting pressures that are safe. Also, how to take the 
measurements, for like circumference” 
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“It was super handy, knowing how much pressure to use based on 
someone's risk factors and their risk stratification of low, moderate, high 
risk. It does a great job of risk stratification and giving us a practical 
application of how much pressure to apply based on easy data to obtain 
from the patient. So I think that's actually super helpful” 

“I found all of the steps in the application helpful. l feel a lot safer having or 
getting to plot their medical information and someone telling me its safe or 
not. So that's very helpful, very useful. And of course, also, since I don't 
know any pressures or how to really do this by myself already, Step 3 is 
also very helpful” 

 

Question 4: How could this application be improved to help you implement 
blood flow restriction more confidently? 

Three participants provided feedback on how the application could be 
improved. Two participants did not give any suggestions. Suggestions included 
1) better integrating the results of the medical screening into the selection of 
pressures to use during exercise with BFR and 2) including more information 
about the benefits and drawbacks of selecting certain types of equipment for 
implementing BFR. 

“I wish that the risk categories from the medical screening had pulled over 
to the end because, like I forgot, and if I hadn't appropriately remembered 
I could have picked the wrong pressure” 

“Maybe including the benefits to choosing the different types of cuffs, you 
know, if you list the cost of cuffs versus the wraps, putting like the pros 
and cons, a little bit under each type of equipment to aid the clinical 
decision making” 

 

Question 5: If this application was available, how do you think it would 
change the use of blood flow restriction in clinical practice? 

  Two themes emerged related to how the web-based application would 

change the use of exercise with BFR in clinical settings and included 1) Improved 

confidence with using BFR and 2) Increased accessibility of BFR. Three out of 

five participants reported that having the application would increase practitioners’ 

confidence of using exercise with BFR. All participants stated that the web-based 

application would make exercise with BFR more accessible to practitioners. 
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Specifically, they reported that the web-based application lowered the requite 

knowledge needed to implement exercise with BFR (3/5 participants), lowered 

costs associated with BFR use (1/5 participants), and would make implementing 

BFR more time efficient (1/5 participants). Furthermore, two participants 

commented that the web-based application would make practitioners more likely 

to utilize exercise with BFR.  

Theme 1: Improved confidence 

“Having this makes it easier to do and it's harder to mess up, you know 
you've got that back up with it” 

“I think that it would be a very helpful application. I think that people would 
be more confident with when and how to use BFR for sure” 

“It takes away some of that uncertainty, and not knowing exactly what to 
do, and gives you more of that ‘No, I can do this. This is easy’ feeling” 

Theme 2: Increased Convenience and Accessibility 

“Having this application available would make blood flow restriction more 
accessible to physical therapists. If physical therapists were aware of BFR 
and it’s potential utility I think they would be more likely to utilize it. The 
application itself is user friendly, the clinic wouldn't have to invest in 
thousands of dollars to be able to use it, and it presents relatively cheap 
options for performing BFR” 

“Having something like the app where somebody that's relatively novice 
can just sort of dive in and use it, I think, is really helpful” 

“I was able to run through it pretty quickly. I think that's something that 
would make the idea of using blood flow restriction in the clinic a lot easier 
without, you know, falling way behind on documentation or anything like 
that” 

“I think the application could be a very valuable tool. If there's a process 
put in place of stratifying risk based on their medical history, their surgical 
history, and all that, and it gives us pressure to use I think that'll be really 
helpful. I definitely see myself using this in the future. I think if more people 
came across this they'd be a lot more likely to use blood flow restriction, 
especially in the sports PT world” 

“It certainly lowers the barrier of entry. I think, you know, it's easy to utilize 
and gives you everything you need” 
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5.5 Discussion 
The primary purpose of this study was to describe the development of a 

web-based application to aid in the implementation of exercise with BFR. A 

secondary purpose was to conduct preliminary usability testing in physical 

therapists to identify issues and provide feedback for further development. Our 

main findings were that 1) the web-based application can serve as an evidence-

based decision support tool for implementation of exercise with BFR, 2) physical 

therapists found the functionality and content of the web-based application 

helpful for implementing exercise with BFR, and 3) usability of the web-based 

application was high in physical therapists possessing no previous experience 

using exercise with BFR. Lastly, several areas for improvement were identified 

including the addition of more informational content about BFR equipment, 

improving integration of steps and functions, and making user recommendations 

easier to interpret.   

To the best of our knowledge, we are the first group to report the 

development of a decision support tool for evidence-based implementation of 

exercise with BFR. We utilized a commercially available website builder and 

interactive Shiny applications to construct a preliminary web-based application. 

Functional steps included in the preliminary design were aimed at addressing 

barriers to the implementation of BFR that have been previously identified 265 in 

practitioners. In agreement with findings of Rolnick and colleagues,265 

participants in this study reported that limited knowledge about the 

contraindications and safety of performing BFR, how to choose equipment for 

performing BFR, and how to determine cuff pressure presented barriers to 

utilizing this modality. Limited access to resources, such as equipment and time, 

as well as concerns about adverse health events in patients were also reported 

as barriers. Our results suggest that the content and functions included within our 

web-based application were helpful in addressing each of these perceived 

barriers. Participants stated that having the web-based application would 

increase their confidence implementing exercise with BFR, lower the requite 
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knowledge required to use BFR, and would make practitioners more likely to 

utilize the modality in clinical practice. An interesting finding was that almost all 

participants selected to utilize a thigh blood pressure cuff to implement exercise 

with BFR during hypothetical task scenarios using the web-based application. 

Furthermore, all participants choosing to utilize this equipment indicated that they 

did not have access to handheld or ultrasound doppler for directly measuring 

AOP. Accordingly, all participants determined exercising cuff pressures for this 

device by estimating AOP. These data indicate that a major strength of our web-

based application was providing more accessible options for implementing BFR 

that did not require specialized equipment. Feedback about how to improve the 

content of the application was minimal. One participant suggested including more 

information about the various BFR equipment types would be helpful in making a 

more informed clinical decision when choosing which equipment to utilize with 

patients.  

 Results indicated that our web-based application had a high degree of 

usability within our sample of physical therapists. Composite SUS scores ranked 

highly among industry standards and all individual item responses were above 

benchmarks for an SUS score of 80. Importantly, our results indicated that the 

web-based application was effective, efficient, and satisfactory to use. 

Effectiveness of a system referrers to how well a systems performance meets the 

task that it was designed for. During user-based evaluation there was a 100% 

success rate in which all participants successfully implemented exercise with 

BFR in each of the hypothetical scenarios that they were presented with. This 

included successful medical screening of patients for BFR inclusion, selecting 

appropriate equipment for performing BFR, and selecting an appropriate cuff 

pressure to utilize based on risk stratification. Efficiency referrers to how much 

time and effort are required to use a system to achieve a desired task. Using the 

web-based application, participants were able to complete all steps of 

implementing exercise with BFR in under 3 minutes. After becoming familiarized 

to the web-based application, time to completion decreased by almost half, 
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suggesting that participants were able to quickly learn the system interface. 

Additionally, participants described the web-based application as being “easy to 

utilize”, “user friendly”, “intuitive”, and/or “time efficient” in their interview 

responses. Lastly, satisfaction refers to how pleasant a system is to utilize and its 

ability to favor positive attitudes from a user. Interview responses largely 

suggested that participants experience using the web-based application was 

positive. Several participants stated that they would use this application if it was 

available.  

 No critical design problems in the web-based application were identified. 

Incidents occurring during user-based evaluations helped to identify minor issues 

related to navigation, data input, and interpreting recommendations provided by 

the application. Navigation problems largely occurred during the medical 

screening. Specifically, the layout of the medical screening Shiny application 

made it difficult for users to locate the risk stratification output. Additionally, after 

identifying the risk stratification level in the Shiny application, participants had 

difficulty navigating back to the top of the webpage to select the resulting risk 

level and move onto the next step. Collectively, feedback suggested that the 

results from medical screening were not well integrated into the other functions of 

the application. For example, when determining exercising cuff pressures, 

participants were given pressure recommendations for all risk stratification levels 

and some participants had difficulty remembering the assigned risk level 

provided during medical screening. One participant suggested that cuff pressure 

recommendations in Step 3 be provided only for the patient previously screened. 

This reflects a limitation of our overall application development (i.e., using a 

website with embedded Shiny applications). Shiny applications do not directly 

interface with the website, making it challenging to integrate results into future 

steps. Lastly, several participants had difficulty interpreting the pressure to utilize 

based on the output from the AOP estimation Shiny application. Specifically, a 

patient’s AOP was listed in the output along with recommended exercising 

pressures and several participants were confused about what the AOP value 
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represented. Lastly, one participant selecting to utilize elastic bands had difficulty 

interpreting how to apply the wraps based on the patient’s limb circumference. 

Accordingly, several recommendations to improve usability of the web-based 

application include 1) re-designing the layout of the medical screening Shiny 

application so that the risk stratification output is easier to locate, 2) better 

integrating the results of medical screening into the determination of cuff 

pressure, 3) defining AOP and indicating more clearly the recommended 

pressures to use during exercise, and 4) improve instructions for setting tightness 

with elastic wraps. Collectively, development of a more integrated web-based 

application may help to overcome many of the issues identified by users. 

5.6 Limitations 
There two noteworthy limitations to this study. First, participants were given 

a limited number of hypothetical task scenarios during user-based evaluation and 

thus did not experience all possible scenarios for implementing exercise with 

BFR within the web-based application. Additionally, almost all participants chose 

to utilize the same equipment and methods for determining cuff pressure. 

Therefore, feedback related to alternative content and functions within the 

application was limited. Second, use of the web-based application by 

practitioners was carried out virtually and with hypothetical scenarios where all 

patient information was easily provided. Thus, the generalizability of these results 

to use of the application in real world clinical practice are limited.  

5.7 Conclusion 
Our web-based application presents a promising tool to help physical 

therapists implement safe and effective exercise with BFR. Through the 

application we were able to provide evidence-based guidance for medically 

screening potential BFR candidates, selecting appropriate equipment to utilize for 

performing BFR, and determining appropriate cuff pressures. The main content 

and functions included within the application appeared to address many of the 

major barriers that physical therapists face to utilizing exercise with BFR as a 
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rehabilitation strategy. Additionally, the application was effective and efficient in 

helping physical therapists to make appropriate decisions related to the 

implementation of exercise with BFR. Several areas for improvement were 

identified which will help to enhance the usability of this application.  
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6 Summary 
Over the past 70 years, accumulating evidence 58 has highlighted the 

important role of physical activity in the prevention and treatment of chronic 

disease. The beneficial effects of physical activity, however, remain 

underestimated by the medical community, policy makers, and public at large. 

Novel insights from the COVID-19 pandemic have helped to shed further light on 

the role that physical activity and exercise can play in public health and in the 

management of infectious disease. Specifically, physical activity can reduce risk 

for severe COVID-19 outcomes (i.e., hospitalization, admission to the intensive 

care unit, death) and may assist with recovery in those individuals who were 

previously infected with the virus and experience persistent symptoms (i.e., post 

COVID-19 condition). Accordingly, strategies to increase physical activity levels 

are paramount for keeping individuals and their communities healthy and safe 

during the COVID-19 pandemic and beyond. Furthermore, enhancing the 

accessibility of unconventional exercise modalities, such as exercise with BFR, 

can help to provide alternative ways to achieve the benefits of exercise for those 

that are unable to engage in more traditional approaches. Accordingly, the 

overarching goal of this research was to promote and facilitate the use of 

physical activity as a critical form of medicine during the COVID-19 pandemic 

and beyond. Below is a summary of key findings, limitations, and future 

implications for each study.  

6.1 Study 1 
For Study 1, I leveraged Exercise is Medicine® on Campus (EIM-OC) at 

Michigan Technological University to provide critical physical activity resources to 

Michigan’s rural Upper Peninsula during the COVID-19 pandemic. This work not 

only provided a timely response to the pandemic in our local community but 

helped to highlight the potential utility of our framework to facilitate physical 

activity beyond the pandemic. Physical inactivity is likely to remain a major public 

health challenge for years to come. Identifying interventions to facilitate physical 

activity in rural communities is especially important given the unique barriers to 
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physical activity that these communities face. Results of our program 

implementation suggest that locally situated colleges and universities can play an 

important role in promoting and facilitating physical activity for their surrounding 

communities. Furthermore, guided virtual home-based workouts could provide a 

feasible option for rural residents with limited access to physical activity 

infrastructure. A limitation of this work was that we did not directly assess the 

effectiveness of our intervention to increase public awareness or improve 

physical activity levels. Evaluating the effectiveness of our program framework to 

impact health behaviors is an important next step.  

6.2 Study 2 
With Study 2, I provided a working hypothesis and theoretical framework for 

how BFR may be utilized to restore physical function in those individuals infected 

with COVID-19. Specifically, I presented the hypotheses that: 1) use of passive 

BFR modalities (BFR-P and BFR-NMES) can mitigate losses of muscle mass 

and muscle strength that occur during acute infection and 2) exercise with BFR 

(BFR-AE and BFR-RE) can serve as an effective alternative to traditional higher 

intensity exercise for regaining muscle mass, muscle strength, and aerobic 

capacity during convalescence. In addition to restoring physical function, I 

highlighted how the various applications of BFR may also serve as a targeted 

therapy to address the underlying pathophysiology of COVID-19 and provide 

benefits to numerous organ systems effected by the disease. Lastly, I proposed a 

theoretical framework with which BFR could be implemented throughout the 

progression from acute illness to outpatient rehabilitation with the goal to improve 

short and long-term outcomes in COVID-19 survivors. This work is both timely 

and impactful as it presents a novel therapeutic option with potential to combat 

the long-term effects of COVID-19. Additionally, this work will help to encourage 

discussion and consideration among researchers and clinicians not only about 

the potential utility of BFR in the treatment of COVID-19 but its application to 

similar pathologies and cases of acute critical illness. Limitations include potential 

safety concerns regarding the use of BFR in clinical populations, such as those 
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infected with COVID-19, and the ability of practitioners to implement BFR safely 

and effectively in clinical settings. Future efforts are needed to establish the 

safety of performing BFR in populations that may be at a heighten risk for 

adverse events and ensure that practitioners possess knowledge of current best 

practices for implementing BFR and have access to appropriate technologies. 

6.3 Study 3 
With Study 3, I investigated which sociodemographic, anthropometric, and 

hemodynamic variables predict lower-limb AOP when utilizing an 18cm wide 

thigh sphygmomanometer. Furthermore, I used these results to develop a 

prediction equation to estimate lower-limb AOP with this inexpensive cuff. Key 

findings were that models based on thigh circumference or thigh composition 

combined with brachial blood pressures explained the most variability in AOP 

(~55%) and that brachial SBP represented the single strongest predictor of AOP. 

Additionally, a prediction equation including thigh circumference, brachial SBP, 

brachial DBP, age, and sex provides a valid way to estimate AOP. This equation 

offers a low-cost approach to implementing exercise with BFR which will help to 

make this training modality more accessible to clinicians, coaches, and athletes. 

A noteworthy limitation of this work is that I did not perform external validation of 

the developed prediction equation. Establishing true generalizability of the model 

requires application in independent data. Finally, the prediction equation was 

developed using a sample of young healthy adults. Additional work is needed to 

determine how the equation will perform when applied to different populations. 

6.4 Study 4 
With Study 4, I developed a web-based application to aid practitioners in 

implementing exercise with BFR and performed preliminary usability testing of 

the application in physical therapists. With the web-based application I provided 

evidence-based guidance for medically screening potential BFR candidates, 

selecting appropriate equipment to utilize for performing BFR, and determining 

appropriate exercising cuff pressures. Results indicated that the main content 
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and functions included within the application addressed many of the major 

barriers that physical therapists face to utilizing exercise with BFR as a 

rehabilitation strategy. Furthermore, when utilizing the application to implement 

exercise with BFR in hypothetical patients, almost all participants chose to apply 

a thigh sphygmomanometer and determined exercising cuff pressures using the 

prediction equation developed in Study 3. These results suggest that cost-

effective approaches to implementing exercise with BFR may have widespread 

use in clinical settings. Lastly, the web-based application was effective and 

efficient in helping physical therapists to make appropriate decisions related to 

the implementation of exercise with BFR. Importantly, this web-based application 

will help to improve access, safety, and effectiveness of exercise with BFR in 

clinical settings. Limitations of this work are that participants did not experience 

all possible scenarios for implementing exercise with BFR while using the 

application which limits feedback on its usability. Additionally, use of the web-

based application by practitioners was carried out virtually and with hypothetical 

scenarios. Thus, the generalizability of these results to use of the application in 

real world clinical practice are limited. Future work will seek to address usability 

issues identified in this study, conduct more extensive testing in conditions more 

closely resembling true clinical use, and improve upon the design of the web-

based application for future use.  

6.5 Conclusion 
Results of this diverse body of work demonstrate how physical activity and 

exercise could be leveraged to address 1) the immediate public health threat of 

COVID-19, 2) the long-term consequences of COVID-19, and 3) the ongoing 

physical inactivity pandemic. As society builds forward from the COVID-19 

pandemic, physical activity and exercise will continue to represent an affordable, 

accessible, and highly robust form of medicine that combats not only chronic 

disease but infectious disease. Importantly, this work helps to facilitate the 

utilization of exercise with BFR which provides a feasible alternative to obtaining 

the benefits of exercise in those individuals for whom traditional approaches may 
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be challenging or contraindicated. By encouraging the consideration of BFR use 

and improving its accessibility, this research expands upon possible interventions 

with which physical activity and exercise and be leveraged to improve the health 

and wellness of society. 
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A Study 1 Addendum 
This addendum serves to elaborate and extend upon the rationale used to 

develop and implement the community-based physical activity program 

described in Study 1- Promoting Physical Activity in Rural Communities During 

COVID-19 with Exercise Is Medicineâ On Campus. Although not explained in the 

published manuscript, implementation of our physical activity program was 

guided using a population-based framework to address social determinants of 

health in the Upper Peninsula of Michigan. 

Social determinants of health consist of the personal, social, economic, 

and environmental factors that influence an individual’s overall health status 

(SDOH; World Health Organization, 2020). These determinants vary across 

individuals, between populations, and are largely influenced by policymaking, 

social factors, health services, individual behavior, and biology or genetics. While 

physical activity itself can be regarded as a determinant of health, the behavior of 

engaging in physical activity has determinants of its own. Factors within the 

social and physical environment directly influence the opportunity to engage in 

physical activity and thus can make the behavior more or less likely. Importantly, 

factors influencing physical activity depend on the place, context, and 

composition of a population.  

In the rural Upper Peninsula of Michigan, several unique social and 

environmental factors may contribute to physical activity behaviors. First, the built 

environment which provides infrastructure for engaging in physical activity is 

limited. This includes access to fitness centers, outpatient rehabilitation clinics, 

parks, and recreational facilities, as well as bicycle and pedestrian routes that 

promote active commuting. Additionally, many residents live long distances from 

existing infrastructure, increasing dependance upon transportation for physical 

activity engagement. Second, the natural environment poses several challenges. 

Specially, climate conditions during winter months limit access to outdoor 

physical activities, active commuting, and transportation for a large portion of the 
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calendar year. Third, there is limited access to healthcare professionals and 

credentialed fitness professionals that promote and provide physical activity 

programming. The majority of the Upper Peninsula’s counties are categorized by 

the U.S. Health Resources and Services Administration as Medically 

Underserviced Areas. This reduces the capacity for residents to receive 

counseling and education about healthy living behaviors such as physical 

activity. Lastly, demographic and socioeconomic status pose barriers to physical 

activity for a large number of residents. According to the Upper Peninsula 

Community Health Needs Assessment (2021), 23% of residents are above the 

age of 65 years old, with some counties as high as 40%. Additionally, almost all 

Upper Peninsula counties have a percentage of households with an income less 

than $25,000 that is greater than the statewide average. Combined with a large 

population of older adults living on a fixed income, costs associated with physical 

activity pose another potential barrier.  

The overall framework and implementation of our community-based 

physical activity program was designed to address specific barriers to physical 

activity identified in the Upper Peninsula of Michigan. Importantly, our program 

was implemented during the COVID-19 pandemic which placed further 

constraints on physical activity implementation. To circumvent these constraints 

and address unique barriers in the Upper Peninsula we chose to offer a virtual 

physical activity program that could be accessed from home. In the Upper 

Peninsula, 84% of households have computers and 73% of have internet (Upper 

Peninsula Community Health Needs Assessment, 2021), suggesting that most 

residents would be able to access a web-based program. For those individuals 

who did not have the necessary technology or ability to access our program 

online we also aired our program on local television and offered a DVD option 

that could be ordered upon request. To address the potential barrier of cost, the 

virtual program was free of charge and was designed to deliver physical activity 

sessions that could be completed from home without the need for any 

specialized exercise equipment. A home-based virtual program also removed the 
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impact of climate and provided ways to stay active indoors during winter months. 

Lastly, physical activity sessions themselves were designed to accommodate for 

a wide variety of ages, fitness levels, mobility levels, and exercise preferences. 

Specifically, we provided exercise adaptations that cater to older individuals 

and/or those living with disabilities and encouraged community members to self-

select an intensity that they felt most comfortable with. By offering a variety of 

different workout types, including aerobic exercise, resistance exercise, agility 

and balance movements, yoga, and stretching/standing breaks, community 

members were given the ability to choose between workouts that they most 

enjoyed.  

Collectively, this addendum describes the theoretical rationale by which 

our physical activity program was mapped onto the unique environmental and 

social determinants of physical activity in the rural Upper Peninsula of Michigan 

during the COVID-19 pandemic. Accordingly, this work can be framed as more 

than public outreach and represents the development and implementation of a 

population-based framework.  
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*Infographic also published in book titled Home-based Cardiac Rehabilitation: 
Helping Patients Help Themselves by Barry Franklin and Weimo Zhu 
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Treatment of Chronic Disease 
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